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Abstract
The joint may be considered a weak point along the pipe and can have a major impact on
pipe performance. However, little research has been conducted in regard to joint design.
To improve current structural design criteria, this thesis presents the findings and
conclusions of experimental and computational studies of the effects of longitudinal
bending on joints in rigid (reinforced concrete) and flexible (corrugated steel and
thermoplastic) pipes.

Solutions for expected shear force, longitudinal bending moment and rotation across the
joint for rigid and flexible pipes are formulated for use in structural design of pipe joints.
Exact algebraic solutions for rigid pipes are derived using the beam-on-elastic-spring
approximation. The formulations for flexible pipes are developed assuming that the two
pipes are very long, and that the response is not affected by either the location or
characteristics of those other joints. The flexible pipe design equations are developed
using various closed form solutions for beams on elastic foundations developed by
Hetényi (1948). Parametric studies are then presented where the key factors controlling
the behaviour are examined, and the comparisons to recent experimental measurements
show that the joint rotation calculated using the equations and a value of soil stiffness
proposed for use in design are generally reasonable and conservative compared with the
laboratory tests.

To measure the capacity of the joint to accommodate the demands, a pipe joint testing
frame has been designed to facilitate joint characterization experiments. Shear tests and
ii

articulation (rotation) tests have been conducted using this testing frame to examine the
shear force capacity, longitudinal bending moment capacity of moment-transfer joints,
and rotational characteristics of joints. The shear test results show that the joints of PVC
pipe and corrugated steel pipe have similar shear stiffness while the reinforced concrete
pipe joint is significantly stiffer. The results of the articulation testing indicate that the
rotational capacities of the three joint systems are similar in general. Design of rotational
capacity of these joints is likely dominated by considerations of assembly in the field,
rather than the rotational capacity that is needed once the pipes are installed.
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Chapter 1
Introduction
1.1 Statement of Problem
Joints in pipelines are the connections at the ends of pipes that ensure tight sealing and strength,
and these elements can have a major influence on the overall performance of a pipe system
(Dittel and Quesada, 2008, Vidmar et al., 2008, Balkaya and Moore, 2012). Excessive rotation
and/or shear across the joints of pipes can cause infiltration and exfiltration, which might result
in contamination and/or soil erosion. Erosion of soil materials around the pipes can lead to
formation of voids and settlement of pipes, and consequently cause pipe failure. Eroding soils
entering the wastewater system through the leaking joints can also cause public health issues as a
result of potential contamination of the drinking water (Vipulanandan and Liu, 2005, Balkaya
and Moore, 2012). The performance of pipe joints is affected by many factors, such as the
loading conditions over the pipe, the material properties of the gasket, the burial depth and the
backfill soil conditions, which makes it difficult to predict the behaviour of joints in service.
Therefore, despite the potential importance of joint performance, little research has been
conducted in regard to their design (Hau et al., 2004, Romer and Kienow, 2004, Balkaya and
Moore, 2009).
Traditional methods for the structural design of buried pipes ignore longitudinal stresses,
transverse stresses, and circumferential stresses at the joint. The structural design of the pipe
generally assumes only in-plane loading of the pipe’s cross section, that is, in-plane bending and
1

in-plane thrust around the circumference of the pipe barrel. Current design practice does not
consider longitudinal bending moments and shear resulting from non-uniform loading and/or
variations in the bedding support along the length of the pipe (Moore et al. 2012). Longitudinal
distress resulting from poor bedding alignment and stiffness is a problem that may be solved
using tighter standards for construction and installation.
On the other hand, current design of pipe joints is semi-empirical, and is largely the
responsibility of product manufacturers. Design of sealing components, such as a gasket, is
generally conducted by third parties, such as gasket suppliers, based on experience (Moore et al.
2012). In the current practice, there has been almost no study of demand (expected deformations
and forces across the joints). Work is therefore needed for a range of different pipe geometries,
pipe types, and burial conditions, to:
•

assess shear force that will act across the joint

•

assess bending moment that will act across the joint

•

assess axial force that will act across the joint

•

assess the expected magnitude of rotation of one pipe relative to the other across the joint

•

assess the expected magnitude of vertical translation of one pipe relative to the other
across the joint

•

assess the expected magnitude of axial displacement of one pipe relative to the other
across the joint

2

In terms of the resistance (ability to accommodate expected deformations and forces), Section
26.4 of the current pipe design in the AASHTO Bridge Specifications provides information on
the requirement for:
•

capacity of the joint to resist shear force, expressed as a percentage of the capacity of the
pipe barrel to resist shear force

•

capacity of the joint to resist moment, expressed as a percentage of the capacity of the
pipe barrel to resist moment

•

capacity of the joint to resist axial tension, expressed as a percentage of the total required
axial force capacity of the pipe barrel

However, there do not appear to be any generic requirements for the joint to tolerate specific
amounts of movement across the joint:
•

vertical displacement

•

rotation (except that joint leakage tests in the laboratory based on ASTM C443-05a, for
example, examine leakage after rotation opening the joint by 0.5 in. (13mm) at one point
on the external circumference)

•

axial extension or compression

The demand generated on joints and the resistance for certain type of joints need to be identified
and quantified in order to establish adequate design guidelines. Improved structural design
criteria can lead to better joint performance and therefore longer service life of the pipeline
system.

3

This thesis presents the findings and conclusions of experimental and computational studies of
the effects of longitudinal bending on joints in rigid (reinforced concrete) and flexible
(corrugated steel and thermoplastic) pipes. Two kinds of pipe joints are examined, momentrelease joints and moment-transfer joints (terminology employed by Moore et al., 2012, detailed
in Section 1.2.1). Structural design requires evaluation of the joint’s ability to support the vertical
shear force acting across moment-release and moment-transfer joints, longitudinal bending
moments that develop across moment-transfer joints, and the ability of moment-release joints to
accommodate rotation. Extensive physical data was collected during the laboratory test series on
different jointed pipe systems featuring two different diameters and three different kinds of pipe
materials. Experiments were performed to assess the joint characteristics under rotation and
shear prior to burial.
Becerril Garcìa and Moore (2013a, d) demonstrated that the response of shallow buried rigid
pipes with moment-release joints can be approximated as stiff links undergoing rigid body
rotation, with joints acting as hinge points. Response of shallow buried structures to surface
loads is primarily localized to the two pipe segments on either side of the joint closest to the
surface load, so deflections in those particular pipes are small at their other ends. Response of
shallow buried flexible pipes to surface load attenuates rapidly away from the joint closest to the
surface load, Becerril Garcìa and Moore (2013b, c). This attenuation means that surface loads in
the vicinity of a joint connecting two particular pipes cause little deflection or rotation at the
other two ends of those pipes, so a simplified approach for the structural design of moment-

4

release or moment-transfer joints connecting either rigid or flexible pipes can be developed by
considering just two pipes interacting across the joint.
1.2 Literature Review
1.2.1 Terminology

A variety of buried pipe infrastructure is needed to service the needs of our communities and
resource industries. Different materials and geometries are used to manufacture pipe for gravity
flow applications. Pipes can be installed in embankments, trenches and can also be installed
using a variety of trenchless technologies. Figure 1.1(a) shows a gravity flow pipe buried under
an earth embankment (Moore, 2001). Generally, the zone of structural backfill soil placed
directly adjacent to the pipe is specially selected to provide a stable supporting environment, and
often consists of granular soil. The bedding soil placed beneath the pipe is also specially
prepared. Lower quality soils, such as lower quality soil backfill, can be used beyond. Figure
1.1(b) defines the key locations around the pipe circumference (Moore, 2001). The crown,
springline and invert are the positions where the pipe most likely reaches the critical limit states,
though shoulders and haunches can also be critical as a result of non-uniform surface loading or
narrow bedding at the invert. Table 1.1 presents a summary of the typical stiffness and
performance limits of six different pipe categories (Moore, 2001). All these limits are affected by
the stiffness and configuration of the soil around the pipe.
As indicated by Moore et al. (2012), there are essentially two kinds of joints, which differ in how
they treat the longitudinal bending that arises from surface loads and variations in bedding
stiffness along the pipe:
5

•

those designed to permit rotation of one end of the pipe relative to the next, thereby
releasing the longitudinal bending moments: these are designated as ‘moment-release
joints’; examples include gasketed bell and spigot joints, gasketed tongue in groove
joints, and those two joint types used without gaskets;

•

those designed to limit rotation of the two pipe ends relative to each other, and transfer
longitudinal bending moments from one pipe to the next; these are designated as
‘moment-transfer joints’; examples include welded connections and possibly band joints .

