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EXECUTIVE SUMMARY 

Corrugated polyethylene (PE) pipe are commercially available in sizes up to 60 in. dia.  US 

DOTs are interested in the use of these larger size culverts under roadways but are uncertain of 

the long-term performance under repetitive live loads.  Evaluating the expected performance of 

corrugated PE pipe is complicated by recent changes in AASHTO design procedures for buried 

structures.  Calculations for live loads on buried pipe were altered significantly with the 

publication of the 1st Edition of the AASHTO LRFD Bridge Design Specifications (AASHTO, 

1994).  Relative to the AASHTO Standard Specifications for Highway Bridges (17th Edition, 

AASHTO 2002), the LRFD Specifications: 

 

• Decrease the rate at which load spreads through fill from 1.75 times the depth of fill to 
1.15 or 1.0 times the depth of fill (as a function of soil type), 

• Increase the maximum impact effect from 30% to 33%, and 

• Increase the maximum depth at which impact is considered from 3 ft to 8 ft. 

 

These changes are somewhat offset by the less conservative approach of applying the LRFD 

live load through a footprint, rather than as a point load.  The basis for these changes and their 

impact on pipe design has been the subject of much discussion in the culvert industry. 

 

To address the above issues, the Minnesota Department of Transportation (Mn/DOT) initiated a 

project to investigate the performance of large diameter corrugated PE pipe installed under 

highway vehicle loading and to improve methods of analysis and design for this condition.  The 

primary objective of the project was to improve understanding of the behavior of large diameter 

thermoplastic culverts under low fill heights.  A secondary objective was to investigate the 

suitability of the LRFD Specifications for evaluating live load effects on buried culverts. 

 

This report presents the literature relating to design of thermoplastic pipe, describes the 

development and implementation of field tests conducted for this project, extends the findings of 

the field tests through calibration of two- and three-dimensional computer models and 

parametric studies, and makes recommendations for design and installation of thermoplastic 

pipe under shallow cover and highway live loads. 



 

 - 2 - 

Background – Literature 

Design of flexible pipe dates back to approximately 1941 when Spangler published the Iowa 

formula to predict the change in pipe diameter under earth fills.  This work established the 

significance of soil support in the performance of flexible pipe.  The Iowa formula is still the most 

common simplified formula used in flexible pipe design.  Computer analysis of buried culverts 

began in earnest in the 1970s.  Katona (1976) developed the soil–structure-interaction (SSI) 

program Culvert Analysis and Design (CANDE) for the Federal Highway Administration 

(FHWA), and several other researchers developed programs.  CANDE remains in use by DOTs 

and culvert designers.  In recent years, computer power has increased to the point where it is 

now practical to analyze the larger models required for capturing 3D behavior. 

 

Numerous studies have been reported on live load tests of shallow buried thermoplastic 

culverts, but few of these have documented the behavior and installation conditions sufficiently 

to make general design recommendations. 

Field Tests 

A field test was designed to evaluate the performance of large diameter corrugated PE pipe and 

to develop data that could be used to evaluate and improve design procedures.  The test 

consisted of installing eight corrugated PE pipe, one corrugated steel pipe, and one reinforced 

concrete pipe under the low volume test road at the MnRoad facility in Monticello, Minnesota.  

All pipes were 60 in. inside diameter.  The steel and concrete pipes were installed as controls. 

 

Corrugated PE pipe from two manufacturers was donated to the project.  These provided the 

two pipe wall profiles commercially available at the time when the field tests were designed.  

The PE pipes were installed with nominal depths of fill of 1 ft and 2 ft from the top of the pipe to 

the top of the pavement, although, once the pipe grade and roadway slope were considered, the 

actual depths of cover were about 1.5 ft and 2.5 ft at the instrument locations.  The steel and 

concrete test pipes were both installed with about 1.5 ft cover. 

 

The pipe trenches were excavated in hard clay.  Trench widths were approximately equal to the 

pipe outside diameter plus 2 ft.  Backfill was either A-1 or A-2-4 per AASHTO M145.  Backfill 

was shovel sliced but not compacted into the haunch region.  Compaction was to 90% of 

maximum standard Proctor density (AASHTO T99), which is less than would typically be 

specified for shallow cover with highway live loads.  The road surface consisted of 8 in. of gravel 
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base and 4 in. of asphalt pavement.  The pipes were installed in October 2000.  The test pipes 

were installed with both ends open to allow free airflow. 

 

Several types of instrumentation were installed to monitor the pipe performance.  

Instrumentation patterns varied from pipe to pipe, but generally included the following elements: 

 

• Displacement gages (LVDTs) were installed inside the pipes to monitor changes in 
pipe radius to the crown, springlines and invert. 

• Strain gages were mounted on the pipe profile in the crown region to monitor strain on 
the inside and outside surfaces. 

• Soil pressure cells were installed about 6 in. away from the pipe outside diameter over 
the crown region. 

• Thermocouples were installed to monitor the temperature inside the pipe and in the soil 
at distances 6 in., 12 in., and 18 in. from the pipe at the springline and invert. 

 

Some pipe sections were instrumented to collect static data, and others were instrumented to 

collect dynamic data.  The dynamic instrumentation collected 200 readings per second 

(sampling rate = 200 Hz) during live load testing. 

 

Instruments were wired into data loggers stored in a heated cabinet at the side of the test road.  

The data loggers could be accessed and downloaded through the Mn/DOT intranet website. 

 

The Mn/Road low volume loop road is a two lane closed loop that is traversed in one lane by a 

truck with a maximum axle load of 18,000 lb and in the other lane by a truck with a maximum 

axle load of 24,000 lb.  The days driven on each lane are balanced so that each lane receives 

the same number of equivalent single axle loads.  While the pipes were being monitored, the 

light truck passed over the test pipes approximately 30,000 times and the heavy truck 

approximately 8,500 times.  Instruments were installed to monitor pipe behavior under each 

lane. 

 

After pipe installation was completed, the first live load tests were conducted in October 2000.  

Static tests were conducted for each pipe by parking the truck with the lead axle of a tandem at 

2.5 ft before the crown, 1.25 ft before the crown, centered over the crown, and finally with the 

tandem axles placed symmetrically over the crown (2 ft-2 in. either side).  Dynamic tests were 
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conducted by reading instruments while the truck traversed the pipes at its normal travel speed 

of approximately 25 to 30 mph.  Subsequent static live load tests were conducted in May 2001 

and August 2002.  Dynamic tests were conducted at the same dates as the static tests as well 

as November 2000 and December 2001. 

 

During all live load testing, the pipe response was small relative to the typical service limit of 5% 

deflection, with maximum vertical crown deflections of about 0.17 in., well under 1% of the 

diameter, for a single load cycle.  Average deflections were somewhat lower in May 2001, than 

during the first load cycle, even with the soft ground conditions during the spring thaw.  The 

August 2002 readings were generally the smallest static deflections of the three tests.  The 

average deflection of the pipes under the light truck lane was about two-thirds of the average 

deflection of the pipes under the heavy truck lane.  Deflections due to live load were 

concentrated in the crown region.  Outward horizontal deflection of the pipe springlines was 

minimal and there was virtually no deflection at the invert.  When the ground was frozen, the 

pipe deflections under live load were essentially zero.  Deflections of the pipes with 2.5 ft of 

cover were about one-third of the deflections of the pipes under 1.5 ft of cover.  Deflection 

differences between the A-1 and A-2 backfill were small. 

 

Shortly after the initial live load tests were conducted in October 2000, the air temperature 

dropped and the ground froze.  At this time the roadway developed significant sags over the 

pipes.  These bumps were milled off during the following summer, but reappeared when the 

ground froze in the winter of 2001-2002.  Later analysis concluded that the uneven surface 

could be traced in part to the high coefficient of thermal expansion of PE.  Laboratory tests 

showed that the coefficient is approximately 60x10-6 in./in./°F, about ten times that of steel and 

concrete. The pipe contraction in the fall increased the depression in the pavement over the 

pipes sufficiently to have a detrimental effect on the road surface.  At the end of the tests, the 

PE pipes with 1.5 ft of cover showed substantial pavement cracking, while the steel and 

concrete pipes showed minor and no cracking, respectively.  The PE pipes with 2.5 ft of fill 

showed greatly reduced pavement cracking. 

 

Over the 3.5 year period of observation, the long-term cumulative deflections (deflections with 

no live load) were small and did not increase with time.  The annual change in diameter due to 

temperature changes was substantially larger in magnitude than the final cumulative deflection. 
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Findings from the strain readings were similar to the deflections. 

Computer Modeling of Field Tests 

The field tests were modeled with two-dimensional (2D) and three-dimensional (3D) finite 

element analysis.  A 3D analysis was used as the most accurate representation of the actual 3D 

response of pipe to live loads.  A 2D analysis was used to investigate how the 3D results could 

be used to represent the live load problem in a simpler model.  Most analytical work for design 

of pipes will likely continue to be completed using 2D models for the foreseeable future. 

 

The 3D models of the field tests were analyzed using the computer program Abaqus.  The pipe 

and soil were modeled with linear-elastic stress-strain behavior until failure defined by the Mohr-

Coulomb shear strength limit.  Soil was modeled with brick elements and pipe was modeled with 

plate elements.  The finite element mesh included soil zones representative of the actual 

installations, including hard native soil, structural fill with soft haunches, gravel base, and 

asphalt pavement. 

 

The 2D models were completed in CANDE and used the same basic mesh layout as the 3D 

models.  Backfill soils were modeled with the Duncan Selig hyperbolic soil model that 

incorporates both non-linear stress-strain behavior and a Mohr-Coulomb shear strength limit. 

 

One of the key shortcomings of modeling live load distribution in 2D is that the distribution of live 

load along the length of the pipe cannot be modeled and must be addressed by reducing the 

load applied to the surface of the 2D mesh.  We investigated three simplified expressions for 

this purpose; the AASHTO Standard distribution: 

 

 
(H)  LLDF

P IW
std

LL =  (Table 4-3) 

where: 

 WLL = live load per unit length of culvert, lb/ft 

 I = impact effect 

 P = wheel load magnitude, lb 

 LLDFstd = live load distribution factor, 1.75 

 H = depth of cover from road surface to top of pipe, ft 
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the LRFD distribution: 

 

 (H) LLDFw
P I mW

LRFDt
LL +

=
 (Table 4-3) 

where: 

 m = multiple presence factor 

 wt = width of tire footprint at surface, ft 

 LLDFLRFD = live load distribution factor, 1.15 

 

and the recommendation from NCHRP Report 473 for large-span flexible culverts: 

 

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++

=
(H)LLDFL

0.7R
(H) LLDFw

P I mW
LRFDo

t

LRFDt
LL  (Eq 5-2) 

where: 

 Rt = culvert radius, ft 

 Lo = length of tire footprint at surface, ft 

 

The NCHRP live load distribution equation is identical to the LRFD equation with a modifier 

based on depth of fill and diameter.  The modifier increases live load applied to pipe for reduced 

cover depths and/or increased pipe diameter.  For the 60 in. culverts studied in this project, the 

NCHRP equation provides the same load as the LRFD equation at a depth of fill of 1 ft, with 

increased load at lower depths and decreased load at greater depths.  The NCHRP equation is 

less conservative, that is, it results in lower live load magnitudes, than the Standard equation at 

all depths. 

 

The vertical deflections of the pipe crown in the field test were compared to the deflections from 

2D computer models using the three candidate distributions with depths of fill of 1.4 ft, 1.7 ft, 

and 2.7 ft.  Deflections using the Report 473 equation were 1.2 to 1.5 times the field deflections, 

AASHTO Standard deflections were 2.0 to 2.8 times the field deflections and AASHTO LRFD 

deflections were 1.6 to 2.8 times the field deflections.  All three methods thus predict deflections 

conservatively.  This is appropriate given the seasonal variations in deflections that were 

recorded and the overall uncertainties in installation quality and vehicle loads.  The NCHRP 
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Report 473 procedure provides the narrowest band of variability, suggesting it is the most 

technically correct.  The average conservatism of 40% is reasonable. 

 

Overall, 3D computer models captured the pipe behavior quite well for all live load placement 

locations.  Use of the NCHRP live load distribution equation for 2D computer models also 

provided results that matched the field tests well.  The only discrepancy is that the 2D models, 

with all live load distribution methods, consistently over-predicted deflection and bending 

moment when the tandem axles were located symmetrically over the crown of the pipe. 

Parametric Study of Pipe Response to Live Loads 

After demonstrating that the 2D and 3D computer models accurately modeled the results of the 

field tests, the 2D models were extended, using the computer program CANDE to consider 

pipes of different diameters and other burial depths.  Results of this parametric study were used 

to develop simplified equations to predict pipe deflection and the force effects of bending 

moment and hoop thrust.  For this study, the LRFD design truck (32,000 lb axle) was applied as 

the live load, with no surface pavement.  The live load was increased by a multiple presence 

factor of 1.2 (for a single loaded lane) and impact effect in accordance with the LRFD 

specifications. 

 

Deflection calculations were conducted by comparing calculated deflections of the Iowa formula 

with the CANDE results.  Using the NCHRP equation for live load distribution to the pipe, the 

deflection predictions were reasonable at all depths of fill. 

 

Bending moments could not be accurately predicted based on calibration to the Iowa formula 

deflection, as is done for earth loads.  The live load bending moments are only significant in the 

crown, and the relative bending moment increases rapidly with decreasing depth of fill as the 

load effect becomes more concentrated.  To account for these factors, a new equation was 

developed to predict the peak bending moment in the pipe wall due to live load: 

 

 H 120
D WM

2
iLL

LL =
 (Eq 5-4) 

where: 

 MLL = bending moment per unit length of pipe, in.-lb/ft 

 Di = inside pipe diameter, in. 



 

 - 8 - 

 

This expression is not calibrated with all of the variables that would likely affect the bending 

moment, in particular the soil and pipe stiffnesses.  However, for thermoplastic pipe, installed 

under in accordance with AASHTO Bridge Construction Specifications, the equation should 

provide reasonable design predictions. 

 

An additional equation was derived to predict peak axial thrust in the pipe wall: 

 

 

0.73

i
LLLL D

H W0.25N
−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

 (Eq 5-5) 

where: 

 NLL = hoop thrust per unit length of pipe, lb/ft 

 

This equation provides a conservative estimate of thrust in the pipe wall for all burial depths and 

pipe diameters considered in the study. 

 

Using the newly derived equations a complete simplified procedure is presented for designing 

thermoplastic pipe under all depths of fill.  Design examples are presented. 

Recommendations for Installation of Pipe Subjected to Live Loads 

Suggestions for modifying installation guidelines to reflect the findings of the study and to 

update other guidelines in accordance with recent research are proposed.  A key finding of the 

study was that the effect of thermal expansion and contraction of corrugated PE pipes through 

annual temperature cycles is larger than the response to live loads, and that this effect can 

cause disruption to the road surface.  Based on this, and the computer analysis presented, the 

minimum recommended depth of fill for corrugated PE pipe is 0.5 times the pipe diameter, but 

not less than 2 ft. 

 

Additional recommendations include: 

• Backfill for projects with low cover heights and live loads should have high quality 
backfill material (A-1, A-3, A-2-4 or A-2-5, per AASHTO M145). 

• Backfill for projects with low cover heights and live loads should be compacted to 
density not less than 95% of maximum standard Proctor density (AASHTO T99). 
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• Backfill should be compacted into the haunch region and always at the pipe 
springlines. 

For the most part, installation practice for shallow buried pipe with live loads is not different from 

good practice for installing any other pipe.  Suggested modifications to current AASHTO LRFD 

guidelines for installing thermoplastic pipe are provided. 

Conclusions 

Full scale testing and computer modeling were conducted to investigate the performance of 

large diameter corrugated PE pipe under conditions of shallow fill and highway live loads. 

 

Under moderate live loads for a period of 3-1/2 years the pipe has performed well.  No 

deterioration has been noted in the condition of the pipe.  The response to live loads at depths 

of fill of 1.5 ft and 2.5 ft was minimal; however, due to the high coefficient of thermal expansion 

and the temperature extremes in the Minnesota environment, the pipe expansion and 

contraction did cause the pavement surface to become rough, eventually cracking the pavement 

over the pipes. Cracking over the pipes at a depth of 1.5 ft of fill was substantial.  The effect was 

substantially reduced over the pipes with 2.5 ft of fill.  Recommended minimum depth of cover is 

the maximum of 2 ft or 0.5 times the nominal pipe diameter.  At this depth limit, the pipe 

structural performance will be excellent, and the effect on roadway performance should be 

minimal if installed according to AASHTO recommended practice. 

 
Equations for predicting deflection, bending moment and hoop thrust were developed and 

presented in the form of a complete design method for thermoplastic pipe.  Design examples 

are provided. 
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1. INTRODUCTION AND RESEARCH APPROACH 
Corrugated polyethylene (PE) pipe are currently commercially available in sizes up to 60 in. 

diameter.  US DOTs are interested in the use of the larger sizes under roadways but are 

uncertain of the long-term performance under repetitive live loads.  Key variables for 

performance in such applications include depth of fill, type and compaction level of backfill, 

pavement type and thickness, load magnitude, load frequency, and environmental conditions.  

Use of corrugated PE pipe has been increasing steadily.  The pipe have been extensively 

studied in deep burial tests (Sargand, et al. 2001; Hashash and Selig, 1990), laboratory tests 

(Moser, 1998; Moore and Laidlaw, 1997; and Selig, et al. 1994), and live load tests (Faragher, 

et al. 2000); however, to date no long-term tests have been reported on the performance of 

large diameter 60 in. corrugated PE pipe under highway loadings, and guidelines are needed to 

establish minimum depths of fill and other installation criteria. 

 
Evaluating the expected performance of corrugated PE pipe is complicated by the uncertainty in 

AASHTO design procedures for buried structures.  Calculations for live loads on buried pipe 

were altered significantly with the publication of the 1st Edition of the AASHTO LRFD Bridge 

Design Specifications (AASHTO, 1994).  Relative to the AASHTO Standard Specifications for 

Highway Bridges (17th Edition, AASHTO 2002), the LRFD Specifications decreased the rate at 

which load spreads through fill from 1.75 times the depth of fill to 1.15 or 1.0 times the depth of 

fill (as a function of soil type), increased the maximum impact effect from 30% to 33%, and 

increased the maximum depth at which impact was considered from 3 ft to 8 ft.  The basis for 

these changes and their impact on pipe design has been the subject of much discussion in the 

culvert industry. 

 
To address the above issues, the Minnesota Department of Transportation (Mn/DOT) initiated a 

project to investigate the performance of large diameter corrugated PE pipe installed under 

roadways with shallow depth of fill and improve methods of analysis and design.  The primary 

objectives of the project were to improve understanding of the behavior of large diameter 

thermoplastic culverts under low fill heights, and develop design and installation procedures for 

inclusion in state and federal specifications.  A secondary objective is to investigate the 

suitability of the LRFD Specifications for consideration of live load effects on buried structures. 

 
The report reviews the literature, describes the development and implementation of the field 

tests, extends the findings of the field tests through two- and three-dimensional computer 

modeling, and makes recommendations for design and installation of corrugated PE pipe under 

shallow fills and live loads. 
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2. HISTORY AND STATE OF THE PRACTICE 

2.1 Introduction 

Analysis methods for evaluation of the structural performance of high-density polyethylene 

(HDPE) pipe under shallow fill and live loads are limited to finite element analysis (FEA) or 

simplified hand calculations.  FEA has been accepted as an adequate approach for predicting 

pipe response for field conditions; however, FEA reported in the literature is primarily two-

dimensional, while response to live loads is a three-dimensional phenomenon.  This literature 

review presents history and state-of-the-practice for testing, analysis, and design of HDPE 

culverts under shallow fill and vehicular live loads.  Applications important to the field conditions 

being investigated by this project are highlighted. 

 

This chapter covers the following topics: 

 

• Historical background for buried flexible pipe response and analysis, 

• Finite element analysis of live loads on buried pipe systems in both two- and three-
dimensions, 

• Current design code applications, and 

• Recent field tests using buried flexible pipe. 

2.2 Historical Background 

Thermoplastic pipe was introduced for drainage applications in the 1950’s.  Installations were 

designed by the Iowa deflection formula developed by Spangler (1941).  Spangler’s 

investigations focused on corrugated metal pipes under static loads and deep burial conditions 

and all materials were assumed to be elastic.  A “modified” version of the Iowa formula was 

developed by Watkins and Spangler (1958).  The modified version introduced the modulus of 

soil resistance, E’, to represent soil stiffness.  The Modified Iowa Formula has been widely used 

for the prediction of flexible pipe ring deflection under applied loading. 

 

Burns and Richard (1964) presented a closed form elastic solution for the response of a circular 

pipe embedded in an infinite elastic medium. 

 

Under FHWA sponsored research, Katona (1976) introduced the public domain computer 

program CANDE (Culvert ANalysis and DEsign), which allowed wide use of two-dimensional 
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FEA of soil-structure interaction problems.  Since that time, FEA has branched into many new 

applications including three-dimensional analysis and nonlinear material behavior. 

 

Moore (1987) presents a semi-analytical solution to predict the response of a buried culvert in 

an elastic ground due to surface loading.  His solution was based on several closed form 

solutions that were developed for the calculation of hoop force and bending moment.  

Verification of the method was provided by finite element analysis. 

 

Watkins and Anderson (2000) issued a general text on the mechanics, analysis, and design of 

buried pipe systems, including HDPE. 

2.3 Finite Element Analysis 

FEA is the primary means of predicting structural response of buried HDPE pipe.  The finite 

element method can be used to analyze buried pipe systems for a wide range of parameters, 

including depth of fill, backfill material, surface loading, and internal loading.  Modeling 

complexity varies greatly with the required level of solution and may include linear or nonlinear 

two- and three-dimensional analysis.  Increased computational power has made three-

dimensional analysis a more accessible alternative. 

2.3.1 Two-Dimensional Analysis 

Two-dimensional analysis is the computationally simplest form of FEA for a buried pipe system.  

The buried pipe system is modeled with plane-strain, where the soil-culvert model and loadings 

are assumed to be constant over an infinite length.  The pipe is typically modeled with beam 

elements and the soil is modeled with continuum (plate-type) elements.  Constitutive models 

have been formulated to incorporate nonlinear behavior in the stress-strain response of the 

modeled materials. 

 

The computer program CANDE is widely used for analysis of buried pipe applications.  The 

program incorporates several nonlinear soil models including Duncan’s hyperbolic Young’s 

modulus (1980) and Selig’s hyperbolic bulk modulus (1988) which together serve as the basis 

for current AASHTO design procedures for concrete and thermoplastic pipe.  CANDE provides 

the user with an adequate two-dimensional analysis package, but needs updating to allow 

refined solutions that are made possible with computing power advances and to reflect recent 

research in buried pipe design practice. 
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Short-term pipe response has been modeled using elastic two-dimensional finite element 

analysis, specifically for deep-burial conditions.  Long-term response has been successfully 

modeled using linear analysis with long-term properties; however, increased computing power 

could be used to improve long-term analysis by modeling nonlinear, time-dependent pipe and 

soil materials.  Despite the success for deep burial conditions, little work has been reported on 

the application of two-dimensional finite element analysis to study live loads on buried pipe. 