Figure 1.2 shows the schematics of the joints mentioned before. The joint types and sealing
system for joints vary according to the type of pipe. Joints of reinforced concrete pipes are
usually bell and spigot, and tongue and groove types, assembled with gaskets, mastic or without
sealing elements. Joints in corrugated steel pipes are commonly band-type joint and gasketed bell
and spigot, sealed with O-ring gaskets, sleeve gaskets, or in some cases without sealing elements.
Thermoplastic (PVC and HDPE) pipes in general feature gasketed bell and spigot joint.
1.2.2 Current State of Practice and Joint Testing

A series of ASTM standards exist providing specifications for design, geometry and testing of
jointed pipe products. Table 1.2 provides some of the relevant standards used in pipe design and
specifications (Moore, 2001).
Standard test methods measuring joint leakage, both undistorted and distorted, are not currently
detailed in the existing pipe standards. Tests like ASTM C969, C924, C1103 and C1214 are
likely effective measures of joint leakage, but they do not provide guidance on limiting pressures
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and cannot be used to infer the long-term leakage performance of rubber or other time depend
gasket and pipe materials.
To date, there is also no clear guidance of laboratory testing to evaluate joint strength and
stiffness for all kinds of pipes in current North American pipe design standards. Only one of the
ASTM standards (C 497-05) defines a testing method to measure the shear capability of the joint
in concrete pipes. However, these standards do not establish tests to evaluate the structural limits
and leakage performance of the joints in corrugated steel pipes. The AASHTO LFRD Bridge
Design Specifications feature statements about required capacity of joints in shear and moment
as a proportion of barrel strength, and an axial force of a specified magnitude of axial pulling
force. However, test methods for measuring moment, shear and axial force capacity in the pipe
or across the pipe barrel are not specified. A joint testing frame to measure the structural capacity
of joints has therefore been developed to facilitate joint characterization experiments (detailed in
Chapter 4).
Several researchers have performed laboratory experiments to examine the response of pipe
joints. Vipulanandan and Liu (2005) developed laboratory test configurations to determine the
infiltration leak-rates for different types of 30-in. diameter (76.2 mm) sewer pipe joint under
various loading conditions. The joint was examined in straight alignment, angular deflection,
subjecting to shear, and under an external hydrostatic pressure. Buco (2007) examined the
response of two pipes interacting across a joint using a special test rig which permits axial and
vertical loading across two pipes connected at a central joint, as well as permitting the rotational
characteristics of the central joint to be assessed. Although this test configuration can permit a
7

multi-degree of freedom test, it may be too elaborate and complex, and requires a multi-actuator
servo-controlled testing system which is not generally available to industry.
Becerril Garcìa (2012) and Becerril Garcìa and Moore (2013a, b, c) report on field-scale
laboratory experiments performed on reinforced concrete pipes, corrugated steel pipe and
thermoplastic pipes when buried, under simulated service loading and fully factored vehicle
loads. Furthermore, they also report on articulation tests for reinforced concrete pipe while
subjected to internal and external pressure (Becerril Garcìa and Moore, 2013d) and pure bending
tests on corrugated steel pipes and thermoplastic pipes to measure rotational characteristics of the
joint before burial. However, their articulation tests are not able to test joint response up to fully
factored design loads.
The tests of Becerril García (2012) provide details of the deformations that developed along
jointed pipe systems under surface load, and his data demonstrates the role of soil-pipe
interaction on the longitudinal behaviour. However, he was not able to measure the shear force
or bending moments that were transferred across the joint. An analytical framework is therefore
needed to evaluate the shear force and moments that occurred in his tests, a framework that could
then be used for estimating shear force and moments that expected in the field (the demands that
a given joint is expected to experience).
There are two standard ASTM test configurations for pipe joints. ASTM D3212 (ASTM, 2007)
examines joint leakage in thermoplastic pipes when assembled without rotation and when
subjected to deformations associated with shear force, but does not measure the shear strength of
8

the joint. ASTM C497 (ASTM, 2005) describes the joint shear test, where shear force, normal to
the longitudinal axis of the pipes, is applied across the assembled joint between two concrete
pipes. The test configuration is similar to that of Buco (2007) for the joint shear configuration,
but without axial force. However, it is presented as a proof-of-design test to evaluate structural
“capability” (not capacity) of the pipe joint under shear.
1.2.3 Analysis of pipe joints

The finite element method can be used in a variety of ways to model the longitudinal behaviour
of buried pipes and develop design estimates of the magnitudes of shear force, rotation or
bending moment across the joints. So this kind of analysis is critical for research and is valuable
for design of jointed pipes.
Toliver (2002) presents the finite element calculations of a redesigned joint for large diameter
HDPE pipe. The analysis appears to model the bell and spigot in detail, but the approach taken to
model the gasket is not clear. This chapter also does not provide the comparisons of calculated
behaviour to measurements. Buco et al. (2006) and Buco (2007) have developed a three
dimensional finite element analysis of a jointed pipe system using a simplified model of a
gasketed bell and spigot joint. The purpose of that study is to have an approximate model with
the correct joint stiffness characteristics.
Balkaya and Moore (2009) developed a 3D finite element analysis of a rieber-type rubbergasketed PVC water pipe joint to investigate the influence of gasket modulus, rubber-PVC
friction, insertion length and joint rotation on the overall performance of the pipe-joint system.
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This analysis explicitly considers the bell, the spigot, and the gasket. The local behaviour (e.g.
the distributions of stress) and overall behaviour (e.g. the relationship between force and
deformation) of the joints are both examined in this analysis. Subsequently, Balkaya and Moore
(2012) analyzed the effect of nonuniform bedding on PVC water pipes. This 3D finite element
study used elastic-plastic soil modeling and explicit representation of the culvert joint to study
the effect of a void left under the pipe during construction, or a void that develops due to soil
erosion at a water leak during the service life of the pipe.
Three-dimensional finite element analysis of a gasketed reinforced concrete pipe joint has been
investigated during this project to study the deformation and strains in joints subject to shear and
articulation tests. However, development of the numerical analysis was not completed in this
thesis due to obvious differences between calculations and measurements. Appendix A presents
details of the numerical analysis work that was conducted.
Another approach for analysis of a jointed pipe system involves modeling of the pipe as a beam,
and representing the soil using a foundation of elastic springs (the Winkler model). Beam on
elastic spring approximations do not provide details of the local behaviour in the gasket, the joint
elements, or around the pipe circumference. Instead, it focuses on the total stress resultants (axial
force, shear force, and bending moment) passing through the entire pipe cross-section (Sheldon,
2011, Moore et al. 2012).
Beam on elastic spring analysis based on the finite element method is capable of modeling a long
series of pipe segments, and considering issues such as joints with shear and rotational stiffness
10

(i.e. to represent the effect of gasket compression to accommodate shear displacement as shear
force is transferred across the joint, and to represent band rotation as bending moment is passed
across the joint). However, while Hetényi (1948) provides closed form (algebraic) solutions a
range of beam on elastic spring problems, he has not considered the interaction of two rigid or
flexible pipes across a joint. Closed form solutions for the expected values of shear force,
bending moment, shear displacement and joint rotation would provide valuable input for joint
design.
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1.3 Objectives
The overall objective of this research is to develop tools to estimate the structural design
requirements for joints in rigid and flexible pipes to withstand variations in construction, support,
and loading conditions. The specific objectives are as follows:
•

Present the formulations of closed form solutions for expected shear force, longitudinal
bending moment and rotation across the moment-transfer joint for rigid pipes using the
beam-on-elastic spring approximation, considering both vehicle and earth loads.

•

Present the formulations of the simplified design equations for flexible pipes, for both
moment-transfer joints and moment-release joints, employing the various closed form
solutions for beam-on-elastic foundations developed by Hetényi (1948), considering both
vehicle and earth loads.

•

Develop a low cost pipe joint testing frame to enable testing of shear or bending
characteristics employing a single degree of freedom loading system, examining the
longitudinal bending moment capacity of moment-transfer joints, shear force capacity
and rotational characteristics of pipe joints.
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1.4 Outline of Thesis
This thesis is presented in manuscript format as outlined by the School of Graduate Studies at
Queen’s University. An abstract is located at the beginning followed by a general introduction
(Chapter 1). Chapter 2 to 4 present three original manuscripts without abstracts. Each of these
manuscripts contains its own introduction, literature review, research approach, results,
discussion and conclusion. Chapter 5 presents the numerical analysis of the joint in one
reinforced concrete pipe. Chapter 6 gives a summary of the work undertaken and conclusions
drawn from the research.
Chapter 2 of this thesis investigates the solutions for expected shear force, longitudinal bending
moment and rotation across the joint for rigid pipes. A simplified design model for estimating the
shear force and rotation across moment-release joints connecting rigid pipes is developed based
on the two-pipe approximation. This chapter will be submitted to the Canadian Geotechnical
Journal for possible publication.
Chapter 3 examines the formulations of the simplified design equations for flexible pipes. The
design equations are developed using various closed form solutions for beams on elastic
foundations developed by Hetényi (1948). This chapter will be submitted to the Journal of
Geotechnical and Geoenvironmental Engineering for possible publication.
Followed by the work to calculate demand for rigid (Chapter 2) and flexible (Chapter 3) pipes,
Chapter 4 presents the results of shear and articulation tests conducted using a pipe joint testing
frame. Comparison is then made between the capacity measured (i.e. the resistance) and the
13

demand calculated in the previous chapters. This chapter will be submitted to the Journal of
Pipeline Systems Engineering and Management for possible publication.
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(a)

(b)

Figure 1.1 Terminology (a) buried pipe and surrounding soil zones; and (b) location of

crown, invert, springline, shoulder and haunch (Moore, 2001).
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a. band-type systems

b. tongue and groove systems

c. bell and spigot
Figure 1.2 Pipe connection systems (Moore et al. 2012)
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Table 1.1 Pipe stiffness categories and typical performance limits (Moore, 2001).
Pipe materials
Clay
Reinforced
Concrete
Cast Iron
Ductile iron (DI),
Corrugated steel
(CS).
Aluminum (Al)
Thermoplastics
(PVC,HDPE,PP)

StiffnessS
Rigid
Rigid
Rigid
Semiflexible,
Flexible
Flexible,
compressible

Material failure
CrackingS
CrackingS
steel yieldS
Cracking
Yield or crushing

Deflection
No
No

Buckling
No
No

No
OvalingS

No
GlobalS

Short term YieldS
Long term
crackingS
CrackingS

OvalingS
and hoopS
compression
OvalingS

GlobalS
and localS

UV degradation
Solvents

GlobalS

Solvents

Glass reinforced
Flexible
plastic (GRP)
S: performance limit influenced by backfill soil.

Durability
Abrasion
Abrasion
CorrosionS
CorrosionS
Abrasion
CorrosionS

Table 1.2 Pipe design standards (Moore, 2001)
Pipe materials
Concrete (C)

ASTM
C14-95

AS/NZ
3725

Corrugated steel (CS).
A796-98
2566
Ductile iron (DI)
Culvert
A716-95
Sewer
A746-95
Glass reinforced plastic (GRP)
D3262-96
2566
High Density
Smooth wall
F810-93
2566
Polyethylene
Corrugated
F892-95
(HDPE)
Profile wall
F894-95
Polyvinylchloride Sewers
D3034-97
2566
(PVC)
Large diameter
F697-95
Corrugated
F949-96
Reinforced Concrete (RC)
C76-95
3725
Vitrified Clay Pipe (VC)
C301-97
4060
ASTM : American Society for Testing and Materials
AS/NZ : Australian and New Zealand Standard
BS : British Standard
EN : European Standard
CSA : Canadian Standards Association
ISO : International Standards Organization (TR: technical report)
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BS and EN
BS8010 Pt 2
2.7 89
EN 1295-1
BS8010 Pt 2
2.1 87
EN 1295-1
EN 1295-1
and
EN 12666-1
EN 1295-1
and
EN 1401-1
EN 1295-1
EN 295-1

CSA
A5-93

ISO

C140-93
TR 7186:96

B182.1-87
B182.4-92
A257.2-82
A60.1-76

7370:83
TR 7074:86
and
TR 8772:91
TR 7074:86
and
DIS 4435

Chapter 2
Simplified design model for rigid pipes based on the two-pipe approximation

2.1 Introduction
Excessive rotation and/or shear across the joints of pipes can cause infiltration and exfiltration,
which potentially lead to soil erosion, and may ultimately result in the fracture or even collapse
of the pipes. Joints are known to be the source of a number of pipe failures or installation
problems due to the fact that they are a potential weak point along the pipeline (Hau et al. 2004,
Romer and Kienow 2004, Balkaya and Moore 2009). To avoid the pipe-soil system reaching its
serviceability or resistance limits, the behavior of joints subjected to earth and live loads is
assessed to determine the expected response and to permit evaluation of structural demands
relative to structural capacity.
Traditional methods for the structural design of buried pipes ignore longitudinal stresses,
transverse stresses, and circumferential stresses at the joint. The structural design of the pipe
generally assumes only in-plane loading of the pipe’s cross section, that is, in-plane bending and
in-plane thrust. Current practice does not consider longitudinal bending moments and shear
resulting from non-uniform loading and/or variations in the bedding support along the length of
the pipe (Moore et al., 2012). Field observations show that longitudinal effects such as variation
in bedding stiffness may be the cause of many pipe failures (Buco et al., 2006).
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The load and resistance factor design of pipe joints involves three steps (Moore et al., 2012).
Firstly, the evaluation of demand is required:
-

the expected vertical shear force acting across the joint as a result of earth and live loads

-

the expected rotation across moment release joints as a result of earth and live loads

-

the expected bending moment across moment transfer joints as a result earth and live loads

Once demand is established, the second part of the load and resistance factor design process
involves measurement of the ability of the joint to resist those loads. Finally, joint adequacy is
determined by evaluating whether factored demand is less than factored resistance.
Analytical solutions for response of joints are developed in this chapter for rigid pipes
(reinforced concrete or vitrified clay pipes). All work on rigid pipes assumes use of ‘momentrelease joints’, which permit rotation of one end of the pipe relative to the next, thereby releasing
the longitudinal bending moments. The formulations for moment-release joints are based on the
assumption that the joint has no rotational stiffness (i.e. there is negligible moment transfer from
one pipe to the next). This should be a conservative approximation, since any non-zero rotational
stiffness at the joint will reduce the magnitude of displacements that the shear force has to make
compatible. This chapter examines reinforced concrete pipes with gasketed bell and spigot joints,
however, in principle the design methods could be used for other cases (e.g. tongue in groove
joints in reinforced concrete pipe).
24

Measurements of buried reinforced concrete pipes response to surface load reported by Becerril
García and Moore (2013a) indicate that the high stiffness pipe segments act almost like rigid
links, with their vertical movement and rotation dependent on the magnitude of the applied loads,
the eccentricity of the applied loads from the pipe centerline, and the stiffness of the surrounding
soil. The two pipes interact across the moment-release joint that connects them, and a shear force
develops across that joint sufficient to ensure that vertical deformations of the two pipes at the
joint are the same.
Exact algebraic solutions for expected shear force, longitudinal bending moment and rotation are
derived here using the beam-on-elastic-spring approximation for two rigid pipes connected by a
moment release joint. The principal reason that the two-pipe approximation is conservative is
because it considers just one pipe on either side of the joint being considered, and it neglects the
resistance provided by all the other pipe segments beyond those two adjacent pipes.
While it is understood that joints connecting buried gravity flow pipes respond in a complex
three dimensional manner, it is not considered feasible to determine algebraic solutions for
expected values of force, moment or rotation using three dimensional finite element analyses.
Instead, the use of beam-on-elastic spring modeling is adopted. Additional discussion of the
conservative nature of the ‘two beam’-on-elastic-spring approximation compared to finite
element solutions for beam-on-elastic-springs involving more pipe segments is included in the
fourth section of this chapter. Joint designers could still undertake more detailed finite element
analyses modeling of many pipes if they wished to reduce the conservatism of the design.
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The objective of this chapter therefore is to present the solution developed to:
a. Model two rigid pipes interacting across a moment-release joint
b. Provide the magnitude of the shear force acting between them, for both earth and live loads
c. Provide the angle of joint rotation that develops
d. Consider the possibility that the gasket used in the joint permits vertical displacement as
shear force is transmitted from one pipe to the other
e. Provide simplified expressions suitable for the AASHTO LFRD Bridge Design
Specifications for maximum joint rotation and maximum shear force resulting from wheel
loading at the ground surface
f. Provide a rational approach for determining shear force and joint rotation for deep burial, and
simplified expressions suitable for the AASHTO LFRD Bridge Design Specifications
g. Use the new solutions to conduct a parametric study to examine the factors controlling
structural response of joints in rigid pipes, and to evaluate the performance of the resulting
calculations using experimental data.

26

2.2 General Formulation
Consider the two pipes shown in Figure 2.1a. The pipe with outside diameter of OD on the left is
supported by elastic springs of stiffness kL having units of vertical stress per unit of spring
deformation. That pipe has length LL and is subjected to vertical force FL at eccentricity eL. The
characteristics of the pipe on the right are similar.
The vertical deflections at the center of the left hand pipe vL and at the center of the right hand
pipe vR, Figure 2.1b, are given by

vL =

FL
OD LL k L

(2.1)

vR =

FR
OD LR k R

(2.2)

where the spring stiffness for the soil under the left and right hand pipes, in units of force per unit
deflection, are OD LL k L and OD LR k R respectively. These are based on outside pipe diameter in

contact with the soil OD and subgrade reaction moduli of kL and kR defined using units of
vertical pressure per unit of vertical deflection.
To calculate the rotations, consider pure rotation of each pipe acting as a beam, Figure 2.2, which
produces linear distributions of spring deflection, and therefore linear distribution of soil
reactions from the springs. Calculating the moment resultant associated with that soil reaction for
the left pipe k L OD L3 θ/12, and setting this equal to the moment of applied forces (FL eL on the
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left pipe), expressions are obtained for the rotations of the left pipe and the right pipe (based on
an identical approach)

θL =

θR =

12 FL eL

k L OD LL 3

(2.1)

12 FR eR

(2.2)

k R OD LR 3

If the response of the two beams is independent, then the relative vertical movement across the
joint is

vJ = �vL +
i.e.

vJ =

θL LL
θR LR
� − �vR −
�
2
2

FL
6eL
FR
6eR
(1 +
)−
�1 −
�
OD LL k L
LL
OD LR k R
LR

(2.3)

(2.4)

Now, a shear force actually develops across the joint, VJ, Figure 2.1c, and the magnitude of this
force will be such that vertical deflections across the joint are compatible. The incremental beam
deformations that result from the shear can be calculated using the earlier equations, where
FL = −VJ , eL =

LL
2

, FR = VJ and eR = −

LR
2

.