2.3.2 Quasi Three-Dimensional Analysis 

Moore and Brachman (1994) presented a three-dimensional analysis method that incorporates 

a two-dimensional finite element mesh coupled with a Fourier transform of the load and 

predicted responses.  The model assumes an elastic response for the soil and the pipe.  This 

work was performed for flexible metal culverts with shallow fill conditions.  The method was 

evaluated using field test results for long-span steel culverts from Bakht (1980) and has been 

used to analyze live load response. 

2.3.3 Three-Dimensional Analysis 

Plane-strain methods used with two-dimensional analysis assume the pipe to be long and 

material, geometry, and loading to be constant along the length of the pipe.  This is generally a 

good model of deeply buried pipes.  When these assumptions are not correct, the ability of two-

dimensional analysis to accurately predict buried pipe response decreases.  For instances 

where two-dimensional analysis is inappropriate, three-dimensional analysis is used. 

 

Three-dimensional analysis is common in many structural analysis fields; however, in buried 

pipe applications, three-dimensional analysis has had primary application only for research of 

very complex soil-structure interaction problems.  Due to the historical lack of computing power, 

use of three-dimensional analysis to investigate nonlinear pipe-soil interaction only recently 

became practical for researchers.  Three-dimensional analysis is used to calibrate and verify 

simplified design methods and to provide insight into the behavior of buried pipe systems.  

Developments on the application of three-dimensional analysis for buried pipe-soil systems are 

presented below. 

 

Girges and Abdel-Sayed (1995) described FEA of a soil-steel bridge for moderate fill and live 

load applications.  Comparisons were made between two-dimensional and three-dimensional  
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analyses of the soil-steel bridge.  The two-dimensional analysis follows rules for plane-strain 

conditions.  The three-dimensional analysis is performed using ABAQUS with a full model of the 

pipe installation.  ABAQUS is a comprehensive general-purpose finite element analysis program 

that was developed by Hibbit, Karlsson, and Sorensen (1989).  Girges and Abdel-Sayed 

illustrated the differences in structural response for earth and live loads and focused on 

longitudinal effects neglected by the two-dimensional analyses, especially when uneven 

longitudinal loading is applied.  The most significant discrepancies between the two- and three-

dimensional analysis results were found for the transverse bending moment at the crown, where 

the two-dimensional analysis overestimates the three-dimensional analysis. 

 

Cao (1994) presented extensive work on the development and application of 3D FEA for buried 

pipe systems under live load.  This study used established shell theory and ground modeling.  

Specifically, thin cylindrical shell theory developed by Herrmann and Armenakas (1969) was 

used for modeling of the pipes and thick tube relationships developed by Moore (1990) were 

used for modeling of the soil cylinder.  Cao’s method also incorporated a degenerated shell 

element, originally developed by Ahmad and Zienkiewicz (1968), into the analysis of the pipe.  

The ground is treated as a solid continuum, with linear elastic and elastoplastic soil models used 

to evaluate the model sensitivity to nonlinearities.  Perfectly rough soil-structure interface was 

used throughout the study.  Extensive work is presented for comparison of the proposed 

method with established results.  Several pipe-soil interaction problems are presented with an 

outline of the solution process.  There is also a discussion of the pipe installation process and 

how finite element models can predict the performance of pipe structures during construction. 

 

Zhang and Moore (1998) introduced two finite element material models for thermoplastic pipe: 

nonlinear viscoelastic and viscoplastic, to predict time-dependent behavior of HDPE under 

uniaxial compression.  Geometric nonlinearites were investigated in this study.  Metal plasticity 

theories were used to formulate the two HDPE constitutive relationships, based on the similar 

behavior of HDPE for tension and compression, except when stress was high.  Both material 

models were used in finite element analyses of two types of HDPE pipe; solid wall pipe in a 

parallel plate test and corrugated wall pipe in a soil cell test.  The results indicate that these 

models can adequately predict the rate-dependent behavior of HDPE, except for the case of 

strain reversal.  The study also indicates that the viscoplastic material model is superior to the 

nonlinear viscoelastic model. 
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2.4 Design 

A major shortcoming of two-dimensional FEA is the attenuation of live load through the soil, 

which is a three-dimensional behavior.  Methods for calculating the load attenuation are 

provided in AASHTO.  AASHTO currently maintains Standard (2002) and LRFD (2004) versions 

of the Bridge Design Specifications.  Each specification uses a different method for calculating 

load attenuation. 

 

AASHTO Standard Specifications apply a point load at the ground surface.  This point expands 

through the soil cover to a patch load.  The distributed area is a square having sides equal to 

the live load distribution factor (LLDF) of 1.75 times the cover depth, H (Figure 2-1). 

 

1.75H

DEPTH OF FILL, H

AT SURFACE
LOAD APPLICATION POINT

DISTRIBUTED LOAD AREA

1.75 H

 

Figure 2-1 – Load Attenuation Using AASHTO Standard Specifications 
 
For shallow cover depths, this procedure results in pressure loadings that are artificially high, as 

a result of neglecting the live load footprint.  It has often been implemented (e.g., ASTM C851) 

by applying the surface load to a 10 in. by 20 in. rectangle, representing a dual tire footprint, and 

then each side of the rectangle is increased by 1.75 times the cover height. 
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AASHTO LRFD Specifications require the design load to be distributed over a rectangular area 

that represents the contact area of a dual truck tire (20 in. width x 10 in. length).  When the 

depth of fill increases, the sides of the distributed load are increased by 1.15 times the depth of 

fill for granular backfill or by 1.0 times the depth of fill for other backfill materials (Figure 2-2). 

 

L + LLDF(H)

L

W + LLDF(H)

W

H
DISTRIBUTED LOAD AREA

WHEEL LOAD AREA

LLDF=1,1.15

 

Figure 2-2 – Load Attenuation Using AASHTO LRFD Specifications 
 

McGrath et al. (2002) recommended new specifications for large-span metal and concrete 

culverts in NCHRP Report 473.  Similar to the work conducted in this project, the NCHRP report 

provided new design models.  The models included “(1) a simplified procedure that would 

accurately model most culvert installations and be suitable for incorporation into AASHTO 

specifications and (2) a comprehensive procedure that could be used for unusual installation or 

design conditions.”  The recommended procedures for development of earth loads in metal 

culverts are considered to be generally applicable to all flexible pipes including thermoplastic 

culverts. 
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2.5 Testing 

Full-scale field tests under shallow cover have been conducted and numerous actual 

installations have been monitored.  The test results provide valuable insight into the 

performance of buried pipe.  Several small-scale laboratory tests were also conducted to assess 

the structural performance of HDPE pipe.  Laboratory tests include:  parallel plate test, curved 

beam test, stub compression test, hoop compression test, and soil box testing.  In several 

studies, a combination of laboratory and field test results was used. 

2.5.1 Laboratory Tests 

2.5.1.1 Parallel Plate Test 

The primary pipe test used for quality control in current practice is the parallel plate test 

specified in ASTM D2412.  This test is used to determine the pipe bending stiffness, which is 

determined at 5% deflection, and also to insure that the pipe does not fail before it deflects past 

a limiting flattening deflection level.  The AASHTO specification for small diameter corrugated 

HDPE pipe (AASHTO M294) requires that PE pipe reach a 20% deflection without wall buckling 

(defined as a loss of load accompanied by reverse curvature), cracking, splitting, or 

delamination.  Zhang and Moore (1998) and McGrath and Schafer (2003) have completed finite 

element analyses of thermoplastic pipe in the parallel plate test. 

 

The parallel plate test is conducted at a rate of 0.5 in./min. for all pipe diameters.  McGrath and 

Sagan (1999) present calculated demands at 20% deflection for a variety of different HDPE and 

PVC pipe.  The results have been adapted in Table 2-1 to show the time to reach 20% 

deflection and the average strain rate in the test.  Since the stiffness of HDPE and PVC 

thermoplastic materials is dependent on the rate at which the wall is subjected to strain, pipe 

stiffness determined in the parallel plate test is based on different effective moduli for different 

diameters and profile geometries.  Also, the parallel plate test only provides an assessment of 

bending stiffness, and does not expose the pipe cross-section to a significant amount of axial 

thrust, which is an important consideration in buried pipe. 
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Table 2-1 – Parallel Plate Test, McGrath and Sagan (1999) 
 

Material Diameter 
(in.) Profile Type 

Outside Strain 
at Crown 

(%) 

Time to 20% 
Deflection at 
0.5 in./min 

(min) 

Max. Strain 
Rate 

(%/min) 

18 8.4 7.2 1.17 

24 8.9 9.6 0.93 

36 7.1 14.4 0.49 

36 8.2 14.4 0.57 

48 

corrugated 

5.7 19.2 0.30 

PE 

48 honeycomb 4.2 19.2 0.22 

PVC 24 corrugated 4.2 9.6 0.44 

2.5.1.2 Hoop Compression Test in the Compression Cell 

Selig et al. (1994) conducted compression tests of thermoplastic pipe in a hoop compression 

cell.  The cell consisted of a stiff outer cylinder lined with an inflatable bladder.  Pipes were 

placed in the cylinder and the space between the pipe and the bladder was filled with soil.  The 

bladder was inflated resulting in compression of the pipe-soil system.  The test approximates 

the conditions of a pipe under deep burial, where axial compression (thrust), rather than 

bending, is the primary load in the pipe.  The exact stress-strain state of the pipe is unknown 

due to load sharing between the pipe and the soil.  Tests of this nature have also been 

conducted by Li and Donovan (1994) and Moore and Laidlaw (1997). 

2.5.1.3 Curved Beam Test 

Gabriel and Goddard (1999) proposed compression testing a 90° arc of pipe as an alternative to 

parallel plate testing.  The test places a larger percentage of thrust to flexure in the pipe than in 

the parallel plate test, but the test is still dominated by flexure.  Gabriel and Goddard propose 

testing at very short times to assess the pipe stiffness.  They investigate wall stability using this 

test by monitoring the depth of the profile-wall as it changes under deformation.  The test 

requires special end supports to minimize bending effects in the specimen ends, but otherwise 

may be conducted with standard apparatus.  Currently the testing has focused primarily on 

stiffness at very high strain rates. 
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2.5.1.4 Stub Compression Test 

Historically, the stub compression test was used to assess local buckling capacity of cold-

formed steel members.  A short specimen is loaded in pure compression.  Failure occurs as a 

result of buckling of the specimen’s thin-wall sections.  The peak load attained in the test is the 

local buckling capacity and the peak load divided by the material yield stress is used as the 

effective area for structural capacity calculations. 

 

McGrath and Sagan (1999) modified the stub compression test for use in assessing local 

buckling of profile-wall thermoplastic pipe.  They found that a member consisting of three 

corrugations and directly bearing on steel end plates provided a simple test with consistent 

results.  The recommended circumferential length (specimen height during loading) of the test 

specimens is 1.5 times the depth of the profile wall.  This test procedure provides a direct way to 

assess the compression capacity of profile wall thermoplastic pipe, where local buckling is a 

limit state, under large thrust and small bending demands.  Any contribution from soil support is 

conservatively ignored.  The report indicated that local buckling initiated in many sections before 

the peak load was reached confirming the idea that thin-wall sections buckle locally before 

section failure. 

2.5.2 Soil Box Tests 

Soil box testing has been used at Utah State University, United States Bureau of Reclamation, 

Ohio University, University of Western Ontario, University of Massachusetts, and numerous 

other large- and small-scale facilities.  The tests typically consist of a rigid or semi-rigid cell 

holding a pipe embedded in a confined mass of soil with externally applied loads. 

 
The soil cell at Utah State University has been used extensively for HDPE pipe studies.  Their 

test consists of installing pipe in a conventional manner in a large U-shaped steel shell and 

backfilling with soil.  Load is applied to the soil from above using hydraulic jacks, which use 

tension in the steel shell to develop a reaction.  The pipe response is examined under 

increasing load.  Typical test results for HDPE pipes may be found in Watkins (1990) and Moser 

(1998).  Moser argued that such a test could be used to provide a complete prescriptive design 

method (Moser 1997).  Soil box tests on thermoplastic pipe have reported large circumferential 

shortening, local buckling, and poor agreement with conventional deflection calculations from 

Spangler (1941).  Figure 2-3 shows a schematic of typical soil box tests. 
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Figure 2-3 – Typical Soil Box Test Setup 
 

McGrath (1975) tested 6 in. dia. thermoplastic pipe under shallow fill conditions, using a 35 in. 

dia. by 30 in. deep steel tank.  The test results were used to characterize pipe behavior under 

concentrated surface loads and to determine the applicability of deep fill approximation methods 

to the shallow fill case.  Load was applied at the soil surface directly above the pipe on a 10 in. 

steel plate.  Pipe response was approximated using the Burns and Richard elastic solution.  

Observed pipe deflections were higher than the predicted deflections using Burns and Richard, 

especially for a 6 in. cover depth.  As the fill increased to 12 in. and 18 in., the approximations 

became much closer to the observed results. 

 

Watkins and Reeve (1982) performed two different field tests on corrugated PE pipe to 

determine the response of the pipe under surface loads and to evaluate the dependency of pipe 

performance on sidefill density.  Full-scale field tests were performed on 15 in. to 24 in. dia. pipe 

with H-20 truck loads applied directly over the pipe crown.  The pipe runs were approximately 

40 ft long and were buried with a slope, thus varying the cover from 5 in. to 16 in. at one end of 

the pipe (H1) and from 20 in. to 40 in. at the other end of the pipe (H2).  Figure 2-4 illustrates 

the burial method.  The backfill was a combination of native sandy clays at a range of densities.  
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Results show that pipe deflections were impacted significantly by the density of the sidefill, 

especially when depth of cover was greater than 12 in. 

H2H1

EXCAVATED 
TRENCH

CORRUGATED PE PIPE
 

Figure 2-4 – Sloping Method for Pipe Burial Used by Watkins and Reeve (1982) 
 
Watkins and Reeve (1982) also performed high pressure tests on similarly sized pipe in the 

Utah State University soil cell to determine the relationship between ring deflection and the total 

soil pressure for various densities of backfill.  The backfill was fine silty sand at a range of 

densities.  From the results, Watkins concluded that ring deflection is approximately equal to the 

vertical strain in the sidefill soil. 

 

The influence of sidefill on the response of plastic pipes was investigated further by Rogers et al 

(1985).  In the study, 6.3 in. dia. PVC pipes were tested with 19.7 in. of cover in a reinforced 

concrete soil box at the University of Nottingham, England.  The tests varied bedding depth, 

sidefill density, and surface load.  Backfill materials included concrete aggregate, pea gravel, 

building sand, and silty clay.  Vertical diametral strain (VDS) was collected and provided by the 

expression in equation 2-1. 

 

Diameter Original
Diameter  Verticalin ChangeVDS =  [2-1] 

 

Results from the soil box tests indicate that the PVC pipes had less than 1.5% VDS at the 

completion of the backfill.  Only the silty clay installation had average VDS in excess of 5% upon 

completion of the live load tests. 
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Moore and Hu (1995) performed two- and three-dimensional analysis of a hoop compression 

test on a profile-wall HDPE pipe tested at the University of Massachusetts (UMass) soil cell.  

Moore and Hu present a detailed comparison between finite element predictions and structural 

response of profile-wall HDPE pipe.  The test pipe was corrugated with a smooth interior liner.  

Test results are compared with the finite element analysis results and performance limits are 

investigated for large hoop compression stress.  Moore and Hu note the following issues when 

investigating the response of the pipe and evaluating the finite element analysis predictions: 

• Distribution of circumferential and axial stresses in the section, 

• Contribution of the liner to overall structural performance, 

• Time-dependent effects of polyethylene material properties, and 

• Stability and serviceability limits for PE pipe. 

 

Moore and Hu conclude from the test results that conventional ring theory can not capture the 

axial stress distributions throughout the section and that axial tension stresses are largest at the 

junction between the corrugation wall and the liner.  Analysis of three-dimensional buckling 

behavior also indicated that rippling is a part of the local buckling phenomenon.  The three-

dimensional behavior that is exhibited in the UMass testing is also evident in deeply buried 

conditions, as reported by Moore (1995). 

2.5.3 Field Tests 

A collaborative test at the Ohio University load frame was performed by Sargand, Hazen, Liu, 

Masada, and Hurd (1995), to test PVC pipe under shallow fill and large distributed surface 

loads.  Field test results for vertical pipe deflections were compared with the solutions from the 

Modified Iowa Formula and Burns and Richard elastic formulation.  Comparisons indicate that 

the theoretical approximations for vertical pipe deflection underestimate the experimental results 

for fill conditions with cover depth less than one pipe diameter. 

 

Daley (1997) presents the results of soil cell testing of 60 in. HDPE pipes for two different 

backfill conditions in the Utah State University soil cell.  The tests focused on the structural 

performance of the pipes, as well as the hydraulic effects of loading, that is, representation of 

Manning’s number (pipe smoothness) for the pipe wall as geometric changes occur during the 

load sequence.  The backfill was a silty sand material at either 94 or 85% standard Proctor 

density.  Horizontal and vertical deflection measurements were the primary structural data and 

waviness in the liner was measured for the hydraulic data.  Structural deflections were 
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compared to the theoretical minimum and maximum deflections predicted by the Modified Iowa 

formula.  The test results were within the predicted ranges for deflection on four of the six tests.  

The deflections from field tests at 42 ft and 48 ft of fill exceeded the predicted deflections, 

indicating that the theoretical formula may have a limited applicability for large cover depths. 

 

Rogers et. al. (1995) illustrates the stiffness requirements in the United Kingdom for profile wall 

flexible pipes, including HDPE, and presents limitations with these structures.  The paper also 

provides descriptions of available methods for testing stiffness and deflection capacity of flexible 

pipe.  Annular corrugated HDPE pipes with interior and exterior liners were tested in a soil box 

to illustrate the effectiveness of the UK specifications.  Test results indicate that the 

specifications are conservative when compared to the observed laboratory and field 

performance.  Rogers also indicates that testing for creep stiffness should not be uncoupled 

from pipe-soil interaction stiffness and that FEA is an accepted method to evaluate this property. 

 

Faragher et. al. (2000) presents a full-scale test of plastic pipe in trenches with shallow cover 

and loading by a heavy truck driving on a construction haul road.  Vertical deformation of the 

pipe was measured for 1,000 load cycles and recorded as vertical diametral strain.  Five 

different types of plastic pipe were investigated for compacted gravel and compacted sand 

embedment.  The pipes were made from HDPE, PVC, and PP, and had a nominal diameter of 

23.6 in.  For verification one 41.3 in. dia. pipe was also tested.  The report indicates that VDS 

accumulated at slightly different rates for each pipe material.  Analysis of the data indicates that 

pipes placed with gravel backfill had better performance than those placed with sand surround.  

Based on the test results, Faragher developed a power-law expression to predict VDS, provided 

in equation A-2, where (VDS)N is the predicted VDS at load cycle N and (VDS)1 is the predicted 

VDS after the first load cycle. The expression is limited to a relatively small number of load 

cycles and is therefore intended for the construction phase of the pipe. 

 

 ( ) 0.3
1N N*(VDS)VDS =  [2-2] 

 

Conrad, et. al. (1998) describes field tests performed on 36 in. and 48 in. dia. corrugated HDPE 

pipe buried with 2 ft of soil cover.  The tests were conducted to determine the effects of loading 

the pipe near the ends, which simulates cases like vehicle travel over the roadway shoulder.  

Seven different backfill configurations were tested using glacial till and granular material.  The 

soil above the pipes was compacted native soil.  Load was applied using hydraulic jacks 

attached to a load frame anchored to concrete blocks.  Table 2-2 provides the section properties 
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of the tested pipes determined from parallel plate tests.  The tests indicate that pipe deflections 

increase when loads are closer to the ends.  This increase is attributed to “pipe-end” effects and 

the reduced soil modulus at the ends, resulting from a lack of backfill confinement.  Pipes buried 

in lower density till were the only conditions that exhibited excessive deflections.  Pipes 

backfilled with flowable fill had twice the ultimate capacity of pipes backfilled with sand. 

 

Table 2-2 – Section Properties for HDPE Pipe, by Conrad et al. (1998) 

Manufacturer 1 /Diameter Thickness ASTM Stiffness 
at 5% Deflection E*I 2 

(in.) (in.) (psi) (psi) 

A/36 0.300 29.99 26,030 

A/48 0.028 20.62 42,430 

C/48 0.018 22.46 46,190 

 1.  Pipes were used from two manufacturers, identified as A and C. 
 2.  E*I calculated from results of parallel plate tests, ASTM D2412 
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3. FULL-SCALE FIELD TESTING 

3.1 Introduction 

The field test program was conducted to collect detailed performance data on 60 in. dia. 

corrugated PE pipe under challenging live load conditions.  The main test parameters were: 

 

• Shallow fill depths – cover heights were set between 1 ft to 3 ft from top of pipe to top 
of pavement, and  

• Minimal compaction – target compaction was 90% of maximum standard Proctor 
density with no specific effort to compact soil in the pipe haunch zone. 

This chapter presents details of the tests and data collected for the 3-1/2 year test duration. 

3.2 Test Parameters 

3.2.1 Test Site 

Minnesota Department of Transportation (Mn/DOT) obtained space for the project at the 

MnRoad Research Center (MnRoad) in Monticello, Minnesota.  MnRoad runs a two-lane, low 

volume, loop test road (LVR), shown in Figure 3-1. 

 

Test SegmentTest Segment

 

Figure 3-1 – MnRoad Loop Test Road 
 

Two trucks are used on the MnRoad LVR.  The trucks are loaded to different weights and driven 

in opposite directions, each on one of the two-lanes of the LVR.  One lane is trafficked by an 

80,000 lb vehicle, with 18,000 lb maximum axle loads, and the other lane by a 102,000 lb 

vehicle with 24,000 lb maximum axle loads.  These vehicles are referred to herein as light truck 

and heavy truck, respectively.  The heavy truck travels counter clockwise on the outer lane 
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while the light truck travels clockwise on the inner lane.  Figure 3-2 shows the heavy truck and 

the specific axle loads for the light and heavy trucks.  Axle 2 in Figure 3-2b is herein referred to 

as the reference axle. 

 

 

a.  Typical MnRoad LVR Truck (102k Axle Vehicle – Heavy Truck) 

 

102 k truck:                  12.0k,              22.0k,   24.0k,                             23.0k,    21.0k  

4’-0” typ 

1 2 3 4 5 
80 k truck:                    12.0k,              17.0k,  18.0k,                              17.0k,   16.0k   

Reference Axle

Axle No:
Light Truck (80,000 lb):

Heavy Truck (102,000 lb):

4’-0”34’-7 5/8”4’-4”19’-0 3/4”

 

102 k truck:                  12.0k,              22.0k,   24.0k,                             23.0k,    21.0k  

4’-0” typ 

1 2 3 4 5 
80 k truck:                    12.0k,              17.0k,  18.0k,                              17.0k,   16.0k   

Reference Axle

Axle No:
Light Truck (80,000 lb):

Heavy Truck (102,000 lb):

4’-0”34’-7 5/8”4’-4”19’-0 3/4”

 

b.  Axle Loads and Spacing 

Figure 3-2 – Live Load Vehicle 

 

The project used 200 ft of the LVR to accommodate ten runs of 60 in. nominal diameter pipe 

with approximately 16 ft spacing between adjacent runs.  Each pipe run was approximately 65 ft 



 

 - 28 - 

long, from inlet to outlet.  On the south end (outside of the loop), culverts were terminated by a 

plywood bulkhead with a 24 in. dia. PVC elbow turning up to a vertical riser to grade.  The north 

end of each run opens to a sloped embankment beyond the shoulder of the roadway.  This 

arrangement allows free air flow through the test pipe as is typical for a highway culvert.  The 

pipes were graded to drain to the north end.  The outlets of the test pipes, at the north end, are 

shown in Figure 3-3. 

 

 

Figure 3-3 – Test Pipe Installation (View of North End) 

The pipes were installed in trenches in a brown, very stiff clay material that had been imported 

when the LVR was constructed.  Pocket penetrometer readings taken in the trench walls during 

construction indicated an unconfined compressive strength greater than 5 tons/sf. 

3.2.2 Test Pipes 

Eight of the ten test pipe runs were 60 in. dia. profile wall PE pipe.  For reference purposes, one 

of the test runs was a 60 in. dia. corrugated steel pipe and one was a 60 in. dia. reinforced 

concrete pipe. 

 

The HDPE pipe met the requirements of AASHTO M294.  The test pipes were either Type S or 

Type D corrugation, as shown in Figure 3-4.  The Type S pipes were manufactured by Hancor, 

Inc. of Findlay, Ohio.  The Type S corrugation is the more common corrugated profile.  The 

Type D pipes were manufactured by Advanced Drainage Systems, Inc of Hilliard, Ohio.  The 

Type D profile is composed of a series of tube shapes with a smooth interior and exterior.  This 

profile is no longer commercially available. 

 

Both types of HDPE pipe are normally manufactured in 20 ft lengths.  For the test project they 

were supplied in 5 ft, 10 ft, and 20 ft lengths.  The 5 ft lengths were shipped to the SGH 
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Laboratory for installation of monitoring instrumentation.  The 10 ft and 20 ft sections were used 

to fill out the runs and to locate the instrumented sections under the wheel paths of the test 

vehicles. 

 

The coefficient of thermal expansion of the two HDPE pipes was determined at the SGH 

Laboratory by measuring the circumference of full rings of pipe at three temperatures.  The 

pipes were conditioned in a controlled atmosphere room at 73°F, then moved to a walk-in 

refrigerator at 34°F, and finally moved to a walk-in freezer at 1°F.  The measured coefficient of 

thermal expansion was 60.0x10-6 in./in./°F and did not differ significantly for the two temperature 

ranges or between the Type D or Type S profile pipes. 

 

Type S

Type D

 

Figure 3-4 – HDPE Pipe Cross-Sections:  Type D and Type S 
 

The corrugated steel pipe was 0.064 in. thick corrugated steel pipe, with 3 in. by 1 in. 

corrugations.  The reinforced concrete pipe was a Class III, B-wall pipe per ASTM C76.  The 

steel and concrete pipes represent current practice for installations similar to the test conditions. 
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The test pipes were also evaluated for compression capacity at the SGH laboratory using stub 

compression testing.  The stub compression test is described in Chapter 2.  Test results for the 

Type D corrugation show compressive load capacity of 1,991 lb/in.  The Type D corrugation 

circumferential cross-section has average area of 0.757 in.2/in. and average moment of inertia 

of 0.964 in.4/in.  Type S corrugation tests show average compressive load capacity of 922 lb/in. 

The Type S corrugation circumferential cross-section has average area of 0.536 in.2/in. and 

average moment of inertia of 0.798 in.4/in.  The failure mode is local plate buckling of the thin 

wall elements due to pure compressive loading.  Table 3-1 describes the specimens and gives 

the test results. 

Table 3-1 – Results for Stub Compression Tests on HDPE Pipe 

Specimen Length 
(in.) 

Height 
(in.) 

Peak Load 
(lb/in. length) 

Strain at Peak Load 
(%) 

Type D – 1 8.13 4.19 1,763 6.7 

Type D – 2 8.06 4.19 2,224 7.7 

Type D – 3 8.25 4.19 1,985 6.9 

Average Type D -- -- 1,991 7.1 

Std Deviation Type D -- -- 231 0.5 
     

Type S – 1 23.5 4.93 941 5.7 

Type S – 2 23.5 5.03 965 6.5 

Type S – 3 23.5 4.96 1,003 6.3 

Type S – 4 23.5 4.93 936 5.9 

Type S – 5 23.5 4.98 823 5.6 

Type S – 6 23.5 4.97 883 6.2 

Type S – 7 23.5 4.97 903 5.5 

Average Type S -- -- 922 5.9 

Std Deviation Type S -- -- 59 0.4 

 

Figure 3-5 and Figure 3-6 show the resulting load-displacement plot and a photo of the test for 

the Type D and Type S profile types, respectively. 
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a.  Load-Displacement Plot 

 

b.  Test Specimen Deformed Under Load 

Figure 3-5 – Stub Compression Test of Type D Profile Wall HDPE Pipe Specimens 
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a.  Load-Displacement Plot 

 

b.  Test Specimen Deformed Under Load 

Figure 3-6 – Stub Compression Test of Type S Profile Wall HDPE Pipe Specimens 
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3.2.3 Trench Configuration and Backfill 

The test pipes were installed in a rectangular trench, shown schematically in Figure 3-7.  The 

target trench width was pipe outside diameter plus 32 to 36 in.  The average trench widths and 

cover heights for each pipe are presented in Table 3-2.  The cover heights are averaged from 

survey readings for each pipe run over the light and the heavy wheel tracks, which are the 

instrumentation locations. 

 

12 in. 

Native 
Soil 

Pavement / Gravel 

60 in.

Nominal 

AASHTO 
Backfill 

(A-1 or A-2) 

Depth of Fill 
(Varies) 

Trench Wall 
16” Clear 

Bedding 
6” Thick 

 
Figure 3-7 – Schematic Cross-Section of Typical Test Pipe Installation 
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Table 3-2 – Average Trench Measurements for Each Pipe Run 

Pipe Run Pipe Type Average 
Cover (ft) 

Backfill 
Material 

Nominal 
Cover (ft) 

Average Trench 
Width (ft) 

1 HDPE, Type S 1.4 8.0 

2 HDPE, Type D 1.4 
A-1 

9.2 

3 HDPE, Type S 1.6 8.8 

4 HDPE, Type D 1.7 8.8 

5 RCP 1.6 9.2 

6 CSP 1.4 

1 

9.1 

7 HDPE, Type S 2.8 9.5 

8 HDPE, Type D 2.8 

A-2 

8.5 

9 HDPE, Type S 2.5 9.2 

10 HDPE, Type D 2.4 
A-1 

2 

9.0 

 

Pipe runs were backfilled with soils meeting the requirements of either Group Classification A-1 

or A-2 per AASHTO M145.  The A-1 and A-2 backfill materials have approximately 2% and 25% 

soils finer than a No. 200 sieve, respectively.  Gradation test results for two samples each of the 

A-1 and A-2 material delivered to the site are presented in Figure 3-8. 
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Figure 3-8 – Sieve Analysis of Test Installation Backfill Materials 

 

Laboratory tests were conducted by Mn/DOT to establish moisture-density relationships using 

standard Proctor effort in accordance with AASHTO T99.  The maximum dry densities were  

119 lbs/cu ft at 13.4% moisture for the A-1 soil and 114 lbs/cu ft at 14.5% moisture for the A-2 

soil.  Moisture-density curves are provided in Figure 3-9 and results of the standard Proctor 

tests are presented in Table 3-3. 
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Figure 3-9 – Moisture-Density Relationship for Backfill Materials (Standard Proctor) 

 

Table 3-3 – Density Test Results for Test Installation Backfill Materials 

Pipe Run-
Type 

Backfill 
Material 

Number of 
Density Tests 

% of Maximum Standard 
Proctor Dry Density 
(Average of Tests) 

1-S 1 97 

2-D 
A-1 

1 93 

3-S 4 91 

4-D 2 88 

5-RCP 2 78 

6-CSP 4 82 

7-S 4 82 

8-D 

A-2 

3 85 

9-S 4 85 

10-D 
A-1 

4 87 

 
The pavement section on top of the backfill was approximately 12 in. deep, consisting of 8 in. of 

Mn/DOT Class 5 aggregate base, overlain by 4 in. of bituminous pavement placed in two 2 in. 

lifts. 
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3.2.4 Monitoring Parameters 

Specific monitoring parameters for the 10 pipe runs are presented Table 3-4.  Each of the ten 

pipe runs extends under the full width of the test road and thus is trafficked by each test truck.  

The instrumentation plans are described in Section 3.3. 

 

Table 3-4 – Summary of Test Pipe Instrumentation 
 

Pipe Run Pipe Type Heavy Truck Lane 1,2 Light Truck Lane 1,2 

1 HDPE, Type S X-dynamic L-static 

2 HDPE, Type D X-static L-static 

3 HDPE, Type S L-static X-static 

4 HDPE, Type D X-dynamic L-static 

5 RCP Soil cells only-static Soil cells only-static 

6 CSP LVDT only-static LVDT only-static 

7 HDPE, Type S X-static L-static 

8 HDPE, Type D L-static X-dynamic 

9 HDPE, Type S L-static X-dynamic 

10 HDPE, Type D L-static X-static 

1.  X = instrumentation shown in Figure 3-10a. 
2.  L = instrumentation shown in Figure 3-10b. 

3.3 Instrumentation 

The instrumentation plan was developed to collect the minimum data required to accurately 

characterize the structural performance of each pipe.  Past experience and pretest computer 

analysis indicated that the most significant pipe response would be near the crown, thus the 

instrumentation was focused in this region. 

 

Some sections were instrumented extensively to capture deflection, strain, and soil pressure, 

while other sections were instrumented only for deflections or soil pressure.  Also, some 

sections were instrumented to collect high speed and static data, while other pipes were 

instrumented only to capture static data.  The static instrumentation captured the cumulative 

changes in pipe performance over time and while vehicles were parked at specific locations 

over the pipe.  The high speed instrumentation captured the same information as the static data, 

but also captured dynamic data while the test vehicles traversed the pipes. 
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Details of the extensive and light instrumentation configurations are shown in Figure 3-10.  Each 

of the eight PE pipe runs had the instrumentation scheme shown in Figure 3-10a installed under 

one lane of the test road and the instrumentation shown in Figure 3-10b in the other lane.  

Figure 3-10c provides a photograph of an installed extensive instrument tree.  The extensive 

instrumentation was alternated between the heavy truck lane (108,000 lb truck), and the light 

truck lane (80,000 lb truck) to provide a sampling of each condition.  The corrugated steel pipe 

(CSP) was instrumented only with LVDTs in the configuration shown in Figure 3-10b and the 

reinforced concrete pipe (RCP) was instrumented only with three soil pressure cells, arranged 

over the crown as shown in Figure 3-10a. 
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a.  Extensive Instrumented Section (X), Thermocouples at Pipes 2 and 9 Only 
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LVDTs

Pavement 
Surface

 
b.  Light Instrumented Section (L) 

 

c.  Photograph of Extensive Instrumentation Support Tree 

Figure 3-10 – Typical Test Pipe Instrumentation 
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3.3.1 Data Acquisition 

Data was collected with three different dataloggers manufactured by Campbell Scientific.  Model 

CR7 and CR10X dataloggers were used to collect static data and Model CR9000 was used to 

collect dynamic data.  The sampling rate for dynamic readings was 200 Hz.  The dataloggers 

are mounted in a heated enclosure at the side of the test track.  Dataloggers are connected to 

the Mn/DOT intranet using fiber optics.  Data was downloaded to SGH via an internet 

connection to the Mn/DOT network using a virtual private network provided by Mn/DOT.  

Dataloggers could be remotely programmed or triggered to collect data using the internet 

connection. 

3.3.2 Strain Gages 

Bonded resistance strain gages were installed on eight 5 ft-long test sections of PE pipe at the 

SGH laboratory.  The strain gaged lengths were installed under a wheel track of the heavy truck 

lane for Pipe Runs 1, 2, 4, and 7, and under a wheel track of the light truck lane for Pipe Runs 3, 

8, 9, and 10.  The strain gages are Micro-Measurements EA-30-250BF-350/L.  Gages were 

installed with moisture and mechanical protection using Micro-measurements M-Coat J-3. 

3.3.3 LVDT Displacement Transducers 

Steel frames were constructed to support the Linear Variable Differential Transformer (LVDT) 

displacement transducers inside the pipe.  The frames were installed at a wheel track of both 

travel lanes for all test pipe except the RCP.  LVDTs are GHSD-750-1000 units manufactured 

by Macro Sensors.  Six LVDTs, positioned as shown in Figure 3-10a, were installed at the 

extensively instrumented cross-sections of all HDPE pipe runs.  In Pipe Runs 1, 4, 8, and 9 the 

LVDTs are connected to the dynamic datalogger.  Other locations had three LVDTs as shown in 

Figure 3-10b.  During a site visit in May 2001 we installed an LVDT mechanically held at a fixed 

deflection to quantify thermal effects on the LVDT sensors and instrumentation.  Data is plotted 

with the settlement sensors.  Based on the output of this sensor, thermal effects on the LVDT 

readings are neglected for the purposes of this investigation.  The typical accuracy of these 

instruments is based on a 0.25% linearity error that is applied to the full displacement range.  

The displacement range is represented by the last series of numbers in the instrument model 

number as thousandths of an inch.  For these LVDT instruments, the range is 1.0 in. (1,000 

thousandths) and the accuracy is 0.005 in. [0.005 in. = (2) (1.0 in.) (0.25%)]. 
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3.3.4 Soil Pressure Cells 

Two types of earth pressure cells manufactured by Geokon were used to collect data on soil 

pressures over the top of the pipe.  Model 4800E cells with vibrating wire sensors were used for 

collecting static data, while Model 3500 cells with strain gage based transducers were used for 

collecting static and dynamic data.  Cells were installed within the backfill under selected wheel 

track locations at 6 in. above the pipe crown and 30° circumferentially either side of the crown 

as shown in Figure 3-10a.  The vibrating wire soil pressure cells include integral temperature 

sensors.  All soil pressure cells were 9 in. dia. 

3.3.5 Thermocouples 

Omega Engineering Type T thermocouples were installed within the backfill below the invert 

and at the springline of Pipes 2 and 9 at distances of 6 in., 12 in., and 18 in. from the pipe.  

Thermocouples were also installed in the interior of these pipes to measure ambient 

temperatures. 

3.4 Installation 

Mn/DOT retained a local contractor to remove the existing pavement, install the test pipe, and 

reconstruct the roadway surface.  Construction began in late September 2000 and final paving 

was completed in mid-October.  Initial static and dynamic live load tests were performed within 

one week after final paving.  The pipe installation proceeded as follows: 

 

• The contractor removed existing pavement, excavated the native material and 
removed all from the site.  The trench cross-section extended nominally 6 in. below the 
pipe invert outside diameter (OD) with 16 in. to 18 in. clear horizontal distance from the 
pipe OD at the springline. Trenching proceeded on a pipe-by-pipe basis so that the 
same track-mounted excavator could be used for all trenching and pipe placement. 

• Bedding consisted of the designated imported backfill material (Table 3-3) dumped into 
the bottom of the trench and hand graded to the desired invert elevation.  The center 
1.5 ft width of the bedding was left loose, while the bedding on either side was 
compacted by foot traffic or with mechanical compactors (walk-behind whackers) as 
required to achieve the specified compaction level. 

• A single fabric strap at the center was used to lift and place the plastic sections. 

• Pipe alignment was checked with an optical level for Pipes 1 and 2, and with a laser 
level for the remaining pipes. 

• A layer of backfill material, approximately 1.5 ft thick, was placed on each side of the 
pipe and shovel sliced into the haunch areas.  Subsequent backfill was placed in 1 ft to 
2 ft lifts up to the crown of the pipe.  Lifts were compacted by foot traffic or a single 
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pass of the mechanical compactor depending on the results of the in-place density 
tests. 

• As a rule, soil density tests indicated that compaction levels of 85% to 90% were 
achieved using foot traffic with the A-1 select fill, and a single pass with an impact type 
compactor for the A-2 material.  Density tests were performed after compaction at each 
pipe run. 

• All pipes were initially backfilled to approximately 1 ft below final grade.  This grading 
was performed with a track-mounted bobcat.  During the installation process, care was 
taken to minimize construction loads on the pipe, so that the initial data collected would 
represent the first live load cycle. 

• Pavement consisted of approximately 8 in. of Mn/DOT Class 5 aggregate base 
followed by 4 in. of bituminous paving material placed in two 2 in. lifts. 

3.5 Data Collection 

Upon completion of the final pavement surface, initial readings were taken of all instruments, 

and live load tests were performed.  Long-term data has been collected for over three years.  

The site was visited on 15 to 16 May 2001 and again on 21 to 22 August 2002 to take static and 

dynamic load readings and inspect all test pipes.  All test pipes were observed to be in good 

condition.  An additional visit to the site in February 2003 and inspected the pipes, but no site 

tests were performed. 

3.6 Testing 

3.6.1 Static Live Load 

Static live load tests were performed at each pipe run with the heavy and light trucks in the 

regular travel lanes on 24 to 25 October 2000 (first load cycle), on 15 to 16 May 2001 (after the 

spring thaw), and again on 21 to 22 August 2002.  Figure 3-2 presented a schematic of the axle 

arrangement and axle loads of the test trucks.  The center-to-center wheel spacing is 6 ft along 

the length of the axle (truck width) for both test trucks.  The reference axle for static load tests 

was axle 2 in., Figure 3-2b. 

 

The trucks were aligned with the driver’s side wheels 3 ft from the centerline of the roadway, 

thus placing the truck wheels over the instrumented pipe cross-sections.  Data was acquired 

with the reference axle at four positions over each pipe: 

• Position 1:  2.5 ft before the center of the pipe, 
• Position 2:  1.25 ft before the center of the pipe, 
• Position 3:  directly over the center of the pipe, and 
• Position 4:  2.17 ft past the center of the pipe, which located the two wheel sets 

of the tandem symmetrically over the centerline of the pipe. 
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The reference axle positions are illustrated in Figure 3-11. 

 

2’-6”

POSITION 1

1’-3”

POSITION 2

 

0’-0”

POSITION 3

Symmetric = 2’-2” each side

POSITION 4

Figure 3-11 – Static Live Load Vehicle Axle Locations 

 
In addition to aligning the truck tires directly above the instrumentation, the trucks were also 

positioned on the pipes with the driver’s side wheels located 4 ft and 5 ft away from the 

centerline of the roadway.  This allowed measurements to be taken with the load 1 ft and 2 ft 

away from the instrumented pipe cross-sections, along the length of the pipe run. 

3.6.2 Dynamic Live Load 

Dynamic live load tests were conducted during our site visits after completion of the static tests  

and by remote trigger of the data acquisition system via internet connection and coordinating 

the truck pass with MnRoad personnel (via telephone if not on site).  Dynamic tests were 

conducted in October 2000, November 2000, May 2001, December 2001, and August 2002.  

Data was collected under the heavy truck load lane of Pipes 1 and 4 and under the light truck 

load lane of Pipes 8 and 9.  The truck operator traversed the pipe runs at the typical speed for 

the LVR loops (25 to 30 mph) with the driver’s wheel as close to 3 ft from the centerline as 

possible. 
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For orientation throughout the testing, the pipe cross-sections are referred to by clock positions 

around the circumference, with 3:00 on the right when looking into the test pipes from the outlet 

end.  Locations of instrumentation include 12:00 (pipe crown), 1:00 and 11:00 (pipe shoulder), 

3:00 and 9:00 (pipe springline) and 6:00 (pipe invert).  In all tests, the heavy truck approaches 

the 1:00 side of the pipes and the light truck approaches the 11:00 side of the pipes. 

3.6.3 Long-Term (Three Years-Six Months) Service 

Collection of long-term data began after the first live load test in October 2000 and continued 

through May 2004.  The final data contains several short-duration gaps due to equipment or 

remote access problems and a full year gap in data from the CR9000 datalogger.  The 

dataloggers were configured to sample all sensors and record data at 4 hr intervals:  Midnight, 

04:00, 08:00, NOON, 16:00, and 20:00.  Samples were taken based on time without 

consideration of the test truck position.  To minimize the probability of erratic data if a sensor 

was sampled as the test truck passed over, the datalogger was programmed to acquire several 

values over a period of several minutes and record the average value.  The long-term service 

data provides a historical record of the pipe behavior that is intended to capture the effects of 

temperature change and aging of the pipe installations. 

3.7 Test Results 

The following sections summarize test results.  A complete set of post-processed results is 

provided in Attachment 1 to this report. 

3.7.1 Site Conditions 

Shortly after completion of the test pipe installations, the road surface settled over the pipes.  

The settlement was sufficient to make the test vehicles bounce when traversing the pipes.  At 

first, the settlement was attributed only to consolidation of the sidefill.  Later investigation of the 

long-term service data showed that thermal contraction and expansion of the pipes contributed 

to the settlement as well.  As a result, thermal effects on the pipes and instrumentation were 

analyzed.  This analysis is discussed in later sections. 

 

During the testing, rutting was observed during the first cold-weather cycle.  Over time, the 

pavement developed cracks along the longitudinal axis of the pipe directly above the crown.  In 

October 2001, the pavement was milled to improve the pavement surface; however the cracking 

reappeared in the same locations.  The HDPE pipe installations with less than 2 ft of soil cover 
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showed the most pronounced effects.  The metal and concrete pipes did not show signs of 

pavement cracking. 

 

The pavement performed better over the metal and concrete as a result of the thermal effects 

on the shallow buried HDPE pipes.  Figure 3-12 shows the elevation change at the pavement 

centerline surface over the test pipe installation before and after the pavement milling from 

profile surveys in November 2000, July 2001, and April 2002.  The roadway conditions were 

observed during a site visit in February 2003 to inspect the pavement and assess the cause of 

cracking at the surface.  Based on the results of our inspection and the roadway surveys, it 

appears that the long-term cracking of the pavement is related to differential frost heave that 

results from vertical wall trench installations and the combination of clayey in situ soils and 

structural trench backfill. 
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Figure 3-12 – Road Survey at Truck Centerline 
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3.7.2 Load Cycles 

3.7.2.1 Static and Dynamic Cycles 

Three static live load tests were conducted at the site.  Data for each test is provided in 

subsequent sections.  A complete set of processed field test data is provided in Attachment 1. 