∆vL =

−VJ
OD LL k L
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(2.5)

∆vR =

∆θL =

∆θR =

+VJ
OD LR k R

(2.6)

−6 VJ

(2.7)

−6 VJ

(2.8)

k L OD LL 2

k R OD LR 2

which produces relative vertical displacement across the joint

∆vJ = �∆vL +
and
therefore

∆vJ =

∆θL LL
∆θR LR
� − �∆vR −
�
2
2

−4VJ
−4VJ
+
OD LL k L OD LR k R

(2.9)

(2.10)

Now, the action of the shear forces is to eliminate most of the net shear displacement across the
joint (enforcing vertical compatibility) so
vJ + ∆vJ = vG
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(2.11)

where the term vG represents the shear displacement associated with deformation of a gasket
with stiffness kG

kG vG = VJ

(2.12)

Gasket stiffness kG has units of force per unit deformation. Gasket stiffness could be measured
using laboratory testing where shear force is applied across the joint.
Therefore the shear force can be evaluated from:

VJ = 0.25(vJ −

i.e.

where

VJ
)
kG

VJ = 0.25vJ R G

R G −1 = 1 +

OD

1
1
+
LL k L LR k R
OD

1
1
+
LL k L LR k R

0.25 OD
1
1
kG �
+
�
LL k L LR k R

(2.13)

(2.14)

(2.15)

is a multiplier representing how gasket stiffness influences shear force across the joint. For a
rigid gasket,
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RG = 1

(2.16)

while for two pipes of uniform length L on soil with uniform stiffness k soil
R G −1 = 1 +

0.125 OD L k soil
kG

(2.17)

Calculations for shear force across the joint will always be conservative when the gasket is
assumed rigid and so most of the remaining discussion in this article is based on that assumption
(i.e. R G = 1).

Now, introducing the magnitude of vJ into the expression for VJ gives
VJ = 0.25 R G

[

FL
6e
FR
6e
(1 + L L ) −
�1 − L R �]
LL k L
L
k
L
R
R R
1
1
+
LL k L LR k R

(2.18)

The net rotation across the joint θJ then becomes

θJ = θL − θR + ∆θL − ∆θR

6 VJ
12 FL eL
F R eR
1
1
=
�
−
�
−
(
−
)
3
3
2
OD k L LL
OD k L LL
k R LR
k R LR 2

(2.19)

For the case of uniform pipe segment lengths L and uniform soil stiffness ksoil
VJ = 0.125 R G OD L k soil vJ
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(2.20)

or when the expression for vJ is introduced
VJ = 0.125 R G [FL (1 +

6eL
6eR
) − FR �1 −
�]
L
L
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(2.21)

2.3 Response to live load and earth load
2.3.1 Live load

The loading system is now divided into live (surface vehicle) loading and earth loading, and
these cases are treated separately. Since the equations are all linear and elastic, the total response
can be obtained using superposition (summing the shear force components calculated for live
and earth loading, and then the rotation components). In this section, expressions are derived for
FL, eL, FR, and eR which can be used to calculate VJ and θJ using the equations developed in the
previous section.
Consider a force on the ground surface with magnitude of PL (wheel loading increased by
multiple presence factor, dynamic load allowance, and live load factor) distributed over an area
featuring length L0 parallel to the pipe axes, and width W0 perpendicular to the pipe axes, Figure
2.3. Use is now made of the AASHTO (2007) approximation for load spreading with depth for
pressures applied across a rectangular area on the surface with length L0 and width W0. A load
prism is then considered with sides at slope LLDF and the vertical pressure at depth H is then
PL
(L0 + LLDF. H)(W0 + LLDF. H)

(2.22)

Now, only the pressures that fall within the external pipe diameter OD act across the pipe, so the
force per unit length along the pipe at depth H, is

FH =

w PL
L0 + LLDF . H
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(2.23)

where w is given by

w=

min {OD, W0 + LLDF. H}
(W0 + LLDF. h)

(2.24)

The position of the centerline of the surface load is defined as distance x left of the pipe joint,
Figure 2.3. The lengths the load acts on the left and right pipelines are defined as xL and xR
respectively, where the sum of these two values is equal to the total length over which the load
acts along the pipeline,
xL + xR = L0 + LLDF . H

(2.25)

Now, consider the geometry of the load system, Figure 2.3, where a choice is made to simplify
the conditions to cases where the load is centered on or to the left of the joint (response for loads
to the right can be found from these same equations with the frame of reference reversed). The
length the load acts along the left hand pipe is therefore

xL = min {

L0 + LLDF . H
+ x, L0 + LLDF . H}
2

and this provides the total force and eccentricity of that force on the left hand pipe
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(2.26)

FL =

w PL
x
L0 + LLDF . H L

(2.29)

eL =

LL
xL
− max { , x}
2
2

(2.27)

Again, consideration of the loading geometry gives the length the load acts along the right hand
pipe

xR = max {
so
that

L0 + LLDF . H
− x, 0}
2

FR = Fh x R

eR = −

LR x R
+
2
2

(2.28)

(2.29)

(2.30)

The value of eR is immaterial when xR = 0 so there is no need to adjust the expression for eR
when right force is zero.

Now, consider a surface load placed directly over the joint, the load position expected to produce
maximum joint rotation, Figure 2.4b. If
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LL = LR = L > (L0 + LLDF . H)/2
then

eL = −eR =

L L0 + LLDF . H
−
2
4

FL = FR = 0.5wPL

and

(2.31)

(2.32)

(2.33)

Given that this symmetric loading produces VJ = 0, all that is required for this case is rotation
θJ =

12 FL {L − (L0 + LLDF . H)/2}
�
�
OD
k soil L3

(2.34)

This can be expressed in terms of the total surface force PL as

θJ =

6 w PL
{L − (L0 + LLDF . H)/2}
k soil L3 OD

(2.35)

Now, the maximum shear force across the joint will develop when x is just large enough to bring
all of the load onto the left hand pipe, Figure 2.4c, i.e. x=0.5(L0 + LLDF . H). This is because
placement of the load any further left will move the load closer to its left end and so reduce shear
transfer to the pipe to the right, and any placement further right will reduce the load on the left
pipe and increase it on the right, again reducing the magnitude of shear force transfer. The
maximum shear is then
36

VJ = w PL {0.5 −

3(L0 + LLDF . H)
}
8L

(2.36)

This equation will be conservative when depth is sufficient to produce (L0 + LLDF . H) > L,
since for that case part of the load will fall to the left of the left hand pipe.
2.3.2 Earth load

The values of force and eccentricity for pipe under soil with unit weight γS , load factor γE , and
vertical arching factor VAF are

FL = WE LL ,
where

and

FR = WE LR

(2.37)

WE = γE VAF H γS OD

(2.38)

eL = eR = 0

(2.39)

Vertical arching factor is defined in AASHTO (2007), and is approximately 1.4 for rigid pipes
(so earth loads reaching the pipe are increased by 40% as a result of the high stiffness of the pipe
relative to the soil surrounding it).
Substitution of these into the expressions for shear force and rotation across the joint yields

VJ = 0.25 R G WE
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1
1
−
]
kL
kR
1
1
+
LL k L LR k R
[

(2.40)

and

θJ = −

6 VJ
1
1
(
−
)
2
OD k L LL
k R LR 2

(2.41)

For uniform lengths and soil stiffness these become
VJ = 0
and

θJ = 0

(2.42)

(2.43)

which are the expected values for perfectly uniform earth loading and perfectly uniform soil
support.
However, consider the likely situation in the field where pipe construction practice produces
stiffer soil support for one pipe compared to the other (e.g. soil support for the right hand pipe kR
is greater than for the left hand pipe kL). For uniform pipe lengths L,
kR
−1
kL
VJ = 0.25 R G WE L
kR
+1
kL
and

kR
−1
kL
1.5 R G WE
kR
+1
kL
kL
θJ = −
(1 − )
L k L OD
kR
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(2.44)

(2.45)

When soil stiffness on the right is twice the value on the left, Figure 2.4a,
becomes

kR

kL

= 2, the shear force

VJ = R G WE L /12

(2.46)

and the joint rotation becomes (for kL=ksoil)

θJ = −

R G WE
4 L k soil OD

A range of results are shown in Table 2.1 for other values of

(2.47)
kR

kL

. These indicate that even for the

right hand side pipe sitting on rigid bedding, maximum shear is limited to one quarter of the total
overburden load applied to the pipe WEL. If a rigid pipe with support of ksoil has rigid pipes with
very high soil support on either side, then that central pipe would act like a simply supported
beam, and have shear of half the applied vertical earth load, a value of two times that shown in
Table 2.1 for very stiff soil support on just one side. However, that simply supported beam
condition is considered much too conservative.
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2.4 Conservative nature of the ‘two beam’ approximation
Figure 2.5 shows the central joint being considered with three pipe segments on either side.
Figure 2.5a shows these in the undeformed position, and Figure 2.5b shows them under the
influence of a surface load. There are a number of approximations implicit in calculations based
on just two pipes that act to reduce the stiffness of the system.
1.

Zero moment transfer: the two-beam model assumes that moments transferred between

the two beams are zero. A gasketted bell and spigot joint will feature small but not zero flexural
stiffness, and so small moments will be transferred across the joint that reduce rotations and
therefore the shear force being transferred. However, the effect of the ‘zero moment
approximation’ is likely small (see Becerril Garcìa and Moore, 2013b).
2.

Zero restraint at the other end of the pipes: the two-beam model neglects any shear force

or moment applied to the left hand end of the left pipe, and the right hand end of the right pipe.
These result from restraint provided by the adjacent pipes. This additional restraint reduces the
initial rotations so they are less than those for the two-beam approximation, and therefore the
magnitude of the shear force being transferred across the central joint is overestimated by the
two-beam model. This approximation likely has a larger effect on the calculations than
approximation 1.
3.