 

From October 2000 (date of installation) through May 2004 (project completion), the test pipe 

received 29,942 passes from the 80 kip truck and 8,611 passes from the 102 kip truck (ratio of 

3.5 to 1).  Five of these truck passes were recorded as dynamic live load tests.  Like the static 

live load tests, selected data from these tests are presented below and a processed set of field 

test data is provided at Attachment 1.  Figure 3-13 is a plot of the number of truck passes per 

day. 
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Figure 3-13 – Daily Loops of the Live Load Vehicles at MnRoad 

3.7.2.2 Air and Ground Temperature 

The weekly average temperature at the test site ranged from 80°F in the summer to 10°F in the 

winter, with daily extreme temperatures of plus 93°F and minus 17°F.  Figure 3-14 provides the 

weekly average temperatures recorded at Run 2 from October 2000 until May 2004.  The data 

is obtained from the thermocouples inside the pipe (2-air), buried in the soil 18 in. away from the 
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springline (2-18s), and buried in the soil 18 in. below the invert (2-18i).  Figure 3-10 illustrated 

the locations of the installed thermocouples. 
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Figure 3-14 – Air and Ground Temperature Data from Run 2 

3.7.3 Deflections 

3.7.3.1 Static Live Load Deflections 

During live load testing, deflections were measured for the light and heavy truck loads.  Figure 

3-15 shows a schematic of the pipe deformation, during static live load testing, at reference axle 

Positions 1 to 4 (Figure 3-11).  The deflections are generated from the 3D computer models 

described in Chapter 4 and magnified by fifty times for visual comparison.  The earth load 

deflections result from the dead load of the final backfill soil and pavement. 
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a.  Live Load Position 1 – 2.5 ft from crown b.  Live Load Position 2 – 1.25 ft from 

crown 
 

  
c.  Live Load Position 3 – over crown d.  Live Load Position 4 – tandem axles 

symmetric over crown 

Undeformed Shape Earth Load Live-Load
 

Figure 3-15 – Deflected Shapes for Static Live Load Test from 3D Computer Model 
 

For pipe runs with less than 2 ft of cover, the maximum crown deflection occurred for Live Load 

Position 3 (Figure 3-11), with the reference axle directly above the crown.  For pipe runs with  

2 ft to 3 ft of cover, the maximum deflection at the crown occurred for Position 4, with the 

tandem axle symmetric above the crown.  Tables 3-5 and 3-6 provide a summary of the 
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maximum vertical diametral deflections (crown displacement) and the simultaneously occurring 

horizontal deflections (springline displacement) recorded during the static live load tests.  The 

deflection magnitudes are relative to the pipe state immediately before each of the tests. 

 

Table 3-5 – Static Live Load Test Deflections for Heavy Truck Load 
 
Vertical 

Deflection (in.) 1,2 
Horizontal 

Deflection (in.) 3 Pipe Run Backfill 
Type 

Cover 
Height 

(ft) Oct 
00 

May 
01 

Aug 
02 

Oct 
00 

May 
01 

Aug 
02 

1H-S 1.4 -0.106 -0.117 -0.119 -.009 0.015 0.013 

2H-D 
A-1 

1.4 -0.169 -0.172 -0.115 0.016 0.013 0.010 

3H-S 1.6 -0.174 -0.122 -0.091 0.014 0.006 0.012 

4H-D 1.7 -0.135 -0.116 -0.076 0.014 0.057 0.008 

5-RCP 1.6 No deflections measured for RCP 

6H-CSP 1.4 -0.062 -0.048 -0.031 0.036 0.026 0.020 

7H-S 2.8 -0.065 -0.040 -0.039 0.016 0.008 0.006 

8H-D 

A-2 

2.7 -0.053 -0.027 -0.038 0.014 0.005 0.006 

9H-S 2.4 -0.075 -0.051 -0.037 0.005 0.005 0.003 

10H-D 
A-1 

2.2 -0.067 -0.047 -0.044 0.000 0.005 0.004 

1. Maximum measured vertical crown deflection. 
2. Negative deflection indicates diametral contraction. 
3. Addition of measured deflections for LVDTs at 3:00 and 9:00 (springline) for load case 

with maximum measured vertical crown deflection. 
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Table 3-6 – Static Live Load Test Deflections for Light Truck Load 
 

Vertical 
Deflection (in.) 1 

Horizontal 
Deflection (in.) 1 Pipe Run Backfill 

Type 

Cover 
Height 

(ft) Oct 
00 

May 
01 

Aug 
02 

Oct 
00 

May 
01 

Aug 
02 

1L-S 1.4 -0.101 -0.122 -0.088 0.016 0.017 0.002 

2L-D 
A-1 

1.4 -0.120 -0.131 -0.089 0.012 0.012 0.007 

3L-S 1.6 -0.075 -0.050 -0.056 0.010 0.009 0.005 

4L-D 1.7 -0.102 -0.069 -0.061 0.015 0.010 0.006 

5-RCP 1.6 No deflections measured for RCP 

6L-CSP 1.5 -0.038 -0.030 -0.025 0.024 0.019 0.014 

7L-S 2.9 -0.049 -0.026 -0.026 0.005 0.006 0.004 

8L-D 

A-2 

2.9 -0.045 -0.028 -0.023 0.010 0.003 0.002 

9L-S 2.6 -0.031 -0.024 -0.024 0.001 0.000 0.002 

10L-D 
A-1 

2.5 -0.068 -0.040 -0.031 0.004 0.003 0.006 

1. See notes for Table 3-5. 
 

Figure 3-16 illustrates the pipe crown (12:00) deflection due to reference axle Position 3 for the 

static live load tests.  The figure indicates that the deflections decreased over time and that the 

shallow buried pipe runs had higher deflection in all instances than the deeper buried pipe runs.  

The difference between the heavy and light truck loads is also evident by marginal increases in 

the crown deflection.  The major observation is that all deflections are small in magnitude 

relative to any pipe limit states. 
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Type S D S D CSP S D S D 
Backfill A-1 A-1 A-2 A-2 A-2 A-2 A-2 A-1 A-1 
Depth 1.4 1.4     1.6 1.7 1.4 2.8 2.8 2.5 2.4 
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Figure 3-16 – Pipe Crown Deflection in Static Live Load Tests 

 

The three static live load tests represent testing immediately after installation in dry ground in 

October 2000, testing seven months after installation in wet ground after the spring thaw in May 

2001, and testing in an aged, dry condition nearly two years after installation in August 2002.  

General observations on the pipe response to static live loading follow: 

 

• Measured deflections indicate that the response to live loads diminishes over the 
service life by reduction in magnitude of both vertical and horizontal deflections from 
the first test to the third test. 

• The highest deflections are on the order of 0.12 in. and occur in the initial or wet 
ground tests for the most shallow cover cases. 

• Vertical deflection is reduced for cases with greater than 2 ft of fill.  This is expected 
because vertical deflection, in shallow cover cases, is caused by high magnitude live 
loads which are minimized by additional depth of fill.  For deeper depth of fill the soil 
depth causes spreading of the live load which reduces both the concentration of the 
load as well as the magnitude of load applied to the buried pipe. 

• Corrugation Type D shows marginally higher magnitude of vertical deflection for the 
comparable cases of Runs 1 and 2 and the light truck cases for Runs 9 and 10. 
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• Installations with backfill soil Type A-1 show reduced vertical deflection for Run 9 
compared to Run 7, which are both Corrugation Type S, and Run 4 compared to Run 
2, which are both Corrugation Type D. 

• Corrugated steel pipe in Run 6 shows substantially lower deflection than HDPE pipe 
with comparable cover depth. 

 

Figure 3-17 provides a summary of the 11:00, 12:00 and 1:00 deflections for the static live load 

tests at Run 1 (Type S, A-1 backfill, 1.4 ft cover) for the heavy truck load.  The results illustrate 

the pipe deflection for all reference axle positions in Figure 3-11.  The peak deflections are 

consistent for all three static tests, with maximum crown deflection of about one tenth of an inch 

at the 12:00 position. 

 



 

 - 53 - 

Oct-00 May-02 Aug-02
 

-0.15

-0.10

-0.05

0.00

0.05
D

ef
le

ct
io

n 
(in

.)

1:00 Position
(Approach)

 
a.  Deflection at 1:00 
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b.  Deflection at 12:00 
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c. Deflection at 11:00 

 
Figure 3-17 – Pipe Deflection in Run 1, Static Live Load Test, Heavy Truck Lane 
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Figure 3-18 provides a summary of the crown deflections for the static live load tests at Run 8 

(Type D, A-2 backfill, 2.8 ft cover) for the both the heavy and light truck loads.  The magnitude 

of these deflections is less than 0.05 in. (0.1% of the diameter) and there is very little change in 

crown deflection as the reference axle approaches the crown of the pipe.  Figure 3-16 provided 

the values for 0 ft from pipe crown for all static live load tests. 
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Figure 3-18 – Pipe Crown Deflection for Run 8, Static Live Load Test, Heavy Truck Lane 

 

3.7.3.2 Dynamic Live Load Deflections 

Figure 3-19 shows the results of the dynamic live load testing at Run 1 (Type S, A-1 backfill,  

1.4 ft cover) for crown deflection under the heavy truck load.  Each peak in the data 

corresponds to a truck axle crossing the pipe.  The maximum deflection at the crown is -0.09 in., 

which is 75% of the maximum deflection recorded for the same pipe during the static testing of  

-0.117 in., presented in Table 3-5.  The illustrated data is for a series of tests with a passing live 

load.  Misalignment of the peak displacement values, with respect to the time axis (plot 

abscissa), indicates different vehicle speed. 



 

 - 55 - 

-0.1

-0.08

-0.06

-0.04

-0.02

0

0.02

0 0.5 1 1.5 2 2.5

Time (s)

D
is

pl
ac

em
en

t (
in

.)

1H-12 Oct-00

1H-12 Nov-00

1H-12 May-01

1H-12 Dec-01

1H-12 Aug-02

 

Figure 3-19 – Crown Deflection for Run 1, Dynamic Live Load Tests, Heavy Truck Lane 

 

Table 3-7 summarizes crown deflections recorded during the dynamic live load tests.  The peak 

deflections occurred during the May 2001 testing, after the ground had thawed.  The two tests 

performed during the winter season in November 2000 and December 2001 indicate that the 

pipes have no significant response to dynamic live loading when the ground is frozen. 

Table 3-7 – Crown Deflection for Dynamic Live Load Tests 

Deflection as % of Pipe Diameter Pipe 
Run 

Backfill 
Type 

Cover 
Height 

(ft) Oct-00 Nov-00 May-01 Dec-01 Aug-02 

1H-S A-1 1.4 0.09 0.01 0.15 0.03 0.08 

4H-D A-2 1.7 0.06 0.00 0.09 0.02 0.06 

8L-D A-2 2.8 0.03 0.01 0.02 0.01 0.02 

9L-S A-1 2.5 0.04 0.01 0.03 0.01 0.03 

3.7.3.3 Long-Term Service Deflections 

Figure 3-20 provides the historical deflection of Runs 2 (Type D, 1.4 ft cover, A-1 backfill, heavy 

truck), 6 (CSP, 1.4 ft cover, A-2 backfill, heavy truck), and 7 (Type S, 2.8 ft cover, A-2 backfill, 
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heavy truck) for the same period of time, October 2000 to May 2004.  For Runs 2 and 7, 

deflection is shown at the crown (#-12), shoulder (#-1), springline (#-3, #-9), and invert (#-6).  

Run 6 has only light instrumentation and has deflection measurements at the crown and the 

springline only.  Observations from the measured long-term service deflections follow: 

 

• The data indicates that the long-term deflection of the pipe at the crown and shoulder 
follows the annual temperature cycle, with the maximum contraction occurring at the 
lowest temperatures and the maximum expansion coinciding with the highest 
temperatures. 

• These locations also show reduction in the magnitude of the deflections due to thermal 
cycling over the three year-six month test duration. 

• After initial movement, following installation, the springline experiences no significant 
deflection with the exception of the spring thaws, at which time there is indication of 
unstable deflections for both pipe runs. 

• The invert readings also show little change over time due to the temperature cycles, 
with the exception of the spring thaws. 

• Pipe 7 invert LVDT shows some contraction and a flat-line region.  The contraction is 
due to mild flattening of the invert between the instrument support tree legs and the 
invert.  The flat-line region indicates that the sensor range was exceeded. 

• Annual contraction at the crown is about 0.3 in., which is about 2.5 times the static live 
load deflections. 

• Corrugated Steel Pipe 6 shows reduced displacement due to the annual thermal 
cycles. 

• The primary response of the CSP pipe appears to be crowning due to the cycles of live 
load.  This is indicated by compression of both springline LVDTs and extension of the 
crown LVDT.  As for the HDPE pipes, the magnitude of long-term service deflections is 
small. 
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a.  Deflections for Run 2 
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b. Deflections for Run 7 
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c. Deflections for Run 6 

Figure 3-20 – Long-Term Service Pipe Deflection Data 

 

Figure 3-21 shows historical data from October 2000 through December 2001 to illustrate the 

first annual temperature cycle for the test installations.  The figure compares the service 

deflection of Run 1 (Type S, 1.4 ft cover, A-1 backfill) with the recorded temperature data.  

While the ground is freezing, the springline exhibits contraction of the diameter.  During thawing, 

the springline exhibits expansion.  The crown deflection pattern follows the trend in the recorded 

temperature data.  This cycle of springline contraction and expansion is not repeated over the 

next two freeze-thaw cycles, likely due to the embedment material packing around the pipe 

while it is in a contracted state. 
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a.  Deflection of Run 1 from October 2000 – December 2001 
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b.  Temperature from October 2000 – December 2001 

Figure 3-21 – Effect of a Single Annual Cycle on Deflection for Run 1 

3.7.4 Pipe Wall Strains 

Pipe wall strains were measured for static live loads, dynamic live loads, and as cumulative 

strain over the time period of the tests.  In the following figures, tables, and discussion, negative 

strain represents compression and positive strain represents tension.  Strain gages were placed 

on the surfaces of the pipe cross-sections as shown in Figure 3-10.  Extreme fiber strains were 
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used to calculate axial thrust and bending moment in the pipe wall at gage locations.  Axial 

thrusts and bending moments are compared to the computer model results in Chapter 4. 

3.7.4.1 Static Live Load Strains 

Table 3-8 provides strains at the pipe crown from the static live load tests for axle Position 3 

(Figure 3-11).  Inside and outside strain values represent the average strains induced in the two 

outside and the two inside strain gages, respectively, unless one of the gages was inoperative.  

Observations from the tabulated values follow: 

 

• All strains are small relative to polyethylene yield strains with the largest values on the 
order of 0.2%. 

• The tabulated strains from October 2000 indicate the entire section is in compression 
and the inside surface has reduced compression due to bending force effects. 

• Strains from May 2001 and August 2002 show similar trends with respect to outer 
surface compression and inner surface reduced compression or tension. 

• Comparison of the August 2002 strains to the October 2000 strains indicates that the 
magnitude of strains, induced by the live loads, is reduced as a consequence of a 
seasoned installation, that is, one that has experienced a significant number of live 
load and seasonal cycles. 

• Comparison of May 2001 strains to October 2000 shows marginal reduction, even 
though the installation has experienced 7 months of service.  This is likely due to the 
spring thaw that occurred in May and the related instability of the supporting sidefill. 

• Comparison of the strains for Runs 1-4 with Runs 7-10 shows the significant reduction 
in response of the pipes with deeper cover heights. 

• Comparison of Runs 1 and 9 to Runs 2 and 10 indicates a small increase in wall strain 
for the Type D pipe with respect to the Type S pipe. 
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Table 3-8 – Crown Strain for Axle Position 3, Static Live Load Tests 

Percent Strain at Crown (12:00) 

October 2000 May 2001 August 2002 Pipe 
Run 

Backfill 
Type 

Cover 
Height 

(ft) 
In Out In Out In Out 

1H-S 1.4 -0.01 -0.18 0.02 -0.15 0.03 -0.10 

2H-D 
A-1 

1.4 -0.01 -0.19 -0.01 -0.17 -- -0.07 

3L-S 1.6 -0.01 -0.16 0.00 -0.07 0.00 -0.07 

4H-D 1.7 -0.01 -0.16 0.03 -0.12 -0.01 -0.06 

7H-S 2.8 0.00 -0.07 0.00 -0.02 0.00 -0.02 

8L-D 

A-2 

2.8 -0.01 -0.04 0.00 -0.02 0.00 -0.01 

9L-S 2.5 0.00 -0.04 0.00 -0.02 0.00 0.00 

10L-D 
A-1 

2.4 -0.01 -0.08 -0.02 -0.04 0.00 -0.03 

 

Figure 3-22 shows strain results through the depth (inside wall, neutral axis, and outside wall) of 

the wall cross-section at the shoulder (11:00) in Run 1 (Type S, A-1 backfill, 1.4 ft cover) and at 

the crown (12:00) in Run 9 (Type S, A-1 backfill, 2.5 ft cover) for static live loading with axle 

Position 3 and heavy and light truck loads, respectively.  The sidewall strains (OW gages) show 

a reasonably linear strain profile through the depth of the section.  Measurement of sidewall 

strain for the August 2002 test at Run 9 is not reported due to gage malfunction. 
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b.  Strain in Run 9 at 12:00 (percent) 

Figure 3-22 – Pipe Wall Strain, Reference Axle Position 3, Static Live Load Tests 

Due to the profile design, strain data similar to that in Figure 3-22 was not available for the runs 

with the Type D corrugation.  The analysis assumes the Type D corrugation pipe also follows a 

linear strain relationship for the levels of strain experienced in the field tests. 
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Figure 3-23 provides the inside and outside strains measured at Run 1 (Type S, A-1 backfill,  

1.4 ft cover) for the October 2000 static live load test with the heavy truck at the 11:00, 12:00, 

and 1:00 positions.  Observations from the data follow: 

 

• With the exception of the inside strain at 11:00, the gages have reasonable 
consistency between measurements. 

• Gage IF2 did not record accurate data at 1:00 for this test. 

• Gages at the 1:00 shoulder are on the side of the pipe with negative distances from the 
crown. 

• Inside and outside gages at -2.5 ft before the pipe centerline show consistent results 
for that location. 

• The inside gage at 1:00 shows tension, due to its close proximity to the wheel load, 
and the 12:00 and 11:00 gages show compression. 

• The outside gage at 1:00 shows compression, the 11:00 gages show reduced 
compression, and 12:00 gages show reduced compression and tension. 

• The gages at other locations show similar consistent measured strains. 
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a.  Inside Strains for Run 1 
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b.  Outside Strains for Run 1 

Figure 3-23 – Measured Strains for Run 1, Static Live Load Tests, Heavy Truck Lane 

Figure 3-24 shows the inside strains at the crown (12:00) for Runs 7 (Type S, A-2 backfill, 2.8 ft 

cover, heavy truck), 8 (Type D, A-2 backfill, 2.8 ft cover, light truck), and 9 (Type S, A-1 backfill, 

2.5 ft cover, light truck) for the static live load tests.  Observations from the plots follow: 

IF1 = Valley 1 location 
IF2 = Valley 2 location 

OTC = Center of corrugation crest 
OTE = edge of corrugation crest 
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• For Run 7, the peak crown strain occurs for the tandem loading, indicated at 2.2 ft on 
the plot abscissa, and the second highest strains occur when the wheel is directly over 
the crown. 

• Runs 8 and 9 show the opposite response.  This is due to the much higher tandem 
loading for the heavy truck of Run 7. 

• Run 9 has overall greater magnitude strains compared to Run 8, due to the reduced 
cover height. 

• Comparison of the October 2000 strains to the August 2002 strains indicates reduction 
in strain magnitude. 
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a.  Strains for Run 7 with Heavy Truck Load 
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b.  Strains for Run 8 with Light Truck Load 
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c.  Strains for Run 9 with Light Truck Load 

Figure 3-24 – Strain at the Crown for Static Live Load Tests 
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3.7.4.2 Dynamic Live Load Strains 

Table 3-9 presents the peak strains measured at the pipe crown in the dynamic live load tests.  

Observations on the peak crown strains follow: 

 
• Strains at the shoulders had marginally greater magnitude for several cases. 

• Comparison to the static load peak strains in Table 3-8 indicates significant reductions 
due to the moving truck used for the dynamic loadings and overall small strains in both 
tests. 

• As for the static testing, the peak strains on the outside wall are compressive. 

• The inside wall experienced tensile strains, but the combination of thrust and bending 
force effects resulted in peak compressive strains that were of higher magnitude than 
the tension strains and this is reflected in the table. 

• Comparison of October 2000 to both November 2000 and December 2001 indicates a 
reduction in strains for frozen ground. 

• Results for the shallow cover heights of Runs 1 (Type S, A-1 backfill, 1.4 ft cover) and 
4 (Type D, A-2 backfill, 1.7 ft cover) indicate increased magnitude during the spring 
thaw cycle in May 2001. 

 

Table 3-9 – Peak Crown Strain for Dynamic Live Load Tests 

Percent Strain at Crown (12:00) 1 

Oct-00 Nov-00 May-01 Dec-01 Aug-02 
Pipe 
Run 

In Out In Out In Out In Out In Out 

1L-S -0.02 -0.04 0.00 0.00 -0.10 -0.13 -0.01 -0.02 -0.06 -0.03 

4L-D -0.04 -0.05 -0.01 -0.01 -0.07 -0.07 -0.02 -0.02 -0.05 -0.02 

8L-D -0.04 -0.03 -0.01 -0.01 -0.03 -0.02 -0.01 -0.01 -0.02 -0.02 

9L-S -0.04 -0.03 -0.01 -0.01 -0.04 -0.03 -0.01 -0.01 -0.03 -0.01 

1.  Peak wall strains frequently occurred in gages located at 11:00 or 1:00 (Attachment 1). 

 

Figure 3-25 illustrates the pass of a single tandem axle over Run 1 (Type S, A-1 backfill, 1.4 ft 

cover).  The first plot provides the measured strains for all inside and outside gages at the 

11:00, 12:00, and 1:00 locations.  The second plot shows the average of the two outside and 

the two inside gages.  The peak values from the average value curves illustrated in the second 

plot are representative of the values provided in Table 3-9.  Plot A in Figure 3-25 indicates that 
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one of the 1H-1_IF gages malfunctioned.  In this case, the other 1H-1_IF gage measured values 

are used for the inside strain at that location. 

 

 
a.  Strain for Individual Gages 

 
a.  Average Strain at Each Gage Position 

Figure 3-25 – Wall Strains for Run 1, Dynamic Live Load Tests, Heavy Truck Lane 
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The strains measured during the dynamic live load tests for Run 4 (Type D, A-2 backfill, 1.7 ft 

cover, heavy truck) at the wall inside and outside surfaces are provided in Figures 3-26 and  

3-27 for 12:00 and 1:00, respectively.  The live load vehicle approaches the pipe from the 1:00 

side.  The strains have response similar to the dynamic deflection measurements shown 

previously in Figure 3-19.  As the vehicle approaches and passes, several locations experience 

reverse curvature, that is, tension on the outside of the pipe, indicated by positive strain values. 