Infinite shear stiffness of the gasket: the two-beam model incorporates gasket

compression under the vertical shear force transferred across the joint from one pipe to the next
(the term RG). If the decision is made to neglect this compliance (modeling the gasket as having
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infinite stiffness), conservative estimates of shear force and rotation result. Laboratory
measurements for gasket stiffness kG can be used to quantify the effect of this approximation
employing Equation (2.19).
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2.5 Parametric study
A parametric study has been performed to check these solutions and assess the importance of the
different parameters appearing in the equations. Two example structures, reinforced concrete
pipes with internal diameters of 600 mm (24 in.) and 1200 mm (48 in.), are inspected. In this
study, pipes of identical length 2.24 m (7.35 ft.) connected by a joint with very high gasket
stiffness (RG=1) are considered.
Firstly, Equations (2.38) and (2.39) are used to determine the rotation of the joint and the shear
force that develops across the joint caused by surface loads. Response was calculated for total
surface load of 178.4kN (40098 lbf.) simulating a wheel pair at the end of an axle, considering
live load factor, multiple presence, and dynamic load allowance, where the width of that surface
load W0 is 0.51 m (1.67 ft.), the length L0 is 0.25 m (0.83 ft.), and the live load distribution factor
LLDF is 1,15. Next, response to earth loads is examined considering soil unit weight of 22.4
kN/m3, earth load factor of 1.3, vertical arching factor of 1.4, and a situation in the field where
soil stiffness for the right hand pipe is twice the value for the left hand pipe, Figure 2.4a,

kR

kL

= 2.

Shear force and joint rotation associated with earth load is thus calculated using Equations (2.49)
and (2.50).
Figure 2.6 reflects the absence of soil stiffness from the expressions for shear force (Equations

(2.39) and (2.49)), though shear resulting from earth load is a function of the relative magnitude
of soil support for one pipe relative to the other. Peak shear force versus depth to pipe crown for
600mm (24 in.), 910 mm (36 in.), 1200 mm (48 in.), and 1500 mm (60 in.) pipes are presented
featuring outside diameters of 800 mm (31.5 in.), 1156 mm (45.5 in), 1510 mm (59.4 in.) and
42

1829 mm (72.0 in.), respectively. Generally, the shear force across the joint is proportional to the
pipe diameter. The shear force for all four pipes changes in the same pattern as the depth
increases: the shear force reaches its local maximum values at shallow cover when live load
effects are high and again at deep cover where earth load effects dominate, but has a local
minimum of less than half those peak values when the burial depth is approximately 2.4 m (8 ft.)
for 600 mm (24 in.) reinforced concrete pipe and 1.2 m (4 ft.) for all other pipes.
Figures 2.7 shows the calculation results for peak joint rotation of the 600mm reinforced
concrete pipe under surface load (a single wheel pair) and earth load. In the calculations, four
different soil stiffness values (ksoil) are used - the design value (30000 kN/m3) proposed for
design of culvert joints by Moore et al. (2012), and values proposed by Terzaghi (1955) for soil
support under strip footings resting on coarse grained soils in loose (12597.6 kN/m3), medium
(40900 kN/m3) and dense states (157470.4 kN/m3). Since the AASHTO LRFD Bridge Design
Specification defines that the minimum cover over the pipe crown for 600 mm (24 in.) and 1200
mm (48 in.) diameter pipe is at least 0.3 m (1 ft.), seven different burial depths are examined: 0.3
m (1 ft.), 0.6 m (2 ft.), 1.2 m (4 ft.), 2.4 m (8 ft.), 3.7 m (12 ft.), 4.9 m (16 ft.) and 6.1 m (20 ft.).
Figure 2.7 presents how the peak joint rotation for the 600 mm (24 in.) reinforced concrete pipe
is affected by the soil stiffness (rotation angle is inversely proportional to soil stiffness ksoil).
Rotation associated with surface load dominates, and angle becomes progressively smaller as
burial depth increases till 3.7 m (12 ft.). However, at greater depths than 3.7 m (12 ft.), rotation
angle is calculated to increase. The 600mm (24 in.) reinforced concrete pipe peak joint rotation
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ranges from 0 degree to 0.6 degrees for the seven burial depths and four soil stiffness values
examined.
The maximum joint rotation for 1200 mm (48 in.) reinforced concrete pipe changes in the same
pattern as for the 600 mm (24 in.) reinforced concrete pipe (Figure 2.8). However, the peak
rotation for the larger reinforced concrete pipe is smallest when there is 2.4 m (8 ft.) cover over
the pipe crown, and it varies from 0 to 0.4 degrees under 0.3 m (1 ft.) to 6.1 m (20 ft.) soil cover.
Becerril Garcìa and Moore (2013a) report on a series of laboratory experiments measuring the
response of four segments of 600 mm (24 in.) and then 1200 mm (48 in.) diameter reinforced
concrete pipes to surface load. Data from their tests will therefore be used to compare
calculations to observed response under total surface load of 100 kN (22.5 kips) located either
directly over the central joint being monitored, or offset 0.9 m (3 ft.) along the pipe axis over
either the pipe contributing the bell to the central joint, or the pipe contributing the spigot. Their
tests were designed to meet minimum requirements for AASHTO Type 2 installation (backfill
was a well graded sandy gravel). However, control of soil density using a nuclear density metre
meant that density exceeded the 90% minimum value. The load tests were performed at two
burial depths: 0.6 m (2 ft.) and 1.2 m (4 ft.). The pipeline movements were monitored using
reflective prisms placed under the crown, and the prism locations were measured using a servocontrolled Leica total station (an electronic theodolite). Although the standard deviations (error
bars) of the total station measurements are a function of the distance from the measuring
equipment to the measuring point (Becerril García and Moore, 2013a), the deviations for the
vertical total station measurements at the four points on either side of the joint which are used to
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calculate the joint rotation (the precision of these readings), are all 0.02 mm (0.00078 in.). The
rotation of each pipe connected to the joint is calculated using vertical displacement
measurements for two prisms 900 mm (35.43 in.) apart, so the deviation in rotational angle for
each pipe can be obtained as:
△ 𝜃 = tan−1 �2 ×

2×0.02
900

� = 0.005°

(2.48)

Now, the laboratory test data reported by Becerril García and Moore (2013a) quantify pipe
response to surface loads alone, and do not include the rotations that occurred during pipe burial.
Therefore, Figures 2.7 and 2.8 are modified to form Figures 2.9 and 2.10 which exclude rotation
components associated with earth loads. Additional Figures 2.11 and 2.12 are also prepared,
quantifying joint rotation when the surface load is applied 0.9 m (3 ft.) offset from the center of
the joint using Equation (2.21).
Figures 2.9 to 2.12, therefore, show the joint rotation results measured from the laboratory tests
and calculated from the new equations. The “Terzaghi loose”, “Terzaghi medium”, “Terzaghi
dense” and “Design value” lines represent the rotation angle calculated using these four soil
stiffness values discussed earlier. The vertical lines are the error bars associated with the
laboratory test results. In the case of 0.9 m (3 ft.) load offset from the center of the joint, the
rotation angle measurement is different depending on whether the load is applied on the bell end
or the spigot end, though the new equations do not distinguish between these two cases. The
solid and dotted vertical lines used for the experimental data represent the results for load over
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the pipes contributing the bell and the spigot to the joint, respectively. It can be concluded from
these figures that:
-

No matter what value of soil stiffness is used, the rotation of the pipe joint is small (i.e.
less than 0.4 degrees), for both the 600 mm (24 in.) and 1200 mm (48 in.) diameter
reinforced concrete pipes. Specifically, it is no more than 0.35 degrees if the load is
placed directly over the joint, and it is less than 0.08 degrees when the load is applied 0.9
m (3 ft.) offset from the center of the joint.

-

For the twelve laboratory tests, eleven of the rotation values lie entirely under the
“Design value” line, with the other coinciding with that line (the test for offset load over
the smallest diameter pipe at shallowest cover). These relationships indicate that the joint
rotation angle calculated using the design soil stiffness value is conservative compared
with the tests.

-

Moore et al. (2012) chose a single design value of soil stiffness independent of burial
depth based on observations for joints in concrete, corrugated steel and thermoplastic
pipes. The new equations for rigid (reinforced concrete) pipes yield reduced rotations
with increasing burial depth based on live load attenuation with depth (the effect of the
AASHTO load prism, Equation (2.24)) rather than increases in soil stiffness, and the
reductions observed in the experiments are indeed similar to those implied by the
equations with use of fixed soil stiffness.

-

The effect of surface load location on joint rotation observed in the laboratory tests is
also well reflected in the calculations, and it appears that the simplified kinematics and
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live load distribution functions employed in the formulations are reasonable
approximations for this problem. This provides indirect support for the expressions for
shear across the joint, since shear under surface load develops when there is offset
loading (direct experimental measurement of shear force across joints is not practical, so
assessment of rotation under offset load is likely the best alternative).
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2.6 Conclusions:
Becerril Garcìa and Moore (2013a, b) demonstrated that the response of shallow buried rigid
pipes with moment-release joints can be approximated as stiff links undergoing rigid body
rotation, with joints acting as hinge points. Response of shallow buried structures to surface
loads is primarily localized to the two pipe segments on either side of the joint closest to the
surface load, so deflections in those particular pipes are small at their other ends. Therefore,
simplified equations based on the response of two rigid beams supported by elastic springs have
been derived for use in the structural design of moment-release joints connecting rigid pipes
responding to live loading and earth loading.
1.