 

a.  Outside Wall Strain 

 
b.  Inside Wall Strain 

Figure 3-26 – Wall Strain, Dynamic Live Load at Run 4, Heavy Truck Lane, 12:00 
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a.  Outside Wall Strain 

 
b.  Inside Wall Strain 

Figure 3-27 – Wall Strain, Dynamic Live Load at Run 4, Heavy Truck Lane, 1:00 

3.7.5 Earth Pressures 

3.7.5.1 Static Live Load Earth Pressure 

Radial earth pressure was measured in the soil 6 in. away from the pipe wall (Figure 3-10 for 

pressure cell locations and orientations).  Table 3-10 provides a summary of the peak earth 

pressures measured in the static live load tests.  The maximum earth pressure at the crown 
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occurs when the reference axle is directly above the crown at axle Position 3.  The maximum 

pressure at the shoulders occurs due to the tandem axle loading at axle Position 4. 

 

Table 3-10 – Earth Pressure due to Static Live Load only (Relative to Measurement before 
Test) at 6 in. above Pipe Runs in psi for Reference Axle Positions 3 and 4 

 

11:00 Cell 
Axle Position 4 

12:00 Cell 
Axle Position 3 

1:00 Cell 
Axle Position 4 Pipe Run 

Pipe 
Cover 

(ft) Oct 
00 

May 
01 

Aug 
02 

Oct 
00 

May 
01 

Aug 
02 

Oct 
00 

May 
01 

Aug 
02 

1H-S 1.4 7.3 4.6 6.2 12.6 11.3 12.4 10.2 8.3 4.7 

2H-D 1.4 9.2 6.1 5.8 12.3 10.8 9.1 6.4 4.3 4.2 

3L-S 1.6 3.6 2.6 2.7 8.5 5.4 6.7 4.3 3.8 3.3 

4H-D 1.7 7.4 4.5 3.5 10.3 10.2 7.4 4.0 3.2 2.7 

5H-RCP 1.6 8.4 6.4 6.8 11.9 15.5 18.2 5.0 8.0 7.1 

5L-RCP 1.6 7.0 8.2 8.9 9.9 10.2 9.1 7.1 7.9 7.4 

7H-S 2.9 3.1 2.1 1.2 4.5 3.0 2.2 2.9 1.8 1.0 

8L-D 2.9 1.4 1.2 0.9 1.9 1.8 1.8 1.0 1.1 0.7 

9L-S 2.4 2.2 2.1 1.5 4.5 3.9 2.2 2.8 2.5 1.7 

10L-D 2.5 2.9 2.4 2.8 5.8 4.1 3.0 3.9 2.9 2.2 

 

Figure 3-28 shows the earth pressures measured for the static live load tests at Run 1 (Type S, 

1.4 ft cover, A-1 backfill) with the heavy truck load.  The measured pressures are with respect to 

no load just prior to the static live load application.  The maximum measured earth pressures 

occurred at the crown cell and measurements were consistent between the three static load 

tests.  The highest magnitude differences were for the 12:00 cell due to axle Position 2 and for 

the 1:00 cell due to Position 4.  In each of these cases, the October 2000 measured pressures 

had the highest magnitude followed by May 2001 and finally August 2002.  The steady 

decrease in magnitude is likely due to the aging of the installation and the cycles of live load in 

between the tests. 
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a.  Earth Pressure at 1:00 Position (Vehicle Approach) 
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b.  Earth Pressure at 12:00 Position 
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c.  Earth Pressure at 11:00 Position 

Figure 3-28 – Earth Pressure at Run 1, Static Live Load Test, Heavy Truck Load 
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Figure 3-29 shows the longitudinal distribution of earth pressure for the static live load tests at 

Run 4 (Type D, A-2 backfill, 1.7 ft cover).  Zero pressure on the figure is taken as the 

measurement before the static load was applied.  The measurements are taken at a pressure 

cell located 6 in. above the crown of the pipe at 12:00.  The wheel load is placed at three 

locations:  directly over the pressure cell, and 1 ft and 2 ft along the pipe length away from the 

pressure cell.  The measured pressures illustrate that the wheel loading has very limited lateral 

spread over the 1.2 ft of soil depth (1.7 ft cover minus 6 in. pressure cell placement) between 

the pavement surface and the soil pressure cells.  For the May 2001 static load testing, the peak 

pressure under the wheel is reduced by 90% at a distance of 2 ft from the point of loading.  The 

soil pressure at 2 ft is likely due to load distribution at the surface on the relatively stiff 

pavement. 
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Figure 3-29 – Distribution of Earth Pressure along Pipe Length, Run 4H, Static Live Load 

3.7.5.2 Dynamic Live Load Earth Pressure 

Figure 3-30 shows a summary of measured earth pressures at the crown for the dynamic load 

testing at Run 8 (Type D, A-2 backfill, 2.8 ft cover).  The peak earth pressures measured for the 

dynamic test are very close to the peak values taken from the static live load tests.  The effects 

of the frozen ground can be seen in the results recorded for the December 2001 dynamic load 

tests, where the peak values are considerably lower than the peak values measured for the 

other tests and the effects of the separate axles of the tandem set are not distinct. 
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Figure 3-30 – Earth Pressure at the Crown for Run 8, Dynamic Live Load,  
Light Truck Lane 

3.7.6 Settlement Gages 

Settlement gages were installed at the extensively instrumented cross-sections of the heavy 

truck lane in Runs 1 (Type S, A-1 backfill, 1.4 ft cover), 2 (Type D, A-1 backfill, 1.4 ft cover), and 

4 (Type D, A-2 backfill, 1.7 ft cover) and in the light truck lane of Run 3 (Type S, A-2 backfill,  

1.6 ft cover).  Settlement gages are LVDT’s fixed to the crown of the pipe with the measurement 

plunger attached to a steel plate at bottom of pavement or gravel.  The gages monitor 

settlement of the soil above the crown with respect to the crown of the pipe.  Plates were 

installed approximately 6 in. above the outside diameter of the pipe.  The settlement gage at 

Run 1 malfunctioned after installation so no useful data was acquired from that gage.  Figure  

3-31 shows the data from Runs 2, 3, and 4 compared to an LVDT located within Run 10 

mechanically held at a fixed deflection. 

 

The data indicates that the heavy truck induces slightly greater settlement levels than the light 

truck and that the maximum settlement of the soil overburden is 0.2 in. on approximately 1.4 ft 

and 1.7 ft of cover or about 1% locally above the pipe crown at cover depths less than 2 ft. 
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Figure 3-31 – Settlement of Soil 6 in. above Pipe Crown for Runs 2H, 3L, and 4H 
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4. COMPUTER MODELING OF FIELD TESTS 

4.1 Introduction 

This chapter provides details and results of a study to investigate the quality of two-dimensional 

(2D) and three-dimensional (3D) finite element models in capturing the behavior of the field 

tests of 60 in. dia. corrugated HDPE pipe. The 2D models are more commonly available to the 

practicing engineer and are computationally less demanding than 3D models; however, 2D 

models can not account for changes in live load distribution, and soil and pipe response in the 

third dimension.  Such behaviors are accounted for with simplifying assumptions. 

 

By evaluating both 2D and 3D models, assumptions used for 2D models can be evaluated and 

modified as necessary to provide tools necessary to make quality predictions of culvert behavior 

with the simpler 2D finite element programs. 

 

Figure 4-1 shows the cross-section geometry for modeling the culvert test installations.  

Descriptions of the field tests were provided in Chapter 3. 
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Figure 4-1 – Test Culvert Installations 
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4.2 Two-Dimensional Finite Element Analysis 

The 2D structural performance of buried culvert pipes under earth and live loads using the 

computer program CANDE (Culvert ANalysis and DEsign) was investigated.  CANDE is a public 

domain finite element program that analyzes pipe-soil interaction in 2D.  The program was 

developed by Katona (1974) and updated by Musser (1989) for the Federal Highway 

Administration.  CANDE incorporates nonlinear soil and pipe models and includes modeling of 

soil layer placement to represent construction layers.  CANDE allows placing soils at various 

densities with appropriate strength and stiffness properties, but does not allow modeling of 

compaction forces that increase density from one level to another.  Thus, modeling of pipe 

response to compaction forces is not possible.  Since this study is evaluating only the response 

to live loads, it is not necessary to model construction effects such as compaction. 

 

To implement the CANDE program, SGH utilized the recently developed and commercially 

available software CANDECad to generate input files and modify existing models.  CANDECad 

has pre- and post-processor modules programmed in AutoCAD. 

 

An example CANDE model input file is provided as Attachment 2. 

4.2.1 Finite Element Model 

The finite element mesh developed to represent the typical field test trench installation is shown 

in Figure 4-2.  The boundaries of the mesh are located a sufficient distance from the culvert 

elements that they do not influence the culvert response to live loads.  The nodes at the bottom 

edge of the model are fixed against translation in the vertical and horizontal directions.  The 

nodes at the vertical edges are fixed against horizontal translation and free to move vertically.  

The pipe and soil elements are connected, which models a bonded interface. 
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Figure 4-2 – Two-Dimensional Finite Element Mesh Soil for Modeling Field Tests 

 

The structural elements used to represent the culvert were two-noded beam-column elements 

from the CANDE library, which are based on Bernoulli-Euler beam theory.  The cross-section 

properties assigned to the beam elements were calculated from sample pipe cross-sections.  

This was done in AutoCAD using an electronic scan of a thin slice cut through the wall of the 

pipe.  The unit weight of the pipe is very small and was neglected in the computer analysis. 

 

The HDPE pipes were modeled as linear-elastic with a Young’s modulus of 100,000 psi and 

Poisson’s ratio of 0.35.  This Young’s modulus value is representative of the stiffness of HDPE 

material to loads of short-term duration.  Table 4-1 provides the section and material properties 

used for the culvert models in the CANDE analyses for the two types of HDPE pipes used in the 

full-scale field testing.  Chapter 3 provides a physical description of each type of HDPE pipe. 

Table 4-1 – CANDE HDPE Pipe Culvert Properties 

Corrugation 
Type 

Cross-Section 
Area, A 

(in.2/in. length) 

Moment of 
Inertia, I 

(in.4/in. length) 

Young’s 
Modulus, E 

(psi) 

Poisson’s 
Ratio, ν 

Type S 0.536 0.798 100,000 0.35 
Type D 0.743 0.897 100,000 0.35 
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Soil was modeled using three and four noded plain-strain continuum elements.  The stress-

strain relationships were assumed as linear elastic for in situ and asphalt elements and 

nonlinear for all backfill and road gravel elements.  The in situ soil was assigned a Young’s 

modulus of 15,000 psi and a Poisson’s ratio of 0.3 based on tests of the trench walls during field 

testing.  The asphalt was assigned a modulus of 400,000 psi, which is a representative value for 

response to short-term loads. 

 

Nonlinear stress-strain relationships were defined using the Duncan hyperbolic Young’s 

modulus (Duncan et al, 1980) and the Selig hydrostatic hyperbolic bulk modulus (Selig 1988).  

The material model formulations are predefined in CANDE.  The model nonlinearity allows for a 

shear failure criterion and gives increased soil stiffness and shear strength for increased lateral 

confinement.  The A-1 backfill was assigned properties of a SW90 (Unified Soil Classification = 

SW, at 90% of maximum standard Proctor density, AASHTO T99) material and the A-2 backfill 

was assigned properties for an ML90 material.  The pipe bedding was assigned the same 

material model as the backfill soil.  The road gravel materials were assigned SW95 properties. 

 

The backfill soil elements in the pipe haunch area, adjacent to the pipe below the springline and 

above the bedding zone, were assigned soil properties having reduced stiffness to account for 

poor placement and compaction of the soil in this area. 

 

The first zone, called the “void” in Figure 4-2, is used to represent a void in the backfill.  

Experience has shown that due to the difficulty in reaching this zone with compaction equipment 

or tampers it should always be considered empty and providing no soil support to the pipe.  The 

soil in this zone is modeled as a ML50 soil to provide numerical stability in the soil continuum 

elements. 

 

The second zone with reduced stiffness is designated as the haunch in Figure 4-2.  It is difficult 

to place and compact soil in the haunch zone with mechanical equipment.  When modeling a 

proper installation, this zone is considered filled with compacted backfill.  When modeling a poor 

installation, this zone is considered filled with loose backfill.  For the field tests, the method of 

compaction used in the haunch zone was shovel-slicing, which provides minimal compaction, so 

the soil elements in the haunch zone were assigned properties of a ML80 soil. 

 

Table 4-2 provides a summary of the constitutive parameters used for the soil models. 
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Table 4-2 – Soil Parameters for Two-Dimensional CANDE Finite Element Model 

Nonlinear Soils Linear Elastic Soils

Backfill Parameter 

A-1 
SW90 

A-2 
ML90 

Soft 
Haunch 

ML80 
Void 
ML50 

Gravel 
SW95 In Situ Pavement 

Moduli averaging ratio 0.5 0.5 0.5 0.5 0.5 -- -- 

Cohesion, c (psi) 0.0 3.5 2.5 0.0 0.0 -- -- 

Friction angle, φ (degrees) 42 32 28 23 48 -- -- 

Friction reduction, ∆φ (degrees) 4.0 0.0 0.0 0.0 8.0 -- -- 

Modulus number, K 640 200 75 16 950 -- -- 

Modulus exponent, N 0.43 0.26 0.25 0.95 0.60 -- -- 

Failure ration, Rf 0.75 0.89 0.80 0.55 0.70 -- -- 

Normalized Bulk Modulus, B/Pa 40.8 18.4 5.1 1.3 74.8 -- -- 

Modulus number, εu 0.05 0.10 0.19 0.43 0.02 -- -- 

Young’s Modulus, E (ksi) -- -- -- -- -- 15 400 

Poisson’s Ratio, ν -- -- -- -- -- 0.30 0.35 

Density, γ (pcf) 134 120 107 66 140 145 150 

 

The in situ soil was placed in the first construction increment and the bedding soil beneath the 

invert of the pipe was second.  The pipe elements were placed in the third increment, with the 

embedment and overfill following in subsequent increments.  The thickness of the backfill 

increments is representative of the backfill lifts used in the field test program.  The gravel and 

pavement elements are created in the final two construction increments.  Figure 4-3 provides 

the construction increments used for the 2D CANDE FEA for a single cover height. 
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Figure 4-3 – Construction Increments for Two-Dimensional CANDE Models of Field Tests 

4.2.2 Distribution of Live Load 

The 2D Finite Element Analysis (FEA) is unable to directly capture the effects of live load 

distribution along the length of a culvert.  The use of 2D methods to predict the response of a 

pipe to live load therefore requires application of approximate methods to account for this 

distribution.  AASHTO provides guidelines for out-of-plane load distribution in the Standard and 

LRFD Specifications.  In addition, NCHRP Report 473 Recommended Specifications for Large-

Span Culverts (McGrath et al. 2002) proposed new equations for calculating live load 

distribution for long-span metal and concrete culverts based on full scale field tests and 3D finite 

element analysis.  NCHRP Report 473 demonstrated that the proposed distributions provide 

more accurate estimates of the load distribution on large-span culverts than either of the current 

AASHTO distributions based on field tests and 3D computer models.  Table 4-3 summarizes 

these methods for calculating out-of-plane load distribution through soil. 
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Table 4-3 – Methods for Distributing Live load Through Soil 

Reference Distribution Equation 

AASHTO Standard 
 

AASHTO LRFD 
 

NCHRP Report 473, 
Flexible Culverts-Metal 

 

NCHRP Report 473, 
Rigid Culverts-Concrete 

 

 

where: 

• WLL is the live load applied to the ground surface in the 2D model. 

• I is a scale factor to account for impact loading. 

• P is the tire or axle load. 

• m is the LRFD multiple presence factor. 

• wt is the width of the tire footprint or axle in the direction of load distribution (out-of-
plane for 2D models). 

• H is the depth of soil cover. 

• Rt is the radius of the flexible culvert. 

• Lo is the length of the tire footprint along the pipe span, perpendicular to the direction of 
load distribution (in-plane for 2D models). 

 

For the purpose of matching computer predictions with field test results for static loading, the 

product mIP, which represents the load to be distributed, is set equal to the tire load.  Figure 4-4 

provides a graphical representation of the variation in load with increasing depth of fill computed 

by equations in Table 4-3 for a 22,100 lb axle (reference axle from the heavy truck) with no 

modification for impact.  For this study, the NCHRP recommendations for long-span flexible 

culverts to calculate the live load distribution for all 2D CANDE models was used, except that 

the load and the patch width out-of-plane are for a wheel. 
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Figure 4-4 – Comparison of Code Recommendations for Live Load Distribution 

 

Live loads, modified for out-of-plane distribution, are applied to the surface of the model as a 

series of nodal point loads over a width of 10 in., which is the AASHTO recommended tire 

length in the travel direction.  For the static live load tests, the reference axle and adjacent axle 

in the tandem set are applied in this fashion at 4 ft-4 in. center-to-center spacing. 

4.3 Three-Dimensional Finite Element Analysis 

The 3D FEA was conducted to investigate the actual distribution of forces along the pipe length 

and evaluate how well the 2D simplification discussed above models this behavior.  The 3D 

modeling of the field tests was performed using ABAQUS, a commercially available general 

purpose finite element program capable of performing fully nonlinear 3D analysis.  The 

ABAQUS model and analysis is described in this section. 

 

An example ABAQUS model input file is provided as Attachment 2. 
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4.3.1 Finite Element Model 

The finite element mesh used for 3D analysis is constructed with a plane of symmetry 

representing the longitudinal centerline of the truck, and therefore, only includes half of each 

axle load.  The full circumference of the pipe is included to allow for multiple wheel positions as 

a vehicle traverses the pipe (Figure 3-11 in Chapter 3).  Figure 4-5 shows the 3D model used 

for the FEA in ABAQUS.  The model has two end faces and two side faces.  The pipe passes 

through the end faces.  One end face is the plane of symmetry (near-right in the figure) and the 

other three sides are far enough away from the loaded area to not influence the pipe behavior. 
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Figure 4-5 – Finite Element Mesh for Three-Dimensional ABAQUS Model 

 

The boundary conditions for the 3D model are similar to those for the 2D model.  All nodes 

along the bottom of the model are fixed against translation.  The soil nodes along the side faces 

of the model (Plane 2-3, see Reference axes in Figure 4-5) are fixed against horizontal 

translation.  Nodes along the end faces of the model (Plane 1-2) are fixed from translating 

longitudinally.  The pipe nodes on the plane of symmetry end face are additionally fixed against 

rotation about the 1- and 2- axes. 

 

Culvert pipe elements were defined using four noded shell elements with constant thickness 

and 5 integration points through the thickness.  The material model was orthotropic, with a 
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linear-elastic stress-strain relationship.  The self weight of the culvert is small and was not 

included in the model. 

 

Due to the orthotropic nature of corrugated pipe, explicit finite element analysis was performed 

for a single pipe corrugation to determine the equivalent shell properties for an orthotropic plate 

model.  This approximation is limited as only three of the four stiffness properties of the pipe can 

be matched in the 3D model.  For the Type-S pipe, shell properties were calibrated to match the 

axial and bending stiffness in the circumferential direction as well as the axial stiffness in the 

longitudinal direction.  By calibrating the model to those three stiffness values, the longitudinal 

bending stiffness was calculated automatically.  The resulting model longitudinal bending 

stiffness is large compared to the estimated pipe bending stiffness; however, using the valley 

thickness to represent pipe longitudinal bending stiffness neglects added stiffness from the 

annular cells in the Type-S corrugation.  Table 4-4 provides the physical and equivalent 

properties of the Type-S culvert cross-section. 

Table 4-4 – Section Properties for 3D Pipe Model, Type S 

a.  Elastic Modulus, Wall Moment of Inertia, and Wall Area 

 Ecirc Acirc Icirc Elong Along 1 Ilong 1 

 (psi) (in.2/in.) (in.4/in.) (psi) (in.2/in.) (in.4/in.) 

Pipe 100,000 0.536 0.798 100,000 0.33 0.0030 

Model 12,700 4.230 6.307 6,000 4.23 6.307 

 

b.  Stiffness values used in 3D FEA 

 (EA)circ (EI)circ (EA)long (EI)long 1 

Pipe 53,600 79,800 33,000 300 

Model 53,721 80,099 25,380 37,842 

1.  Longitudinal pipe properties are given for a point on the valley, which gives a 
conservative estimate for longitudinal cross-sectional area and moment of inertia. 

 

Similar calculations were made for the effective section properties of the Type-D pipe.  Unlike 

the Type-S corrugated pipe, the Type-D pipe has a more uniform cross-section, which increases 

the longitudinal pipe stiffness.  The bending stiffness in the longitudinal direction (EI)long used in 

the model of the Type-D pipe was much closer to the estimated pipe longitudinal bending 
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stiffness.  Table 4-5 provides the physical and equivalent properties of the Type-D cross-

section. 

Table 4-5 – Section Properties for 3D Pipe Model, Type-D 

a.  Elastic Modulus, Wall Moment of Inertia, and Wall Area 

 Ecirc Acirc Icirc Elong Along Ilong 

 (psi) (in.2/in.) (in.4/in.) (psi) (in.2/in.) (in.4/in.) 

Pipe 100,000 0.757 0.964 100,000 0.373 0.800 

Model 19,400 3.910 4.981 10,700 3.910 4.981 

 

b.  Stiffness values used in 3D FEA 

 (EA)circ (EI)circ (EA)long (EI)long 

Pipe 75,700 96,400 37,300 80,000 

Model 75,854 96,631 41,837 53,297 

 

The soil and pavement were modeled using eight node continuum elements (bricks).  The 

interface between the soil and culvert elements is modeled as fully bonded, allowing no-slip 

between the pipe and soil.  The soil zones were defined as described in Section 3-3 for the 2D 

analysis.  The in situ soil and pavement elements were assigned a linear-elastic material model.  

Backfill, bedding, gravel, void, and haunch soils were modeled using a linear elastic-perfectly 

plastic soil model with plastic transition governed by the Mohr-Coulomb failure criterion.  This 

model is different from the Duncan-Selig formulation used in CANDE, in which the stiffness of 

the soil element is dependent on the confining stress.  In ABAQUS the stiffness of the soil 

elements remain constant until shear failure occurs.  Table 4-6 provides a summary of the soil 

properties used in ABAQUS. 
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Table 4-6 – Properties of ABAQUS Soil Models 

 

Live load was applied to the model by placing the centerline of the truck axle coincident with the 

plane of symmetry (Figure 4-5).  Wheel loads were applied as nodal point loads with a 

distribution matching AASHTO recommended dual-wheel dimensions (10 in. length x 20 in. 

width) and placed with the wheel centroid at a distance equal to one half of the 6 ft axle length. 

 

Axle positions matched the static live load field tests described in Chapter 3.  The reference axle 

for the light (80 kip) and heavy (102 kip) trucks was placed at 2.5 ft, 1.25 ft, and 0.0 ft before the 

crown of the pipe and 2.17 ft after the crown of the pipe.  The adjacent axle in the tandem set 

trailed the reference axle by 4.34 ft.  The 3D FEA does not incorporate the effect of the moving 

load, that is, the different load locations are from different finite element model runs. 