Earth loads

Expressions have been derived for the shear force and rotation that develop across the joint for
the case where the stiffness of the soil support for the pipe on the right is a multiple of the soil
support for the pipe on the left. These expressions may be used to quantify the effect of earth
loads when changes in soil support result from the effects of weather (precipitation changing
moisture levels and compaction outcomes, for example), or construction practice (where site
supervision changes, for example). Stiffness that changes by a factor of two is proposed as a
reasonable design choice, though the equations also provide results for more extreme changes,
up to and including the case where one pipe has rigid ground support.
2.

Vehicle loads
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Expressions have also been derived which provide the rotation and shear force across the joint
for wheel load at the ground surface. For shallow buried pipes, this would be calculated using the
fully factored wheel loading (at one end of the single axle load configuration).
Additional discussions are presented about the conservative nature of the ‘two-beam’-on-elasticspring approximation compared to finite element solutions for beam-on-elastic-springs involving
more pipe segments. Joint designers could still undertake the more-detailed finite element
analyses modeling many pipes if they wished to reduce the conservatism of the design.
Finally, a parametric study has been performed to examine the results of the solutions and to
evaluate their performance relative to laboratory measurements reported previously, for 600 mm
(24 in.) diameter and 1200 mm (48 in.) diameter reinforced concrete pipes. The laboratory
testing results are compared with results from the new equations for two loading cases: where
loads through a wheel pair are placed directly over the joint, the location expected to produce
maximum joint rotation, and then where the wheel pair is applied 0.9 m (3 ft.) offset from the
center of the joint. The comparisons show that the joint rotation angles calculated using the new
equations and a value of soil stiffness proposed for use in design are generally reasonable and
conservative compared with the laboratory tests, reflecting the decreases in rotation that develop
when either burial depth is increased or surface load location is changed.
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Table 2.1 Shear force across the joint and joint rotation for different bedding stiffness

values.
kR
kL

1

2

3

5

k R rigid

VJ
R G WE L

0

1/12

1/8

1/6

1/4

θJ L k L OD
R G WE

0

-1/4

-1/2

-4/5

-3/2
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cL

cL
eL F L

eR FR

kL
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L

a. geometry and loading conditions

vL

θL

∆vJ

vR

θR

b. response if not connected at the joint

∆vL

∆θL

∆vR

VJ

∆θR

c. action of the shear force across the joint VJ making vertical deflections compatible
(incremental deformations shown here with positive sign, not the sense producing
compatibility across the joint)
Figure 2.1 Load, deformations and shear force for two rigid pipes connected at a moment-

release joint (Moore et al, 2012)
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a. Linear distribution of deflections

b. Linear distribution of spring forces

Figure 2.2 Linear distributions of deflections and forces resulting from beam rotation θ.
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Figure 2.3 Surface load reacting two rigid pipes connected at a joint.
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a.

Earth load response

ksoil

b.

Surface loading for peak joint rotation
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c. Surface loading for peak shear force
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c.

Figure 2.4 Load cases for calculating shear force and rotation of rigid pipes with moment

release joint (Moore et al. 2012)
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central
joint

a. undeformed position, showing three pipe segments on either side of the central joint

two pipe approximation

b. deformed position, showing response of six pipe system and the two pipe approximation
(grey)
Figure 2.5 The multiple pipe system illustrating the conservative nature of the 2 pipe

approximation.
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Figure 2.6 Peak shear force across the joint for the 600mm (24 in.), 910 mm (36 in.), 1200

mm (48 in.), and 1500 mm (60 in.) reinforced concrete pipes

57

ft
0

5

10

15

20

0.6
0.010
0.5

0.4
0.006

rad

Rotation (degrees)

0.008

0.3
0.004
0.2

0.002

0.1

0.000

0.0
0

1

2

3

4

5

6

7

Depth to pipe crown (m)

Figure 2.7 Peak joint rotational angle for the 600mm (24 in) reinforced concrete pipe
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Figure 2.8 Peak joint rotational angle for the 1200mm (48 in) reinforced concrete pipe
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Figure 2.9 Comparison of laboratory testing results and design equations: the joint rotation

angle for the 600mm (24 in) reinforced concrete pipe under the surface load placed directly
over the joint; the red vertical lines represent the error bars associated with the laboratory
testing results
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Figure 2.10 Comparison of laboratory testing results and design equations: the joint

rotation angle for 1200mm (48 in) reinforced concrete pipes under the surface load placed
directly over the joint
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Figure 2.11 Comparison of laboratory testing results and design equations: the joint

rotation angle for the 600mm (24 in) reinforced concrete pipe under the surface load placed
0.9m (3 ft) offset from the center of the joint.
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Figure 2.12 Comparison of laboratory testing results and design equations: the joint

rotation angle for 1200mm (48 in) reinforced concrete pipes under the surface load placed
0.9m (3 ft) offset from the center of the joint.
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Chapter 3
Simplified design model for flexible pipes based on Hetényi solutions
3.1 Introduction
Poor joint performance can cause infiltration, exfiltration and erosion of the soil surrounding the
pipe that can ultimately result in pipe failure. Although joints are known to be the weakest point
along the pipe and can control the service life and the quality of pipe performance, joint design
has received scant attention (Vipulanandan and Liu 2005, Balkaya and Moore 2009). To better
control the joint performance, simplified design equations are developed for flexible pipes in this
chapter.
Experimental and computational work has been undertaken to develop simplified design
equations based on approximations for ‘imperfect’ bedding that involved a length of void under
the pipe invert. Laboratory experiments introducing voids under corrugated steel pipes and
polyvinyl chloride (PVC) pipes did not lead to strong support for design based on a specified
length of invert without adequate support (Moore et al, 2012). Therefore, rigid and flexible pipes
should be analysed differently. This chapter focuses on the design model for flexible pipes,
including corrugated steel pipe with band connections, and thermoplastic (high density
polyethylene (HDPE) and PVC) pipes with gasketed bell and spigot connections.
There are essentially two kinds of joints, which differ in how they treat the longitudinal bending
that arises from surface loads and variations in bedding stiffness along the pipes:
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•

Moment-release joints, which designed to permit rotation of one end of the pipe relative
to the next, thereby releasing the longitudinal bending moments. Examples include
gasketed bell and spigot joints, gasketed tongue in groove joints, and those two joint
types used without gaskets;

•

Moment-transfer joints, which designed to limit rotation of the two pipe ends relative to
each other, and transfer longitudinal bending moments from one pipe to the next.
Examples include welded connections (Moore et al. 2012).

The analytical solutions for response of joints are discussed in this chapter for flexible pipes with
moment-release joints and moment-transfer joints, respectively for possible inclusion in current
pipe standards. The formulations for moment-release joints are based on the assumption that the
joint has no rotational stiffness (i.e. there is negligible moment-transfer from one pipe to the
next). This should be a conservative approximation, since any non-zero rotational stiffness at the
joint will reduce the magnitude of displacements that the shear force has to make compatible.
The formulations for moment-transfer joint are based on the assumption that the joint has the
same longitudinal bending stiffness as the pipe barrels. Again, this should be a conservative
approximation, since joints of lower stiffness would lead to reduce values of bending moment,
and joints with higher stiffness would have no effect on the behaviour, since the response of a
pipe with short length featuring higher stiffness should be controlled by the stiffness of the
barrels (the rest of the pipe structure).
The structural design of culvert joints includes assessment of
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•

the vertical shear force that acts across moment-release and moment-transfer joints;

•

the bending moment that acts across moment-transfer joints;

•

the axial force that acts across moment-transfer joints (it is assumed that moment-release
joints have very limited ability to transfer axial tensions); and

•

the expected rotation of one pipe relative to the other across moment-release joints.

Procedures to calculate shear force and bending or rotation quantities during design need to
consider a range of different pipe geometries and stiffness, joint types, burial conditions, and
loading geometries. Evaluation of design performance requires measurement of the ability of the
joints to support those quantities (shear force, longitudinal bending moment or rotation, and axial
force). Load and resistance factor design will involve evaluation of whether factored resistance
exceeds factored loads.
This chapter focuses primarily on the effects of longitudinal bending on joints, and does not
explicitly study the mechanisms leading to axial forces across the joints. While axial load
capacity is discussed in the proposed material for inclusion in the AASHTO standard and
situations leading to axial load capacity are discussed elsewhere in the report, no laboratory and
computational contributions are reported here on methods for estimating expected axial loads.
Measurements of buried corrugated metal and thermoplastic pipe responses to surface load
indicate that the very flexible pipe segments have local behaviour in the vicinity of the region of
surface load and the joint, but that moments, shears, and rotations quickly decay so the other
ends of the pipes are not important (the length of the pipe segments has negligible impact on
what happens across the joint) (Becerril García and Moore, 2012a). Therefore, analyses are
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developed here to capture that behavior using beam-on-elastic-spring modeling for very long
(“semi-infinite”) pipes without the need for finite element analysis. The solutions of Hetényi
(1948) are employed to achieve the following objectives:
a.

Model two flexible pipes interacting across either moment-release or moment-transfer
joints

b.

Provide the magnitude of the shear force acting between them, for both earth and live
loads

c.

Provide the angle of joint rotation that develops in moment release joints

d.

Provide simplified expressions suitable for the AASHTO LFRD Bridge Design
Specifications for maximum shear force and maximum rotation or moment
transferred across the joint resulting from wheel loading acting at the ground surface

e.