4.4 Comparison of Results with Field Data 

This section compares results of the full-scale field testing and the finite element modeling 

predictions for both 2D and 3D analyses.  Comparisons include culvert deformation, earth 

pressure, strain in the pipe wall, and the force effects of axial thrust and bending moment.  Load 

conditions include short-term static live load tests, short-term dynamic live load tests, and 

response of the pipe to temperature changes.  Table 4-7 provides a listing of the pipe runs 

included in the analyses.  These pipe runs were extensively instrumented, as described in 

Appendix B, and were tested for static and dynamic load conditions.  The depth of fill listed in 

the table is the distance from the top of the culvert pipe to the top of the pavement surface at the 

time of construction. 

Elastoplastic Soils Linear Elastic Soils 

Backfill Parameter 

A-1 A-2 

Soft 
Haunch 

Void Gravel In Situ Pavement 

Young’s Modulus, E (ksi) 3.00 1.80 0.60 0.03 4.00 15.00 400.00 

Poisson’s Ratio, ν 0.40 0.40 0.35 0.30 0.40 0.30 0.35 

Cohesion, c (psi) 0.10 0.10 1.00 2.50 0.10 -- -- 

Friction angle, φ 42 42 28 23 48 -- -- 

Density, γ (pcf) 134 134 107 66 141 145 150 
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Table 4-7 – Modeled Buried Pipe Runs 

Pipe Run Pipe Type Depth of Fill 
(ft) 

Backfill Soil 
(Type) Truck 

1 Type-S 1.4 A-1 Heavy 

4 Type-D 1.7 A-2 Heavy 

9 Type-S 2.7 A-1 Light 

4.4.1 Static Live Load 

Computer model results were compared with data from static live load tests performed in 

October 2000, May 2001, and August 2002.  The static live load tests involved a parking the 

light or heavy truck at locations described in Chapter 3.  The longitudinal response of the pipe 

culverts by positioning the truck at various locations along the pipe length was used. 

4.4.1.1 Deformations 

Figure 4-6 shows the 3D ABAQUS FEA results for deflected shape of the pipe for Run 4 at the 

four reference axle positions.  The figure illustrates the progressive deformation of the pipe and 

shows that the crown of the pipe rebounds upward as the reference axle moves from being 

centered over the crown (Figure 4-6a.) to 2.2 ft past the crown (Figure 4-6d.). 

 

Figure 4-6a. presents deflection where the reference axle is 2.5 ft from the crown of the pipe.  

The pipe shape shows downward deflection on the load side shoulder (left) and upward 

deflection on the opposing shoulder.  Figure 4-6b. is for the reference axle at 1.25 ft from the 

pipe crown.  The load location is indicated by flattening of the pipe upper left shoulder.  As for 

Figure 4-6a., the opposing (right) shoulder moves up due to the asymmetry of the load.  Figure 

4-6c. presents the deflection for a wheel load centered over the pipe.  As for the other cases, 

the load location is indicated by a distinctive flattening of the crown region and the load 

symmetry is shown by the resulting symmetry of the deflected shape.  Figure 4-6d. presents 

deflections when tandem axles are 2 ft-2 in. either side of the crown.  Under this last condition, 

the crown of the pipe rebounds from the condition of an axle directly over the crown. 
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a.)  2.5 ft from Crown b.)  1.25 ft from Crown 

  
c.)  0.0 ft from Crown d.)  2.2 ft Symmetric (tandem axles) 

Undeformed Shape Earth Load Live-Load
 

Figure 4-6 – 3D ABAQUS FEA Results for Deflected Shape (50x Magnification),  
Pipe Run 4, Heavy Truck, Four Reference Axle Positions in Static Live Load Test 

 

Figure 4-7 compares the measured pipe crown deflection (12:00) with that calculated in the 

computer models for the static live load tests for Runs 1, 4, and 9.  The figure shows: 

• The 2D and 3D models generally capture the deformation patterns. 

• The 2D model of Run 1 has higher magnitude deflections than the field tests, resulting 
in a conservative enveloping of deflections for the shallow 1.4 ft cover case. 



 

 - 90 - 

• The 2D model of Run 4 shows good correlation with the peak field test deflection case, 
while the 3D model fits the Aug 02 data, but underestimates deflections for Oct 2000 
and May 2001 tests. 

• The tandem axle case (Reference axle at -2.2 ft in the figure, or symmetric over the 
crown) is modeled more accurately by the 3D formulation for Runs 1 and 4, which have 
very shallow cover.  The field data and the 3D model show the deflection for this case 
to be reduced from the case with the reference axle over the crown.  The 2D model 
does not capture this and predicts higher deflections for the symmetric condition. 

• The 2D and 3D formulations both overestimate the crown deflection for Run 9; 
however, both the model results and the measured field test deflections have very low 
magnitude for this run with 2.7 ft of cover. 

• The 2D model is increasingly conservative with decreasing depth of fill.  This is 
appropriate for a design model, where the uncertainties about exact depth of fill, road 
conditions, and, as demonstrated in the test data, seasonal variations, can have a 
significant effect on pipe response. 

• The 3D model underestimates the pipe response for Runs 1 and 4.  This could be due 
to the soil model, which is linear up to the onset of failure.  Since some plastic zones 
develop in the soil as the wheel passes over the pipe, the soil would likely soften and 
increase the pipe response.  Use of a nonlinear, stress-dependent soil model should 
be considered for these cases. 

As noted above, the pipe crown deflections were determined using the NCHRP Report 473 live 

load distribution method for the 2D computer models.  This was determined based on a 

sensitivity analysis of the crown deflections for AASHTO Standard Specifications and AASHTO 

LRFD Specifications live load distributions, where the loads are as illustrated in Figure 4-4.  

Comparison of 2D computer model pipe crown deflections shows that Report 473 deflections 

are 1.2 to 1.5 times average field deflections, AASHTO Standard deflections are 2.0 to 2.8 times 

average field deflections, and AASHTO LRFD deflections are 1.6 to 2.8 times the average field 

deflections.  This study indicates that 1) Report 473 deflections provide a better estimate to field 

deflections than either of the AASHTO distributions and 2) Report 473 deflections are 

conservative and provide an upper bound for anticipated pipe deflections under shallow cover 

and highway live loads. 
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a.  Run 1, Heavy Truck, 1.4 ft Cover, A-1 Backfill, Type S 
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b.  Run 4, Heavy Truck, 1.7 ft Cover, A-2 Backfill, Type D 
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c.  Run 9, Light Truck, 2.7 ft Cover, A-1 Backfill, Type S 

Figure 4-7 – Crown Deflection for Static Live Load Field Tests, 2D FEA, and 3D FEA 
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The distribution of deflections along the length of a pipe run using 3D FEA and field tests was 

investigated.  The truck load was placed at locations over the instrumented pipe cross-section at 

1 ft and 2 ft away from the instrumented cross-section along the pipe run length.  The data from 

these tests is compared with the 3D ABAQUS model deflections for the same locations.  The 3D 

model results indicate that the longitudinal deflection of the pipe attenuates rapidly with distance 

away from the location of live load application.  Figure 4-8 shows the 3D model crown profile of 

Run 1, with a 50X magnification factor, for axle Position 3.  This figure illustrates that live load 

deflection occurs over a relatively short length of the pipe run.  The vertical dashed line at the 

pipe end represents the symmetric boundary at the centerline of the live load vehicle. 

 

 

Figure 4-8 – 3D Model Deflected Shape for Run 1, Static Live Load Test, Axle Position 3 

Figure 4-9 shows the longitudinal deflection profile in Run 4 for two field tests and for the 3D 

model with axle Position 3.  The field test measurements show that the longitudinal deflection at 

the crown dissipates over a short distance away from the live load point of application even for 

the Type D profile which has higher longitudinal stiffness.  In comparison, the ABAQUS 3D FE 

model shows a longer length of pipe is effective in carrying the load, indicated by the higher 

magnitude deflection at 1 ft and 2 ft from the wheel (shown as 4 ft and 5 ft from the truck 

centerline in the figure). 

 

Truck CL 

3 ft 
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Figure 4-9 – Longitudinal Pipe Deflection Profile, Run 4, Static Live Load,  

Heavy Truck Over Crown, A-2 Backfill, 1.7 ft Cover, Type D 

4.4.1.2 Axial Thrust and Bending Moment 

Axial thrust and bending moment around the circumference calculated using 2D and 3D FEA 

are compared to the field test data at the crown (12:00) and shoulder (11:00 and 1:00) of the 

pipe.  The axial thrust and bending moment for the field test pipes are calculated from strain 

measurements. 

 

Figure 4-10 compares the crown (12:00) bending moment in the field tests to the results from 

2D and 3D FEA for Runs 1, 4, and 9.  In the figure, positive bending moment causes tension on 

the inside of the pipe wall.  Observations from the figure follow: 

 

• Both the 2D and 3D models capture the bending moment patterns, which are similar to 
the deflections patterns. 

• Calculated pipe response relative to data is generally similar to the deflections. 

• For the reference axle 2.5 ft before the crown, the field tests indicate small negative 
bending moment at the crown that is not captured by the FEA. 
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• The 2D and 3D computer models generally show similar peak bending moment.  The 
3D model underestimates the peak bending moment for Run 1. 
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a.  Run 1, Heavy Truck, 1.4 ft Cover, A-1 Backfill, Type S 
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b.  Run 4, Heavy Truck, 1.7 ft Cover, A-2 Backfill, Type D 
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c.  Run 9, Light Truck, 2.7 ft Cover, A-1 Backfill, Type S 

Figure 4-10 – Bending Moments at the Pipe Crown in Static Live Load Tests and FEA 
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Figure 4-11 shows the axial thrust in the shoulder of the pipe for Runs 1, 4, and 9 for the four 

reference axle positions from the static live load test.  The shoulder axial thrusts are taken 30° 

away from the crown, on the side of the pipe opposite to the truck approach (11:00 for Runs 1H 

and 4H and 1:00 for Run 9L), which is the location of maximum axial thrust measured in these 

tests.  Observations follow: 

 
• The 2D and 3D models accurately predict the October 2000 and May 2001 test thrusts 

for Run 1 but over-predict the thrusts for the August 2002 test. 

• The 2D and 3D models under-predict the thrusts for Runs 4 and 9 compared to the 
October 2000 and May 2001 tests but predict the thrust for the August 2002 tests 
reasonably accurately. 
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a.  Run 1, Heavy Truck, 1.4 ft Cover, A-1 Backfill, Type S 
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b.  Run 4, Heavy Truck, 1.7 ft Cover, A-2 Backfill, Type D 
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c.  Run 9, Light Truck, 2.7 ft Cover, A-1 Backfill, Type S 

Figure 4-11 – Axial Thrust, Static Live load, Pipe Shoulder (30° from Crown),  
Shoulder Opposite to Vehicle Approach Side 
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Figures 4-12, 4-13, and 4-14 compare the calculated and measured axial thrusts and bending 

moments around the pipe circumference for Runs 1, 4, and 9 when the reference axle is located 

directly above the crown.  The live load is the heavy truck for Runs 1 and 4 and the light truck 

for Run 9.  Positive bending moment indicates tension on the inside of the pipe wall.  Negative 

thrust indicates compression in the pipe wall.  General observations from these figures follow: 

 
• The 2D computer model results correlate well with both the 3D computer model results 

and the three field tests.  The 2D model is somewhat more conservative for Runs 1 
and 4, but, as noted, this is appropriate for a design model.  This indicates that the 
NCHRP equation, used to distribute the live load wheel out-of-plane, provides an 
accurate load to be applied for 2D FEA of large diameter thermoplastic pipes with 
shallow cover. 

• The axial thrusts from the 2D and 3D computer models show good correlation to the 
field test results for Runs 1 and 9; however, the field test results for Run 4, short-term 
service, are higher than calculated by the computer models. 

• The bending moments from the 2D and 3D computer models show generally good 
correlation with the field tests, with no significant difference in magnitude at any 
location.  The field test bending moment results have larger magnitude than the 3D 
computer model results and lower magnitude than the 2D model results, indicating that 
the 2D model results are conservative for bending moments. 

• Both the 2D and 3D models show peak axial thrust at the shoulders of the pipe, 
approximately half way between the crown and the springline. 

• The 2D computer models have lower axial thrust at the pipe crown compared to the 3D 
model and the field test thrusts at this location are bounded by the computer models. 

• The 2D computer model shows a peak in bending moment at the crown that is not 
represented in the 3D model results for Runs 1 and 4.  The 2 models are in good 
agreement for Run 9. 

• The 2D computer model is increasingly conservative relative to the 3D model as the 
depth of fill becomes shallower, but this allows it to capture the variation in the field 
data due to seasonal variations and time. 
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b.  Bending Moment 

Figure 4-12 – Pipe Internal Force Effects around the Circumference 
Run 1-Heavy Truck, 1.4 ft Cover, A-1 Backfill, Type S, Live Load at Position 3 (Centered) 
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b.  Bending Moment 

Figure 4-13 – Pipe Internal Force Effects around the Circumference 
Run 4-Heavy Truck, 1.7 ft Cover, A-2 Backfill, Type D, Live Load at Position 3 (Centered) 
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b.  Bending Moment 

Figure 4-14 – Pipe Internal Force Effects around the Circumference 
Run 9-Light Truck, 2.7 ft Cover, A-1 Backfill, Type S, Live Load at Position 3 (Centered) 
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4.4.1.3 Wall Strain 

Figures 4-15, 4-16, and 4-17 compare measured and calculated wall strains at the pipe crown 

(12:00) for Runs 1, 4, and 9.  As for the thrusts and moments of the previous section, Runs 1 

and 4 are loaded by the heavy truck and Run 9 is loaded by the light truck.  Positive strain 

indicates tension in the pipe wall.  Specific observations from the figures follow: 

 
• The 2D and 3D computer models calculate strain values that are generally within the 

range of measured strains from the three static live load field tests; however, the 
outside compression strains for the short-term service field tests in Run 4 exceed those 
calculated in the computer models. 

• The 3D models show modest compression on the inside of the pipe for load at the 
crown, whereas the 2D computer models and the field tests show little net strain or 
tension for this loading. 
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b.  Average Outside Wall Strain 

Figure 4-15 – Crown Strain for Static Live Load Tests 
Run 1, 1.4 ft Cover, A-1 Backfill, Type S, Heavy Truck 

 



 

 - 104 - 

-2000

-1500

-1000

-500

0

500

1000
St

ra
in

 (m
ic

ro
st

ra
in

)
2D-CANDE 3D-ABAQUS Oct-00 May-01 Aug-02
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b.  Average Outside Wall Strain 

Figure 4-16 – Crown Strain for Static Live Load Tests 
Run 4, 1.7 ft Cover, A-2 Backfill, Type D, Heavy Truck 
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b.  Average Outside Wall Strain 

Figure 4-17 – Crown Strain for Static Live Load Tests 
Run 9, 2.7 ft Cover, A-1 Backfill, Type S, Light Truck 

4.4.1.4 Soil Behavior 

Figure 4-18 provides the soil stresses normal to the crown for the static live load tests on Runs 

1 and 4 at a distance 6 in. from the pipe.  Observations follow: 
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• The computer models underestimate the peak soil pressures in the field tests, which 
occur with the live load directly over the pressure cell at the pipe crown, but correlate 
well for the other three tested wheel positions. 

• The peak field test pressure was 12 psi and the peak computer model pressure was  
5 psi. 
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a.  Run 1, 1.4 ft Cover, A-1 Backfill, Type S, Heavy Truck Load 
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b.  Run 4, 1.7 ft Cover, A-2 Backfill, Type D, Heavy Truck Load 
Figure 4-18 – Soil Pressure at Crown in Static Live load Tests 

Figure 4-19 provides the in-plane plastic soil zones for the static live load test of Run 1 for the 

heavy truck load from the 3D FEA model.  The results indicate local shear failure of soil 

elements in the gravel layer under pavement and in the backfill near the approaching wheel for 
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cases with the Reference Axle at 2.5 ft and 1.25 ft from the Crown in Figures 4-19a. and 4-19b.  

There is significant soil plasticity due to the crown load and the tandem axles symmetric above 

the crown in Figures 4-19c. and 4-19d.  The tandem axle load causes a zone of plasticity in the 

soil that extends from the outside of the tires to vertical trench wall and includes both the gravel 

and backfill elements.  The soils outside of the pipe embedment zone are linear-elastic with no 

failure criteria and will not show any plasticity. 

 

 

     
a.)  Reference axle at 2.5 ft b.)  Reference axle at 1.25 ft 

 
 

     
c.)  Reference axle at 0.0 ft d.)  Reference axle Symmetric 

Figure 4-19 – 3D FEA Plastic Soil Zones, Static Live load Tests, Run 1, Heavy Truck Load 

4.4.2 Dynamic Live Load 

A series of five dynamic load tests were performed as described in Chapter 3.  Table 4-8 

compares crown deflections due to live load over the crown (Reference Axle Position 3) for the 

dynamic load tests, the static load tests and the 2D and 3D computer models for Runs 1, 4, and 

9.  Observations follow: 
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• The computer models provide conservative estimates of internal force effects induced 
in the pipes by dynamic live loads. 

• The dynamic live load tests show reduced magnitude compared to both the static live 
load tests and the computer models.  This can be attributed to the properties assigned 
to the pipe elements in computer models, chosen to represent a loading of a finite 
duration, but longer than imposed by a moving vehicle; under dynamic loads, the 
elastic modulus of the HDPE would be about 50% be higher than the value used in the 
computer models. 

• As for the static live load tests, the dynamic load tests show reduced response for 
pipes that have been in service longer.  The 2D and 3D computer models provide 
values that are near the upper limit of the pipe response to the dynamic loads. 

• The live load tests made no specific effort to increase the live load magnitude to 
represent impact loadings.  While the ruts that developed over the pipe likely created 
some impact loading, the data should generally be considered as live load without 
impact. 

Table 4-8 – Comparison of Crown Deflections with Reference Axle Above Crown 

Crown Deflection (in Percent of the Nominal Diameter) 

Static Live Load Tests Dynamic Live Load Tests Computer Models Pipe 
Run 

Oct-00 May-01 Aug-02 Oct-00 May-01 Aug-02 2D 
CANDE 

3D 
ABAQUS 

1H 0.18 0.20 0.20 0.09 0.15 0.08 0.28 0.16 

4H 0.23 0.19 0.13 0.06 0.09 0.06 0.21 0.15 

9L 0.05 0.04 0.04 0.04 0.03 0.03 0.06 0.07 

4.4.3 Temperature Effects 

Field data was recorded for the daily temperature of the air and soil from thermocouples 

installed inside the pipe and buried in the surrounding soil.  The field test measurements 

showed annual cyclic deflections with magnitudes generally less than 0.2 in. for LVDTs at the 

pipe crown, shoulder, springline, and invert locations.  These deflections were caused by pipe 

diametral contraction in the winter and expansion in the summer.  Analysis was completed to 

investigate this effect. 

 

The pipes were loaded with a temperature change of 33°F, which corresponds approximately to 

a three month period from the beginning of March until the end of May.  This temperature range 

was selected due to limitations that were encountered when trying to attain convergence of the 

nonlinear finite element model.  Using the same 33°F temperature change, the effects on a stick 

model of the instrumentation support tree were also evaluated.  The results for the pipe and 
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instrumentation tree were used to correct the field test measured deflections.  Table 4-9 

provides a comparison between the 3D FEA predictions and the corrected field measurements 

for crown deflection. 

Table 4-9 – Vertical Diametral Pipe Deflections for a 33°F Temperature Increase 

Pipe 
Run 

Cover 
Height (ft) 

Pipe 
Type 

Field Test 
Measure 

(in.) 

Corrected 
Field Test 
Measure1 

3D FEA 
(in.) 

1 1.4 HDPE-S 0.08 0.10 0.063 
6 1.4 CSP 0.03 0.01 0.017 
9 2.7 HDPE–S 0.04 0.06 0.045 

1.  Correction includes the 0.02 in. change due to the predicted thermal 
expansion of the instrumentation support tree. 

 

The 3D ABAQUS model of the Type S pipe was used to perform a parametric study of the 

relationship between depth of fill and pipe deflection due to a uniform temperature change.  

Created models for pipes installed at various depths of fill and applied temperature increased 

33°F to simulate the expansion of the pipe as the backfill soil thaws.  For verification, an 

analyzed model using corrugated steel pipe as in Run 6, which has a much smaller coefficient 

of thermal expansion than that of HDPE pipes.  Figure 4-20 provides the results of this 

parametric study.  The figure shows: 

 
• Crown deflection due to temperature increase is not linearly related to the depth of fill 

over the pipe. 

• Crown deflection increased significantly when depth of fill became less than 30 in. over 
the 60 in. dia. pipe. 

• The relationship between pipe deflection and depth of fill is approximately linear with a 
shallow slope when depth of fill is greater than 30 in. 

• Although the predicted relationship between temperature change and pipe deflection is 
nonlinear with depth of fill, the magnitudes of the deflections induced by a 33°F 
temperature change are quite small, less than one quarter inch for 1.4 ft cover depth. 
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Figure 4-20 – 3D Model Buried Pipe Deflection to Temperature Change of +33°F 

4.5 Discussion 

Finite element analysis of the buried culvert installations was successful in capturing the 

response of the pipes to live load when buried under shallow cover.  The computer models 

calculated pipe responses that were within the range of values measured during the field tests.  

The magnitude of measured responses decreased in subsequent tests, indicating an increase in 

the stiffness of the pipe embedment materials.  It was not attempted to model this consolidation 

of the surrounding soil. 

 

The 2D analysis was performed using NCHRP Report 473 recommendations for out-of-plane 

live load distribution using a single wheel.  The calculated section forces were generally within 

the range of forces calculated from measured wall strains in the field tests.  The 2D model 

provided very close estimates of the bending moment but marginally underestimated the axial 

thrust for deeper depths of fill.  This issue will be further discussed in Chapter 6, where the 

simplified design methods are developed. 

 

The results of the 3D analysis are also close to the field measurements for most cases.  The 3D 

model calculated thrusts that were close to the field tests but underestimated the bending 
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moments.  This may be the result of the less sophisticated soil model, which did not account for 

increased stiffness with cover depth. 
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5. METHODS FOR MODELING LIVE LOAD RESPONSE OF HDPE CULVERT PIPE 

This chapter investigates simplified design methods to predict deflection, bending moment, and 

axial thrust in the pipe wall for buried HDPE pipe subjected to vehicular live loads.  The 

proposed simplified methods are calibrated with the results of parametric studies with the 

computer models that were validated in Chapter 4.  Notations used in this Chapter are 

presented in the following section. 