Provide simplified expressions suitable for the AASHTO LFRD Bridge Design
Specifications for maximum shear force and maximum rotation or moment
transferred across the joint resulting from earth loads

f.

Use the new solutions to conduct a parametric study to examine the factors
controlling structural response of joints in flexible pipes, and to evaluate the
performance of calculations using experimental data.
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3.2 Response to surface loads of a moment-transfer joint
Consider a force on the ground surface with magnitude of PL (wheel loading increased by
multiple presence factor, dynamic load allowance, and live load factor) distributed over an area
featuring length L0 parallel to the pipe axes, and width W0 perpendicular to the pipe axes, Figure
3.1a. It will be conservative to assume that the longitudinal bending stiffness of a momenttransfer joint is the same as the rest of the pipes, and under those circumstances, the response can
be assessed as if it was a single pipe subjected to surface load. Use is now made of the
AASHTO (2007) approximation for load spreading with depth for pressures applied across a
rectangular area on the surface with length L0 and width W0. Approximating load spreading with
depth using the load prism with sides at slope LLDF, the pressures that fall within the external
pipe diameter OD act across the pipe and the force per unit length along the pipe at depth H, is

FH =
where w is given by

w=

w PL
L0 + LLDF . H

min {OD, W0 + LLDF. H}
(W0 + LLDF. h)

(3.1)

(3.2)

Now, the moment and shear can be obtained using the exact solution developed by Hetényi
(1948) for an infinitely long pipe subject to uniformly distributed loading FH over the region,
Figure 3.1, where moment and shear at the point x=c (under the loading) are given by
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FH
(B + Bλb )
4λ2 λa

Mc =
where

4

λ= �

and

where

4 𝑘
𝑘𝑠
𝑠𝑜𝑖𝑙 𝑂𝐷
=�
4 𝐸𝐼
4 𝐸𝐼

Bλx = 𝑒 −𝜆𝑥 sin 𝜆𝑥
Vc =

(3.3)

(3.4)

(3.5)

FH
(C − Cλb )
4λ λa

Cλx = 𝑒 −𝜆𝑥 (cos 𝜆𝑥 − sin 𝜆𝑥)
k s = k soil OD

(3.6)

(3.7)
(3.8)

Now, the peak shear force and longitudinal bending moment values need to be assessed, and the
moment-transfer joint designed to accommodate these. To obtain peak moment, the local
maximum is calculated at the turning point where gradient of M is zero, so that
dM
=V=0
dc

(3.9)

This occurs at the central position where a=b, and so

MJ =
and

𝜆𝐿𝐻
𝜆𝐿
)
2 sin( 𝐻 )

FH 𝑒 −(

2λ2
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2

(3.10)

LH = L0 + LLDF . H = 2a = 2b

(3.11)

The maximum shear, however, occurs at the ends of the loaded region, where
a = 𝐿𝐻 , b = 0

(3.12)

so that

VJ =

FH −𝜆𝐿
[𝑒 𝐻 (cos 𝜆𝐿𝐻 − sin 𝜆𝐿𝐻 ) − 1]
4λ
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(3.13)

3.3 Response to surface load across a moment-release joint
Now, consider the case of surface loading for pipes connected through a moment-release joint,
Figure 3.1b. This case can be evaluated by considering the solution for two semi-infinite beams
connected by the joint, where loading of width a acts on the pipe to the left of the joint, and
width b on the pipe to the right of the joint. Hetényi (1948) gives the deflections of a beam with
loading over a length l adjacent to the pipe end (the joint) as

𝑦=

FH
[(1 + Bλ𝑙 − Cλ𝑙 )Aλ𝑥 − (1 + 2Bλ𝑙 − Cλ𝑙 )Bλ𝑥
2k S
+ �2 − Dλ𝑥 − Dλ(𝑙−𝑥) �]

(3.14)

for locations where 𝑥 ≤ 𝑙. This expression can be differentiated with respect to x to obtain
rotation

𝜃=

𝑑𝑦
FH
=
[−2λ(1 + Bλ𝑙 − Cλ𝑙 )Bλ𝑥 − λ(1 + 2Bλ𝑙 − Cλ𝑙 )Cλ𝑥
𝑑𝑥 2k S
+ �λAλ𝑥 − λAλ(𝑙−𝑥) �]
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(3.15)

moment

𝑀(𝑥)
𝑑2𝑦
FH
=
=
[−2λ2 (1 + Bλ𝑙 − Cλ𝑙 )Cλ𝑥
2
𝐸𝐼
𝑑𝑥
2k S
+ 2λ2 (1 + 2Bλ𝑙 − Cλ𝑙 )Dλ𝑥
2

(3.16)

2

− �2λ Bλ𝑥 + 2λ Bλ(x−𝑙) �]

and shear

𝑉(𝑥) 𝑑3 𝑦
FH
= 3=
[4λ3 (1 + Bλ𝑙 − Cλ𝑙 )Dλ𝑥
𝐸𝐼
𝑑𝑥
2k S
− 2λ3 (1 + 2Bλ𝑙 − Cλ𝑙 )Aλ𝑥
3

(3.17)

3

− �2λ Cλ𝑥 − 2λ Cλ(x−𝑙) �]

where

and

Aλ𝑥 = e−λ𝑥 (cos λ𝑥 + sin λ𝑥)

(3.18)

Dλ𝑥 = e−λ𝑥 cos λ𝑥.

(3.19)

𝐿

Peak rotation occurs when half the load is on each side of the joint, 𝑙= 2𝐻, the ends of each pipe
deflect downwards equally, rotations are equal and opposite, and the total rotation across the
joint 𝜃𝐽 is twice the end value for one pipe given by Equation (3.15)
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𝜃𝐽 =

FH λ
4FH λ −0.5λ𝐿
𝐻 sin 0.5λ𝐿
[−2Bλ𝐿𝐻 + Cλ𝐿𝐻 − Aλ𝐿𝐻 ] = −
e
𝐻
kS
k
OD
2
2
2
s

(3.20)

Peak shear occurs when all surface load reaches one pipe only. The maximum end deflection
develops when the surface load acts right to the end, a deflection that can be obtained from
(3.14) with 𝑙=𝐿𝐻
𝑦𝐿𝐻 =

FH
�2 + Bλ𝐿𝐻 − Cλ𝐿𝐻 − Dλ𝐿𝐻 �
2k S

FH
=
(1 + e−λ𝐿𝐻 (sin λ𝐿𝐻 − cos λ𝐿𝐻 ))
kS

(3.21)

Now, Hetényi (1948) provides the solution for the end deflection of a semi-infinite beam with a
vertical force P1 at the end, where for the current problem, the vertical force of interest is the
shear force VJ passed across the moment release joint where the equal and opposite end shears
each contribute to an end deflection equal to half of 𝑦𝐿𝐻
𝑦𝑃1 =

2P1 λ 2VJ λ 𝑦𝐿𝐻
=
=
kS
kS
2

(3.22)

Solution of the second half of Equation (3.22) provides the required value of the maximum shear
force induced across the moment release joint

VJ =

FH
[1 + e−λ𝐿𝐻 (sin λ𝐿𝐻 − cos λ𝐿𝐻 )]
4λ

(3.23)

This is the same magnitude as that for peak shear force across a moment transfer joint (3.13).
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3.4 Response to surface load of a joint transferring part of the moment
Measurements for the behaviour of a hugger-band connection between two corrugated steel pipes
(Chapter 4) indicate that application of moment across the joint is also associated with rotation.
Therefore, the behaviour of that band joint under surface load is somewhere between that of the
idealized conditions associated with the moment transfer and moment release joints considered
in the previous sections. While the maximum shear forces for those two idealized conditions are
identical (Equations (3.13) and (3.23)), the moments are very different. Therefore, a solution
considering partial moment transfer and partial rotation is required.
Consider a band having rotational stiffness characteristics defined by
rB θ B = M B

(3.24)

where the band has rotational stiffness rB and it transfers moment MB . Now, the action of the

band is to accommodate part of the rotation that occurs between the two ends of the pipes θB .
This means that the net rotation applied to the ends of the pipes becomes θJ − θB where θJ

represents the rotation without moment transfer (Equation(3.20)), and according to Hetényi
(1948) this corresponds to a moment of
MB =

4𝑘𝑠𝑜𝑖𝑙 𝑂𝐷

(θJ − θB )

(3.25)

(θJ − θB )=rB θB

(3.26)

λ3

Since this moment transferred to the ends of the two pipes is the same moment that is acting
across the band
MB =

4𝑘𝑠𝑜𝑖𝑙 𝑂𝐷
λ3
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Solving for the rotation accommodated by the band

θB = (

𝑟𝐵

1

λ3

4𝑘𝑠𝑜𝑖𝑙 𝑂𝐷

+1

)θJ

(3.27)

This can then be used to determine the moment that develops as a proportion of that for a rigid
band (one that permits no rotation)

MB = (

1
)M = R B MJ
4𝑘 𝑂𝐷 J
1 + 𝑠𝑜𝑖𝑙
λ3 𝑟𝐵

(3.28)

where the band moment adjustment factor is given by

4𝑘𝑠𝑜𝑖𝑙 𝑂𝐷 −1
R B = �1 +
�
λ3 𝑟𝐵

(3.29)

If the band is rigid, 𝑟𝐵 is very large, the second term in the parentheses becomes zero, and RB=1.