5.1 Notation 

c = distance from neutral axis to inside or outside face of pipe wall; positive for 
distance to inside face; negative for distance to outside face (in.). 

m = multiple presence factor, AASHTO LRFD Specifications 3.6.1.1.2. 
wt = width of the tire footprint or axle in the direction of load distribution, out-of-plane 

for 2D models (in.). 
CL = coefficient for in-place live load spreading versus pipe diameter. 
D = diameter to centroid of pipe wall (in.). 
Di = inside diameter of the pipe (in.). 
Dl = deflection lag factor to account for time related increase in deflection after 

installation is complete. 
Do = outside diameter of the pipe (in.). 
E = pipe material short-term modulus of elasticity (lb/in.2). 
E’ = modulus of soil reaction (lb/in.2). 
E50 = pipe material 50-year modulus of elasticity (lb/in.2). 
H = depth of soil cover (in.). 
IM = scale factor to account for impact loading, LRFD 3.6.2.2. 
I = moment of inertia of pipe wall per unit length (in.4/in.). 
K = bedding constant to account for the width of soil support at the bottom of the 

pipe. 
LLDF = AASHTO LRFD Live Load Distribution Factor; 1.15 for select granular fill, 1.0 

otherwise. 
Lo = length of the tire footprint along the pipe span, perpendicular to the direction of 

load distribution, in-plane for 2D models (in.). 
MLL = peak service bending moment in pipe wall per unit length (in.-lb/in.). 
Ms = constrained soil modulus (lb/in.2). 
NLL = peak service axial thrust in pipe wall per unit length (lb/in.). 
P = tire or axle load (lb). 
R = radius to the centroid of the pipe wall (in.). 
R = radius to centroid of pipe wall (in.). 
S = section modulus for the pipe wall per unit length, calculated as the ratio I/c (in.3). 
SB = bending stiffness factor for the culvert-soil system, = (Ms D3) / (E I). 
WLL = live load applied to the ground surface per unit length in the 2D model. 
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Wp = uniform live load per unit length on a pipe calculated for use in the Iowa formula 
(lb/in.). 

α = bedding angle used in the Iowa formula (degrees). 
∆v = change in vertical diameter, calculated in the Iowa formula (in.). 
εb = bending strain; positive for tension; negative for compression (in./in.). 

5.2 Background 

Deflection is the most common parameter used to evaluate flexible pipe installations in the field.  

The Iowa formula, developed by Spangler (1941) is the most common simplified procedure for 

predicting deflection.  The Iowa formula (Eqn 5-1) is a simple interaction formula, which can be 

characterized as a load term (Dl K Wp) divided by the sum of a pipe stiffness term (E I / R3) and 

a soil stiffness term (0.061 E').  Recent work (McGrath, 1998) has shown that a better estimate 

of the soil stiffness is obtained by replacement of E’ with the secant constrained soil modulus, 

Ms, and this change has been incorporated into the AASHTO LRFD Specifications.  Equation 5-

1 provides the Iowa formula: 

 

 
E'  0.0613R

I E
p WK lD

v∆
+

=  [5-1] 

 

The Iowa formula is based on the assumed pressure distribution in Figure 5-1.  Load to the top 

of the pipe is applied across the entire pipe diameter, while the load width at the bottom is 

based on an installation specific bedding angle, α.  Lateral pressure is based on the pipe 

deflection and the soil stiffness, that is, for a given soil stiffness, higher lateral deflection creates 

higher lateral response pressure. 
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Figure 5-1 – Assumed Pressure Distribution for the Iowa Formula 

 

The Iowa formula was not developed to address deflection of flexible pipe under live loads, but 

is commonly used for this purpose.  This practice is acceptable for simplified design methods 

and typical installations, largely because the minimum depths of fill specified by AASHTO result 

in live load attenuation that reduces concentrated loads to pressures that are sufficiently uniform 

that they cause deflections that can be predicted by the Iowa formula.  For unusual live load 

conditions or very low depths of fill, more sophisticated models should still be used. 

5.3 Computer Model Study of Live Load Effects 

5.3.1 Parametric Models 

Two-dimensional (2D) finite element analysis (FEA) was used to conduct a parametric study of 

pipe response due to live loads.  Analyses were performed for three pipe diameters, each with a 

minimum of four depths of fill.  Table 5-1 summarizes parameters investigated in this study. 

Table 5-1 – Parametric Study Variables 
Pipe 

Diameter 
(in.) 

Cover Depth 
(in.) Backfill Soil Live Load 

24, 48, 60 16, 24, 32, 48, 72 
AASHTO Type A-1 

(95% maximum 
Proctor density) 

NCHRP Report 473 Live Load 
Distribution;  AASHTO HS-20 Design 

Truck 

5.3.2 Finite Element Model 

The modeling techniques validated in Chapter 4 were used in the parametric study.  For the 

parametric study, the pipe installations were modeled using an embankment installation, where 



 

 - 115 - 

the in situ soil does not extend above the invert of the pipe.  This condition is conservative when 

calculating deflection and force effects in the pipes due to the lack of trench wall support.  A soft 

haunch was incorporated within the region below the springline of the pipe to represent the 

typical presence of uncompacted fill adjacent to the pipe in this region.  An 8 in. thick layer of 

gravel was also incorporated to represent the roadway surface.  Ignoring the effect of pavement 

is a typical design decision for buried pipe. 

 

Finite element meshes were similar to meshes used for 2D computer models of the full-scale 

field tests (Figure 5-2).  Separate meshes were used for each pipe diameter at each cover 

depth. 

 

 
Figure 5-2 – Finite Element Mesh used for Parametric Study 

5.3.2.1 Pipe Properties 

The HDPE pipe was modeled as a linear-elastic material with Young’s modulus representative 

of short-term duration loads.  The pipe cross-section properties were selected from the 

manufacturer of the Type S corrugated pipe (see Chapter 3).  All pipe wall areas and moments 

of inertia (Table 5-2) exceed the minimum values specified in the AASHTO LRFD Bridge Design 

Specifications, Section 12, Appendix A. 
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Table 5-2 – Pipe Properties used for Parametric Study 

Pipe 
Diameter 

(in.) 

Cross-Section 
Area 

(in.2/in.) 

Moment of 
Inertia 

(in.4/in.) 

Young’s 
Modulus 

(psi) 
Poisson’s 

Ratio 

24 0.412 0.246 100,000 0.35 

48 0.415 0.525 100,000 0.35 

60 0.536 0.758 100,000 0.35 

5.3.2.2 Soil Properties 

Soil modeling procedures and model constitutive properties are described in Chapter 4.  The 

backfill soil was modeled as AASHTO A-1 material at 90% standard Proctor density.  This soil 

type represents a high quality fill material with average compaction.  Installation specifications 

for large diameter HDPE pipe culverts under shallow fills and live loads should require 

compaction to at least 95% standard Proctor density. 

5.3.2.3 Live Loads 

The parametric study live load was the AASHTO LRFD (2004) design truck 32,000 lb axle, 

increased 20% for multiple presence, and by impact per the LRFD Specifications, centered 

above the crown.  The field tests and subsequent computer modeling showed this to be the 

critical load case for deflection, thrust, and bending moment. 

 

Live load distribution along the pipe run in the longitudinal (out-of-plane) direction was 

calculated using the NCHRP Report 473 method (McGrath et al. 2002) for large-span metal 

culverts (Eqn 5-2). 

 

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++

=
(H)LLDFL

0.7R
(H) LLDFw

P I mW
LRFDo

t

LRFDt
LL  [5-2] 

 

Table 5-3 provides live loads calculated with Eqn 5-2 and applied over a tire length of 10 in. at 

the mesh surface in the 2D CANDE models.  The impact factors applied to the load are 1.28, 

1.25, 1.22, 1.17, and 1.08 for cover heights of 16 in., 24 in., 32 in., 48 in., and 72 in., 

respectively. 
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Table 5-3 – 2D CANDE Surface Live Loads –  
Design Truck with Impact and Multiple Presence Factor 

Depth of Fill, H (in.) 16 24 32 48 72 

Pipe Diameter, D (in.) Live Load, WLL (lb/in.) 

24 204 122 80 42 23 

48 397 237 156 82 45 

60 495 295 194 103 57 

 

In simplified analysis, the live load needed is not the load at the surface in a 2D system but the 

load at the top of the pipe.  Thus, attenuation of load in the direction parallel to the pipe span 

must be addressed.  It is also desirable to have a factor to increase the load for the shallowest 

pipe to represent the concentrated nature of the live load that cannot be captured by the Iowa 

formula.  To do this, the coefficient CL, in the current LRFD specifications, is redefined as: 

 

 
H  LLDFL

DC
LRFDo

o
L +
=  [5-3] 

 

Which is then used to calculate the live load on the pipe as: 

 

 LLLp CWW =  [5-4] 

 

As defined, the coefficient CL increases the load on a pipe if the load has not spread over the 

full width of the diameter; this represents a concentration factor to consider the partial loaded 

area.  Once the load has spread over the full diameter, the coefficient CL reduces the load to 

only that portion on the pipe.  Applying Eqn 5-4 to compute live loads as input to the Iowa 

formula gives the values in Table 5-4.  Eqn 5-4 increases live load rapidly for low depths of fill, 

but, given the minimum cover requirements for thermoplastic pipe, the increase should not 

impact designs. 



 

 - 118 - 

Table 5-4 – Iowa Formula Live Loads at Top of Pipe 

Depth of Fill, H (in.) 16 24 32 48 72 

Pipe Diameter, D (in.) Live Load, Wp (lb/in.) 

24 201 91 48 18 7 

48 755 340 180 68 26 

60 1171 527 279 106 41 

5.4 Results 

5.4.1 Vertical Deflections 

Calculated vertical deflections due to live load resulting from the computer model and the Iowa 

formula are compared.  In applying the Iowa formula, two soil models are used for the soil 

stiffness:  1) values for the modulus of soil reaction, E' developed by Howard (1977), and 2) the 

AASHTO values for the constrained soil modulus, Ms, (McGrath, 1998), which vary with depth of 

cover.  The models include E' = 2,000 psi and Ms between 1,290 psi and 1,510 psi as the soil 

stiffness parameters for the soil type and cover heights evaluated.  The full table of Ms values 

from the LRFD Specifications, Section 12.12, are provided in Table 5-5.  The deflection lag 

factor, Dl, was set equal to 1.0 due to evaluation of live load and not long-term dead loads.  

Since the live load is applied at the top of the pipe, and has little effect on the bedding, the 

bedding constant, K, was set equal to 0.083, which implies full bedding (α = 180°).  The load 

term discussed above already considers the concentrating effect of the live load. 
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Table 5-5 – Constrained Soil Modulus, Ms, Based on Soil Type and Compaction Condition 

Psp Stress Level 
(ksf) 

Sn-100 
(ksi) 

Sn-95 
(ksi) 

Sn-90 
(ksi) 

Sn-85 
(ksi) 

0.15 2.350 2.000 1.275 0.470 

0.75 3.450 2.600 1.500 0.520 

1.50 4.200 3.000 1.625 0.570 

3.00 5.500 3.450 1.800 0.650 

6.0 7.500 4.250 2.100 0.825 

9.00 9.300 5.000 2.500 1.000 

Psp Stress Level 
(ksf)  Si-95 

(ksi) 
Si-90 
(ksi) 

Si-85 
(ksi) 

0.15  1.415 0.670 0.360 

0.75  1.670 0.740 0.390 

1.50  1.770 0.750 0.400 

3.00  1.880 0.790 0.430 

6.0  2.090 0.900 0.510 

9.00     

Psp Stress Level 
(ksf)  Cl-95 

(ksi) 
Cl-90 
(ksi) 

Cl-85 
(ksi) 

0.15  0.530 0.255 0.130 

0.75  0.625 0.320 0.175 

1.50  0.690 0.355 0.200 

3.00  0.740 0.395 0.230 

6.0  0.815 0.460 0.285 

9.00  0.895 0.525 0.345 

 

Table 5-6 compares the CANDE and Iowa formula calculated vertical deflections.  The ratios of 

CANDE to Iowa formula deflections are reasonably constant for all pipe diameters at all depths 

of fill, suggesting that the overall approach of using Iowa formula deflections calculated using 

the proposed live load calculation procedure is rational.  The CANDE/Iowa E' ratios are all over 

1.0, averaging 1.25, with a standard deviation of 0.12, while the CANDE/Iowa Ms ratios are 

almost all under 1.0, with a slightly smaller standard deviation of 0.09.  This suggests that using 
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the current AASHTO values for Ms in the calculations will produce reasonably conservative 

results. 

Table 5-6 – Vertical Deflection – Design Truck Load at the Crown with Impact  
and Multiple Presence Factor 

Live Load Deflection Ratios Pipe 
Diameter 

(in.) 

Cover 
Depth 
(in.) CANDE1 

(lb/in.) 
Iowa2 
(lb/in.) 

CANDE 
(%) 

Iowa-E' 
(%) 

Iowa-
Ms (%) 

CANDE / 
Iowa-E' 

CANDE 
/ Iowa-

Ms 

16 204 201 0.603 0.523 0.775 1.15 0.78 
24 122 91 0.249 0.235 0.341 1.06 0.73 
48 42 18 0.058 0.047 0.064 1.22 0.90 

24 

72 23 7 0.025 0.018 0.024 1.37 1.06 

16 397 754 1.554 1.042 1.594 1.49 0.97 
24 237 340 0.620 0.469 0.700 1.32 0.89 
48 82 68 0.114 0.094 0.131 1.21 0.87 

48 

72 45 26 0.046 0.036 0.048 1.26 0.96 

16 495 1171 1.801 1.303 2.000 1.38 0.90 
24 295 527 0.754 0.587 0.878 1.29 0.86 
32 194 279 0.365 0.310 0.453 1.18 0.81 
48 103 106 0.135 0.118 0.164 1.14 0.82 

60 

72 57 41 0.054 0.046 0.060 1.19 0.90 
Average 1.25 0.88 

Standard Deviation 0.12 0.09 

1. Live load applied to surface of FE mesh. 
2. Live load applied to pipe. 

 
In conducting these calculations, users should remember that they are at best approximate in 

nature, even though the average ratio with CANDE predicted deflections are close to 1.0 and 

the standard deviation is small.  The variability noted in the field tests in Chapter 3, as a result of 

seasonal changes, and aging will likely be present in most installations.  This is in addition to the 

natural variability of construction practices. 
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Figure 5-3 shows a graphical representation of the comparison between 2D CANDE and the 

Iowa formula calculated vertical deflections.  The figure shows the Iowa(Ms) calculated 

deflections to be modestly higher than the CANDE deflections at all depths of fill. 
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Figure 5-3 – Comparison of Pipe Deflection for Spangler Equation and 2D CANDE Models 

5.4.2 Axial Thrust 

Figure 5-4 shows the CANDE calculated live load circumferential thrust, normalized with respect 

to the applied live load at the surface of the computer model.  Peak thrust occurs in the 

shoulder, between 15 and 60° from the crown, and attenuates rapidly with depth of fill.  The 

peak thrust moves around the circumference toward the springline as the depth of fill increases.  

This is expected as the peak thrust due to earth load occurs at or just below the springline, and, 

as depth of fill increases, live loads become more uniform, similar to earth loads. 
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Figure 5-4 – Normalized Circumferential Thrust for Design Truck Over Crown 

Table 5-7 presents peak circumferential thrust in the pipe due to a single axle load above the 

crown. 

Table 5-7 – Peak Axial Thrust from Computer Models - Design Truck Load at the Crown 
with Impact and Multiple Presence Factor 

Depth of Fill, H (in.) 16 24 32 48 72 

Pipe Diameter, D (in.) Peak Axial Thrust, NLL (lb/in. out-of-plane) 

24 58 26 -- 6 3 

48 207 80 -- 16 7 

60 302 124 59 24 10 

 

Using the calculated thrusts, a simplified expression was derived to relate between peak 

circumferential thrust and the ratio between depth of fill and nominal pipe diameter.  This 

simplified relationship is presented in Eqn 5-5 and compared to the parametric study data in 

Figure 5-5. 



 

 - 123 - 

 

 

0.73

i
LLLL D

H W0.25N
−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=  [5-5] 

 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

0.55

0.60

0.65

0.70

0.75

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Cover Depth / Pipe Diameter (H/D)

Pe
ak

 T
hr

us
t /

 A
pp

lie
d 

Lo
ad

 (N
LL

/W
LL

)

60 in. Diameter

48 in. Diameter

24 in. Diameter

Eqn. 5-5

Simplified Expression
(NLL / WLL) = 0.25 * (H/Di)

-0.73

 
Figure 5-5 – Peak Axial thrust versus H/D Ratio for AASHTO LRFD Design Truck Load 

The simplified expression provides an upper bound for the computer predictions, with the 

exception of the 24 in. dia. pipe at 72 in. depth of fill, which is not a critical live loading. 

 

Table 5-8 compares the peak thrusts from the field tests to thrusts predicted from the simplified 

expression of Eqn. 5-5.  To equilibrate, the field test thrusts are scaled linearly by the parametric 

study load magnitude divided by the field test load magnitude.  The scale for Run 1H is 2.23 = 

49,152/22,000 , where 22,000 lb is the heavy truck reference axle and 49,152 lb is the model 

axle (49,152 lb = 32,000 lb * 1.28 impact * 1.2 mult pres).  The scale for Run 9L is 2.76 = 

46,848/17,000, where 17,000 lb is the light truck reference axle and 46,848 is the model axle 

(46,848 lb = 32,000 lb * 1.22 impact * 1.2 mult pres).  The field tests have asphalt paving over 
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gravel while the parametric study models have gravel only; however, the calculated and 

measured values compare well. 

Table 5-8 – Peak Axial Thrust Comparison 

Field Test Thrust (Oct-00) Field 
Test Run 

Cover 
Depth 
(in.) Original (lb/in.) Scaled (lb/in.) 

CANDE 
(lb/in.) 

Eqn. 5-5 
(lb/in.) 

1H 16 60 134 302 325 

9L 32 27 75 59 77 

5.4.3 Bending Moment 

Figure 5-6 shows bending moments, calculated in 2D CANDE, around the pipe circumference 

normalized by the product of the applied surface live load and the pipe radius.  The models 

show that peak bending moment occurs at the crown for all models and decreases in relative 

magnitude as the depth of fill increases.  At the shallower cover depths, the larger diameter 

pipes have a proportionally larger induced live load bending moment.  The plots also illustrate 

the reduction in relative peak negative bending moment as the depth of fill increases due to the 

live load attenuation. 
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Figure 5-6 – Normalized Bending Moment for Design Truck Service Axle over Crown 

Table 5-9 presents peak positive bending moment in the pipe due to the single axle load above 

the crown.  Positive bending moment induces compression in the outside of the pipe wall. 

Table 5-9 – Peak Positive Bending Moment from Computer Models –  
Design Truck Load at the Crown with Impact and Multiple Presence Factor 

Depth of Fill (in.) 16 24 32 48 72 

Pipe Diameter (in.) Peak Bending Moment (in.-lb/in.) 

24 66 22 -- 4 2 

48 400 106 -- 11 4 

60 683 196 67 18 7 

 

Using the calculated bending moments, a simplified relationship between peak moment and the 

ratio between depth of fill and nominal pipe diameter is derived following a similar procedure 
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used for the simplified thrust relation, above.  The bending moment simplified relationship is 

presented in Equation 5-6 and compared to the parametric study data in Figure 5-7. 
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Figure 5-7 – Peak Bending Moment versus H/D Ratio for Design Truck Load 

Equation 5-7 provides an alternative relation that incorporates the ratio of pipe to soil stiffness, 

SB. 

 H S
D  W0.4M

B

3
iLL

LL =  [5-7] 

 

SB is the term that elasticity solutions for buried pipe performance relate to bending moments.  

Figure 5-7 shows that Eqn 5-7 predicts moments somewhat closer to the computer model 

results than the moments calculated using Eqn 5-6, and Eqn 5-7 predicts the higher moments in 

the 24 in. dia. pipe.  However, the values of SB in the field tests and parametric study do not vary 

significantly and the limited range of pipe-soil stiffnesses evaluated in this project does not 



 

 - 127 - 

ensure that Eqn 5-7 captures the significance of this parameter.  Since most thermoplastic pipe 

installations involve pipes with stiffness in a relatively small range, the additional complexity of 

Eqn 5-7 is not justified at this time. 

 

Table 5-10 compares the peak bending moments from the field tests to bending moments 

predicted from the simplified expression of Eqn. 5-6.  The field tests are scaled by the same 

factors used for thrusts to account for the higher magnitude live load used in the parametric 

study.  The large discrepancy between the field test results and the CANDE and simplified 

equation results is attributed to the pavement in the field tests which increases load spreading 

and in turn diminishes bending moments.  This is conservative, but is consistent with past 

design practice and eliminates the need to consider pavement type in the design stage. 

Table 5-10 – Peak Bending Moment Comparison 

Field Test Moment (Oct-00) Field 
Test Run 

Cover 
Depth 
(in.) Original (lb/in.) Scaled (lb/in.) 

CANDE 
(lb/in.) 

Eqn. 5-5 
(lb/in.) 

1H 16 39 87 683 928 

9L 32 10 28 67 182 

5.5 Simplified Design Method for Live Loads 

This section summarizes the simplified method, developed above, to compute deflections, 

thrusts, and bending moments in thermoplastic culverts subject to live loads at shallow depths 

of fill.  The forces can be incorporated into the general design method for thermoplastic pipe in 

the LRFD Specifications, Section 12.12.  This is demonstrated in the following sections. 

5.5.1 Assumptions 

Development of the equations incorporated the following assumptions: 

 

• HDPE pipes meet AASHTO M294 and PVC pipes meet AASHTO M304, 

• Pipe bedding, embedment, and fill is AASHTO A-2-4/A-2-5 or A-1, 

• Design live load is AASHTO Design Truck with 10 in. x 20 in. wheel patch (the method is 
applicable to tandem loads as well, but examples here are based on the design truck), 

• Dead load design is in accordance with AASHTO LRFD Specifications (2004) Section 
12.12, and 
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• AASHTO LRFD Specifications (2004) load and resistance factors should be applied to 
determine ultimate force effects. 

5.5.2 Design equations 

This study has examined the effects of highway live load on culverts installed with 1.5 to 3 ft 

depth of fill and has used the results to establish the following simplified relations for live load 

force effects in the wall of thermoplastic culverts installed under shallow cover.  Notation for the 

following equations is defined at the beginning of this chapter. 

 

Determine surface live load for 2D models of pipe soil interaction: 
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Determine the live load to be applied in the Iowa formula, by modifying the design live load for 

the effects of load distribution in the plane of the pipe span.  This is accomplished by multiplying 

the surface load by the ratio of pipe diameter to live load distribution width at the top of the pipe.  

For pipe with shallow fill, where the live load has not spread as far as the pipe diameter, Eqn 5-3 

actually increases the load above that calculated in Eqn. 5-2.  This extra load compensates for 

the fact that the deflection calculation cannot address the concentrated effect of a load applied 

over part of the pipe. 
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Calculate the vertical deflection due to live load using Spangler’s Iowa formula.  Deflection lag 

should be set equal to 1.0 and bedding coefficient should be set to 0.083 for analysis of live load 

effects. 
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Calculate the peak service axial thrust and resultant thrust demand in the pipe as a function of 

applied live load, depth of fill, and pipe diameter. 
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Calculate the peak service bending moment and resultant service bending strain as a function 

of applied live load, depth of fill, pipe diameter, pipe long-term modulus of elasticity, and pipe 

wall cross-section properties. 
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Attachment 3 provides sample pipe design calculations using the expressions above as well as 

a CD containing the proposed simplified design procedure for thermoplastic culvert design in 

Mathcad, Version 11.  The Mathcad calculation includes sample properties for three 

polyethylene culverts:  24 in., 42 in., and 60 in., to allow evaluation of the modified design 

procedure.  Actual pipe properties should be obtained from the pipe manufacturer for use in the 

Mathcad sheet for culvert design. 

 

The factored strain in hoop thrust due to earth loads is 4.09%.  At shallow fills, however, there is 

very little earth load, and allowing the full strain limit to be used by live loads would result in 

excessive pipe deflection and very likely an unsatisfactory installation.  We have thus set an 

additional compression strain limit due to live loads of 2%.  This limit is not in the current 

AASHTO Specifications.  While the proposed value is somewhat arbitrary, we believe this will 

control the live load deflections to acceptable levels. 

 

Figure 5-8 illustrates the results from the simplified design procedure for a 60 in. dia. 

polyethylene culvert at a range of cover heights from 1 ft to 25 ft.  Plot 5-8b., which includes the 

AASHTO load and resistance factors, indicates that several limit states are failed for depths of 

fill less than about 2 ft, which is in accordance with the recommended minimum depths of fill 
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and recommendations in Chapter 6 of this report.  At the deeper depths, different limit states 

become crucial and adequacy (ratio of factored capacity to factored strength) is greater than 1.0 

for cover heights up to about 20 ft. 
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a.  Adequacy with all load and resistance factors set to 1.0 
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b.  Adequacy using AASHTO LRFD (2004) load and resistance factors 

Figure 5-8 – Simplified Design Procedure Limit State Checks for 60 in. Diameter PE 
Culvert installed with Sn95 Backfill Soil 
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6. GUIDELINES FOR USE OF HDPE CULVERTS UNDER SHALLOW FILL 

Culverts under shallow fill and subjected to live load must have adequate structural capacity and 

they must provide stable support to the roadway surface.  The field tests and analysis presented 

in the previous chapters of this report suggest that for corrugated HDPE pipe, roadway support 

will be critical at a greater depth than structural capacity of the culvert, and the minimum depths 

of fill recommended here reflect the findings in the field.  Overall, the guidelines for installation of 

corrugated HDPE presented in this chapter focus on the structural performance of the culvert.  

Mn/DOT must continue to apply its own knowledge related to roadway performance, including 

design for control of frost heaving. 

 

Structurally adequate installations for HDPE culverts under shallow fill and highway live loadings 

result when tensile and compressive strains in the culvert wall that result from installation 

practice and service load conditions are kept to acceptable levels.  For the most part, monitoring 

and controlling pipe deflection levels will control strain levels and result in good pipe 

performance. This is especially true in shallow fill installations where thrust forces tend to be 

small relative to bending moments.  Under deeper fills, where thrust forces can be the dominant 

force effect, compression failures can occur without excessive deflection.   

 

The finite element analyses conducted in this project and detailed in the literature search 

demonstrate the role of backfill type and compaction in controlling wall force effects.  

Experience with culvert construction practice indicates that failure to use proper methods during 

backfill placement can increase deflections significantly above values predicted by culvert-soil 

interaction analysis. 

 

Deflections are the most directly measurable indicator of installation compliance with the design.  

Responsibility for control of deflections should be with the contractor, as it is poor construction 

practices more often than loads that result in over-deflected pipe.  Therefore, the design 

process includes demonstration that a culvert is adequate at a given deflection and the 

contractor is then responsible for meeting that deflection limit.  From the owner/designer 

perspective, construction practices that produce good culvert performance with minimal 

inspection and construction control are desirable.  Key considerations in this are: 

• backfill selection, 

• backfill placement, and 

• backfill compaction. 
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The cost and availability of specific backfill materials is also a consideration in final design, but 

is outside the scope of this report.  Local designers must adjust the recommendations below to 

reflect such issues.  In general, issues related to backfill materials and construction practices 

discussed here are applicable to all culvert materials. 

 

Design forces for HDPE pipe are influenced by trench width and the depth of fill over the pipe.  

Shallow depths of fill result in large bending moment and moderate axial thrust forces from live 

loadings.  At greater depths of fill axial thrusts increase substantially; however bending 

moments will be moderate if good construction practices are used. 

 

Following discussion of the important issues, recommendations are provided in the format of the 

AASHTO LRFD Bridge Construction Specifications 

6.1 Backfill Selection 

Backfill placement procedures normally require density control to provide the desired backfill 

properties.  Thus, it is common practice to speak of soil properties and relate them to a given 

percentage of maximum density determined in accordance with a standardized laboratory 

reference test.  The most common tests are the standard Proctor test (AASHTO T99, ASTM 

D698) and the modified Proctor test (AASHTO T180, ASTM D1557).  The modified Proctor test 

applies approximately four times more energy to the soil and thus achieves a higher reference 

density.  For simplicity, references to percent of maximum density in this report refer to the 

standard Proctor test.  For culverts, the property of actual interest is the soil stiffness.  The soil 

stiffness at a specific standard Proctor density is a key parameter in selecting a backfill. 

 

Well-graded coarse-grained backfill materials with limited fines (material passing a #200 sieve) 

content have the highest initial stiffness without compaction and reach the highest stiffness with 

the least energy.  The relative amount of energy to achieve a level of stiffness in various soils is 

presented in Table 6-1 (McGrath et al., 1990) based on tests of soils in compaction molds.  The 

table demonstrates that to achieve a soil modulus (in this case expressed as the empirical 

modulus of soil reaction, E'), of 1,000 psi, requires three times more energy applied to a Si soil 

than a Sn soil, and seven times more energy in a Cl soil than a Sn soil.  In common tables of 

soil moduli (Howard, 1996), only the Sn soils reach a modulus of 3,000 psi. 
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Table 6-1 – Energy Required to Achieve Soil Stiffness (McGrath, et al., 1990) 
 

Modulus of Soil Reaction, E', (psi) 
Soil Type 

400 1,000 2,000 3,000 

Coarse grained soils, ≤ 12% fines  
(AASHTO Sn soils, Note 2) ≤5 10 17 30 

Sandy or gravelly fine grained soils,  
or coarse-grained soils with fines  
(AASHTO Si soils, Note 2) 

25 33 40 ≥100 

Fine grained soils  
(AASHTO Cl soils, Note 2) 50 70 ≥100 ≥100 

Notes: 1. Energy expressed as a percentage of the energy specified in AASHTO T99 
 2. See AASHTO LRFD Table 12.12.2.4.2-1 

 

Table 6-1 and the above discussion demonstrate that the best backfill materials to allow 

minimum field control are the Sn soils.  There are several classes of these materials: 

 

• Crushed Rock – crushed rock is a created by crushing cobbles and boulders into 
smaller angular or subangular particles.  Crushed rock backfills may be uniform 
(particles fall into a small size range) or graded, and typically have less than 5% fines.  
Crushed rock backfill generally provides adequate stiffness when dumped and 
excellent stiffness when subjected to only minimal compaction.  Crushed rock generally 
performs better than the Sn soils, but no suitable data is available to quantify this and it 
is generally designed as Sn soil.  Crushed rock can be open-graded, and thus steps 
must be taken to prevent migration of fines if placed next to fine sands and silts. 

• Pea Gravel – pea gravel is the generic name for rounded, uniformly sized stone.  Pea 
gravel flows well into the haunch zone under the culvert and achieves better stiffness 
than crushed stone when both materials are dumped, but is not as stiff as crushed 
stone when both materials are compacted.  Pea gravel is open-graded, and thus steps, 
such as the use of a geotextile fabric must be taken to prevent migration of fines if 
placed next to fine sands and silts. 

• Sands and Gravels – Sands and gravels without fines achieve good densities when 
dumped and excellent densities when compacted.  If placed, spread and compacted in 
moderate lift thicknesses (less than 12 in. depth), excellent culvert support is assured 
for all typical installations.  Sands and gravels may be well-graded or poorly-graded.  
Poorly-graded gravels may be susceptible to migration of fines.  The only exception to 
this is uniform fine graded sands.  These materials, sometimes called "dune sand" 
behave more like silts than sands, can be difficult to compact, and are sensitive to 
moisture content.  Use of these materials is controlled by specifying that a maximum of 
50% of the particle sizes may pass the No. 100 sieve and a maximum of 20% may 
pass the No. 200 sieve.  Sands not meeting these criteria should be treated as Si 
materials. 
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One alternative to specifying coarse-grained backfill materials is to specify controlled low 

strength backfill (CLSM, also called flowable fill).  CLSM is a low strength concrete mix with 

excellent flow characteristics.  It has been shown to provide good culvert performance 

(McGrath, et al., 1999) and can increase allowable load on a culvert installation, but is often 

quite expensive.  It is not discussed further here, but should be considered for installations 

where the additional cost can be offset by some other benefit, such as narrower trenching, 

speed of placement, reduction of post-construction settlement 

 

Backfill for thermoplastic culvert should meet the requirements of GW, GP, SW, or SP material 

(ASTM D2487) or AASHTO A-1, A-2-4, A-2-5, or A-3 (AASHTO M145) and meet the limitation 

on fine sand content listed above.  Analyses and field tests conducted in this project showed 

good results for A-2-4/A-2-5 and A-1 soils.  The results provided in Chapter 3 demonstrate 

differences between the A-1 and A-2 installations, but also demonstrate that both materials are 

adequate for shallow cover installations with highway loadings.  A-3 soils are similar to A-1 soils 

with smaller particles and are expected to result in similar performance.  Concrete sand meets 

these requirements and is generally readily available.  Soils with fines (Soils in the Si group) 

provide good service when properly placed and compacted, but can be susceptible to problems 

if construction procedures are not followed or if moisture content is excessive. 

6.2 Backfill Placement 

There are many standards that provide construction procedures for buried culvert installation.  

The most common standard for thermoplastic culvert is ASTM D2321.  AASHTO Specifications 

are contained in AASHTO LRFD Bridge Construction Specifications Edition 1, Chapter 30.  

These standards provide excellent guidance on a wide range of issues.  Most of the issues 

discussed in this section apply to all types of culverts. 

Installation features of particular note that should be present in Minnesota specifications include: 

• Trenches should be sufficiently wide to allow joining culvert and proper placement and 
compaction of the backfill; this condition is generally met if the minimum trench width is 
1.5 times the culvert outside diameter plus 12 in.; the space between the trench wall 
and the culvert should not be less than the width of the compaction equipment in use 
on the project.  If the native soils forming the trench wall do not stand without support 
(this means structural support and does not include support supplied solely for worker 
safety in trenches), increase the trench width to provide one half diameter width of 
structural backfill on either side of the culvert. 

• Bedding under the culvert, for the central one-third of the culvert diameter should be 
left uncompacted for a depth of 3 in.  This will provide a softer cushion to support the 
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culvert, improving structural performance, and will reduce the likelihood of poor 
haunching.  This provision is similar to the AASHTO provision for concrete culverts. 

• Fill material must be worked and compacted into the haunch zone of the culvert, this 
generally cannot be properly accomplished if the culvert is backfilled to the springline 
on the first lift, 

• Use of trench boxes within the zone of backfill at the side of the culvert is prohibited 
unless specific steps are taken to assure that the backfill is not disrupted or left with a 
void when the trench box is advanced; this requirement should not prohibit safe trench 
entry in compliance with OSHA requirements, 

• Trenches must be free of water when placing and compacting backfill, 

• Lift thickness must be controlled, especially on larger diameter culvert; while 6 in. lifts 
are commonly specified, work has been completed to show that 12 in. lifts can produce 
good results with coarse-grained backfills, provided placement and compaction 
practices are suitable, and 

• The completed culvert installation should be inspected and deflection should be 
measured; for large projects, conduct a partial inspection after completion of a small 
portion of the project so that construction practices can be modified, if necessary, to 
prevent the discovery of a large-scale problem at the end of a project; AASHTO 
Specifications require thermoplastic culvert diameter to be at least 95% of the nominal 
diameter at the completion of construction; in addition to deflection, post-construction 
inspections should evaluate line and grade, joint conditions and evidence of 
impingement due to rocks or other debris in the backfill close to the culvert. 

• The severity of temperature changes in Minnesota requires installation designs 
capable of minimizing frost heave and differential expansion/contraction between 
adjacent differing soil types, such as is commonly the case between in situ trench walls 
and structural fill placed within the zone of pipe backfill.  Adherence to Minnesota’s 
existing guidelines for controlling frost heaving should be continued. 

The structural backfill over the top of the culvert provides a complete envelope for the culvert 

and protects the culvert from incidental impacts due to rock in the final backfill.  AASHTO 

currently recommends that the structural backfill be continued over the top of the culvert to a 

depth of 12 in.  This practice should be continued. 

6.3 Backfill Compaction 

As noted in prior sections, backfill material type and the compaction level both contribute to the 

overall stiffness of the backfill and the support provided to the culvert to prevent deflection.  The 

suggested coarse-grained materials provide good stiffness when dumped and reach excellent 

stiffness with the application of minimal compaction energy.  It may be beneficial to require a 

minimum number of compaction passes as well as specifying a minimum density requirement.  

If the contractor is in the habit of supplying some compaction, then good culvert performance, 
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as measured by minimal post-construction deflection, will likely be the result even if the 

compaction percentage is slightly less than specified.  The specified density should not be less 

than 95% of maximum standard Proctor density for installations with shallow fill and subjected to 

live loads.  For deeper pipes, even with live loads, compaction requirements may be relaxed 

somewhat, provided the design method criteria are still met. 

 

Backfill must be compacted at the springline of all culverts, even for crushed rock fills. 

6.4 Minimum Cover Depth 

Minimum cover under roadways is controlled more by the affect of the culvert on the pavement 

than by strain or deflection levels in the culvert.  The results from this study are examined to 

address this issue. 

 

The field test culverts installed for this study used two high-quality backfill soils, a coarse-

grained material without fines and a silty sand with about 25% fines, both compacted to 90% of 

maximum standard Proctor density.  The installations varied depth of fill between 1.5 ft to 3 ft.  

As discussed in Chapter 3, there was some concern that the deflections were increasing with 

time; however, continued observation did not bear this out.  The deflections increased slightly 

during the spring thaw but then returned to lower values and the overall culvert deflections were 

stable for the two year life of the project.  Review of deflections caused by diametral 

contraction/expansion indicated correlation to the ambient temperatures.  The pipes had 

increased crown deflection in the colder fall and winter months and decreased crown deflection 

during the spring thaw and summer months. 

 

The thermal expansion of polyethylene is approximately ten times that of steel, and, since the 

backfill at the sides of the culverts is stiff, all of the thermal expansion and contraction is seen as 

up and down motion of the crown.  This led to low spots developing in the roadway during the 

winter months when the culvert contracted, and also led to cracking in the pavement over the 

culverts.  The cracking was minimal for depths of fill greater than 2 ft and was likely related to 

the low backfill density as well as the pipe expansion and contraction.  There was some 

cracking over the crown of the metal culvert and none over the crown of the concrete culvert.  

Computer modeling of the thermal effects show significant upward crown movement for 

corrugated HDPE pipes; however, the movement decreases with increasing depth of fill, as the 

additional weight of soil confines the pipe motion. 
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Based on the field tests and the finite element analysis conducted in this project, a general 

minimum cover limit of 2 ft or 0.5 diameters, whichever is greater, is recommended as a suitable 

control to provide good service for unpaved roads.  Table 6-2 presents specific recommended 

minimum fill depths for currently available sizes of corrugated HDPE pipe.  As noted, basic 

recommendations developed from this project are those for no pavement.  The reduced 

recommended depth of fill for pipe under concrete pavements allows for the significant increase 

in load spreading achieved by a concrete slab on soil.  Also for concrete pavement, it is 

common in many agencies to specify minimum cover relative to the bottom of rigid pavement.  

Recommendations for flexible pavement are based in part on having sufficient depth to protect 

the pipe while placing and compacting the base course and pavement; these recommendations 

also assume that the base course and pavement will be at least 9 in. thick. For unpaved roads, 

non-commercial traffic is considered to include applications such as driveway culverts where the 

typical vehicular traffic does not any include trucks, thus, loading with a vehicle such as an  

HS-20 truck would be rare.  Installation quality, backfill material and backfill compaction are still 

considered to meet the standards set for other applications. 

Table 6-2 – Recommended Minimum Depth of Cover (in.) 
 

No Pavement, and 
minimum total depth for 

installation under flexible 
pavement, in. Culvert 

Diameter 

Rigid Pavement 
Depth Below Bottom 

of Pavement, in. 

Flexible Pavement 
Depth Below Bottom 

of Base, in. Commercial Non-
Commercial

Up to 48 in. 9 15 24 12 

54 in., 60 in. 15 21 30 24 

6.5 Specifications for Installation 

This section provides supplements to the AASHTO LRFD Bridge Construction Specifications, 

1st Edition, Chapter 30—Thermoplastic Pipe to incorporate the findings of this project.   
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SPECIFICATIONS  COMMENTARY 

30.1.1  Description (Add to existing section)  C30.1.1 

This work shall include requirements for inspection
of completed installations to ensure design
conformance. 

 For shallow cover installations with highway live 
loadings, additional stability checks, provided in 
Mn/DOT specifications, should be used in 
conjunction with the design procedure in the 
AASHTO LRFD Bridge Design Specifications, 
Section 12.12—Thermoplastic Pipes. 

30.1.2  Workmanship (Add to existing section)  C30.1.2 

Inspection of completed culvert installations shall
include joint integrity, barrel alignment, and barrel
vertical and horizontal deflections. 

 The most effective predictor of good long-term 
service performance is the post-construction 
deflections. 

30.2  WORKING DRAWINGS (Add to existing
section) 

 C30.2 

Properties for the wall cross-section of the
thermoplastic culvert pipe shall be furnished on the
working drawings to allow structural review by the
Engineer or other review authority. 

 Required cross-section properties are described in 
the calculation for idealized wall profile in the 
AASHTO LRFD Bridge Design Specifications, 
Section 12.12—Thermoplastic Pipes. 

30.3.2  Bedding Material and Structural Backfill 
(Add to existing section) 

 C30.3.2 

For A-1 and A-3 soils, a maximum of 50% of the
particle sizes may pass the 0.150 mm (No. 100)
sieve and a maximum of 20% may pass the 0.075
mm (No. 200) sieve.  If these limits are not met, treat
the backfill as an A-2-4 or A-2-5 material. 

 A-1 and A-3 soils not meeting these criteria are 
uniform fines sands and should be handled like A-
2-4 and A-2-5 backfill materials. 

30.5.2  Trench Widths (Add to existing section)  C30.5.2 

If the trench walls do not stand without support, then
increase the trench width to provide a minimum of
1/2 pipe diameter of structural backfill on either side
of the pipe. 
 
Trench width must be sufficient to allow compaction
of backfill at the springline elevation without
damaging the pipe. 
 
When supports such as trench boxes are used,
ensure that support of the pipe and its embedment

 Flexible pipe require soil support at the sides, and 
unstable trench walls are an indication that a wider 
trench width is required.  This criterion does not 
refer to trenches for which trench supports are 
required only for worker safety. 
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SPECIFICATIONS  COMMENTARY 

are maintained throughout the installation.  Ensure
that sheeting is sufficiently tight to prevent washing
out of native soil from behind the trench box. 
 
Do not disturb the installed pipe and its embedment
when moving trench boxes.  Trench boxes should
not be used below the top of the pipe zone unless
methods approved in advance are used for
maintaining the integrity of the embedment material.
As supports are moved, any voids left by the trench
walls below the top of the pipe zone must be filled
with specified structural backfill, compacted per
these specifications. 

30.5.3  Foundation and Bedding  (Modify existing 
section) 

 Comment (Do not add to specification) 

Change second to last sentence of first paragraph
to: 

 

The middle of the bedding equal to one-third of the 
pipe O.D> should be loosely placed, while the
remainder shall be compacted to a minimum 95
percent of maximum density per AASHTO T 99. 

 A higher density is required to increase 
assurance that the structural backfill will be 
stable for deeper cover installations. 

30.5.4  Structural Backfill (Modify existing section)   

Add to 1st paragraph 
 

Contractor shall demonstrate results of adequate
compaction within the haunch area to the Engineer
prior to placement of backfill above the haunch
region. 

 

Change first sentence of second paragraph to: 
 

A minimum compaction level of 95% standard
density per AASHTO T 99 shall be achieved for
depths of fill less than 4 ft and subjected to live
loads.  Otherwise, compaction shall be as specified
in Mn/DOT specifications.  In addition to other
requirements, backfill must be compacted at least at
the springline level of all pipe with diameter greater
than 12 in. 

  

 
Haunching has been shown to be of high 
importance for long-term service performance
(McGrath et al, 1999).  Acceptable compaction 
methods vary for different structural backfill 
materials. 
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SPECIFICATIONS  COMMENTARY 

30.5.5 Minimum Cover (modify existing section)  C30.5.5 

Minimum depth of cover for corrugated polyethylene
pipe shall be as required in Table 3.5.5-1a. 

  

 
Table 3.5.5-1a – Minimum Depth of Cover (in.) 

 
No Pavement and minimum 
total depth for installation 

under flexible pavement, in. Pipe 
Diameter 

Rigid Pavement 
Depth below bottom 

of pavement, in. 

Flexible Pavement 
Depth below bottom 

of base, in. Commercial Non-
Commercial 

up to 48 in. 9 15 24 12 
54 in., 60 in 15 21 30 24  
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7. CONCLUSIONS 

Corrugated PE pipe is available in diameters up to 60 in., but questions remain as to its 

expected performance under substantial live loads in shallow fill conditions.  Full scale testing 

and computer modeling have been conducted to investigate issues associate with this 

application. 

 

Under moderate live loads for a period of 3.5 years the pipe has performed well.  No 

deterioration has been noted in the condition of the pipe.  The response to live loads at depths 

of fill of 1.5 ft and 2.5 ft was minimal; however, due to the high coefficient of thermal expansion 

and the temperature extremes in the Minnesota environment, the pipe expansion and 

contraction did cause the pavement surface to become rough, eventually cracking the pavement 

over the pipes.  Cracking over the pipes at a depth of 1.5 ft of fill was substantial.  The effect 

was significantly reduced over the pipes with 2.5 ft of fill, and the pavement performance was 

much better.  As a result, the recommended minimum depth of cover is the maximum of 2 ft or 

0.5 times the pipe diameter.  At this minimum depth, the pipe structural performance will be 

excellent, and the effect on roadway performance should be minimal if installed according to the 

recommended practice. 

 

Design equations for predicting deflection, bending moment and hoop thrust were developed 

and presented in the form of a complete design method for thermoplastic pipe.  Design 

examples are provided. 
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