This produces results equivalent to the case of full moment transfer. If the band has zero flexural
stiffness, the second term in the parentheses becomes large, and RB=0. This produces behaviour
equivalent to a moment-release joint.
According to the results of laboratory articulation (rotation) test (Chapter 4), the moment across
the joint of corrugated steel pipe increases almost linearly as joint rotation increases from 0.1 to
2 degrees, as shown in Figure 3.3. The ratio of moment to rotation, which is defined as rB
(Equation (3.24)), is therefore calculated as an almost constant value of 47 kN.m/c. Using 𝑘𝑠𝑜𝑖𝑙

as the designed value of 30,000 kN/m3 (detailed later in Section 3.8) the band moment
adjustment factor RB can be calculated using Equation (3.29), and RB turns out to be a very small
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value (approximately 0.002). So the result that the flexural stiffness of the hugger band
connecting two corrugated steel pipes is almost zero indicates that this kind of joint produces
behaviour almost the same as that for a moment-release joint, rather than a moment-transfer
joint.
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3.5 Response to earth loads
The loading per unit length WE along a flexible pipe of external diameter OD at depth H in soil

of unit weight γS , given load factor γE and vertical arching factor VAF, is
WE = γE VAF H γS OD

(3.30)

Consider two pipes with different levels of ground support, Figure 3.2a. The pipe on the left has
soil support characterised by k L and the pipe on the right has soil support characterised by
higher stiffness k R . If the two pipes are not connected at the joint, Figure 3.2b, a difference in

vertical deflection develops, ΔvJ equal to

ΔvJ = WE [

1
1
−
]
kL kR

(3.31)

When the pipes are connected at the joint, the difference in displacement is eliminated by the
action of moment and shear forces transferred across the joint, MJ and VJ respectively, Figure
3.2b,

ΔvJ = vL + vR

(3.32)

For a moment release joint the end moments are zero
MJ = 0
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(3.33)

For a moment release joint, the deformations on the left hand and right hand pipes resulting from
the end shear must produce a total vertical movement of ΔvJ . Reuse of the left part of (3.22)

provides

ΔvJ =
so

2VJ λL 2VJ λR
1
1
+
= WE [ −
]
kL
kR
kL kR
1
1
WE k L − k R
VJ = −
2 λL + λR
kL kR

(3.34)

(3.35)

Hetényi (1948) also provides the solution for rotation caused by end force P1
θ=−

2P1 λ2
ks

(3.36)

so considering contributions from each pipe, the total rotation across the moment release joint is

For the specific case of

1
1
−
k L k R λ2L λ2R
θJ = WE
( − )
λL λR k L k R
+
kL kR

kR
=2
kL
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(3.37)

(3.38)

then

and

θJ =

WE λL 1 − 2−0.5
WE λL
≈
0.0918
k L 2 + 20.25
kL

VJ =

WE
WE
≈
0.157
λL (4 + 21.25 )
λL

(3.39)

(3.40)

For moment transfer joints, the deformation equality (3.32) still holds, and rotations at the ends
of each pipe are identical (assuming that the coupling has longitudinal bending stiffness equal to
the pipes themselves)
θL = θR

(3.41)

Now, consider the moment MJ and shear VJ producing rotation and deflection at the point where
the soil stiffness changes. Hetényi (1948) provides solutions for the impact of force P1 and
moment M1:

𝑦𝑃1 =

2P1 λ
ks

θ𝑃1 = −
𝑦𝑀1

2P1 λ2
ks

2M1 λ2
=−
ks

θ𝑀1

4M1 λ3
=
ks
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(3.42)

(3.43)

(3.44)

(3.45)

The total magnitude of deflections must equal the difference that develops due to the change in
soil stiffness,

2VJ λL 2VJ λR 2M1 λ2L 2M1 λ2R
1
1
+
−
−
= WE [ −
]
kL
kR
kL
kR
kL kR

(3.46)

and these actions also produce rotations of equal magnitude

−

2VJ λ2L 4M1 λ3L
2VJ λ2R 4M1 λ3R
−
=−
+
kL
kL
kR
kR

(3.47)

Equation (3.47) can be used to determine the relationship between shear force and moment:
λ2R λ2L
−
k
kL
M1 = 0.5 VJ 3R
λR λ3L
+
kR kL

And substitution of this into (3.46) produces

1
1
−
kL kR
VJ = WE
λ2R λ2L 2
(
− )
λ
λ
k
kL
2 � L + R � + R3
kL kR
λR λ3L
+
kR kL
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(3.48)

and

1
1 λ2 λ2
− � ( R − L)
kL kR kR kL
M1 = 0.5 WE
λ3L
λ2 λ2
λL λR λ3R
2 � + � ( + a ) + ( R − L )2
kL kR kR
kL
kR kL
�

For the specific case of
kR
=2
kL

then

and

VJ =

WE
λL

0.5

2 (1 + 2−0.75 ) +

M1 = 0.5

(2−0.5

(3.49)

1)2

−
+1

2−0.25

≈ 0.154

VJ 20.5 − 2
WE
≈ −0.0123 2
0.75
λL 2
+2
λL

WE
λL

(3.50)

(3.51)

However, while maximum shear occurs at the point where soil stiffness changes, this is not the
location of maximum moment. That occurs some distance away from the stiffness transition
(over the lower stiffness soil). To obtain the maximum moment, the expressions for moment and
shear force in the beam over the lower stiffness soil are assembled from Hetényi’s expressions
for these stress resultants due to the shear force P1 and moment M1 at that transition point
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V = −P1 Cλx − 2 λL M1 Bλx

and

M=−

P1
B + M1 Aλx
λL λx

(3.52)

(3.53)

The point of maximum moment is located at the turning point, that is where the gradient of
moment (the shear force) is zero. Solving (3.52) for V=0 gives
P1 (cos λx − sin λx) = −2λL M1 sin λx

so

tan λx =

k

P1
P1 − 2λL M1

(3.54)

(3.55)

and for kR = 2 this yields
L

0.154

tan λx ≈ 0.154+2 x 0.0123 and therefore λx ≈ 0.712

(3.56)

Substitution into (3.53) then provides the maximum moment

MJ = −

P1 −λx
WE
e
sin λx + M1 e−λx (cos λx + sin λx) ≈ 0.0580 2
λL
λL
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(3.57)

3.6 Back-calculation of soil stiffness from laboratory and field observations
The solutions which have been presented permit shear force, moment, and rotation to be
estimated provided pipe geometry, loading conditions, and soil stiffness are known. However,
one limitation of beam-on-elastic-spring modeling is that the soil stiffness is not an independent
soil parameter. Rather, it is a model dependent parameter that is a function of the soil, structural
and geometrical conditions of the problem. The best approach to estimate this parameter is to
back-calculate it from laboratory and field measurements of pipe response under surface load.
However, it is either very difficult or impossible to measure moment and shear force in test pipes
without changing the pipe characteristics and therefore the readings. A better approach is to use
back-calculated soil stiffness from observations of the pipe deformations. For moment release
joints, this can involve surface loading centered over the pipe joint, and use of (3.46) and
measurement of the rotation that develops across the joint. However for moment transfer joints,
the rotation across the joint is close to zero. Therefore, a beam-on-elastic-spring solution is
needed for vertical deformation under surface load so that observations of vertical movement
under the center of the loaded region of length LH can be employed. Hetényi (1948) provides the
deformations for the general case

𝑦=

FH
(2 − Dλ𝑎 − Dλb )
2k S

Deflection at the central position where a=b=LH/2 are then
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(3.58)

𝑦=

𝜆𝐿𝐻
𝜆𝐿
)
2 cos( 𝐻 ))

FH (1 − 𝑒 −(

kS
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2

(3.59)

3.7 Numerical calculations to check the solutions
Finite element analyses have been performed and reported by Moore et al., (2012) for one
particular flexible pipe on elastic springs with moment-transfer and moment-release joints, and
these are now used to check each of the solutions. The results are presented in Table 3.1. These
calculations were performed using consistent SI units and US Customary equivalents are not
provided.
Two pipes three metres long have been used in the calculations with elements of length 0.1m
(3.9 in.). The corrugated steel pipe being considered has external pipe diameter OD of 0.94m
(36.5 in.), flexural rigidity EI of 700 kN.m2 and axial stiffness EA of 700000 kN (157366.3
kips). The value of spring stiffness of the soil used was ksoil = 25,000 kN/m3. Appendix B
provides a summary of how each of these parameters were determined by Moore et al. (2012).
Multiplying ksoil by OD, a soil stiffness per unit length kL of 235 kN/m2 is obtained, and since
finite elements of length 0.1 m are used, the stiffness of the soil spring under each node is 23.5
kN/m. For live load calculations, the soil stiffness under the right hand pipe is set to the same
amount. For earth load calculations, the soil stiffness per unit length under the right hand side is
doubled.
The live load example features burial of the springline at 0.61 m (2 ft.). Loading on a standard
wheel pair of 71.3 kN (16.0 kips) is considered acting on the ground surface over an area of 0.25
m (10 in.) by 0.51 m (20 in.) (the standard geometry of a wheel pair). Using a live load
distribution factor LLDF of 1.15 (the value for granular backfill), live load factor of 1.75, impact
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factor of 1.248, and multiple presence factor of 1.2, the total force per unit length along the pipe
is 152 kN/m. The vertical shear force acting across the joint, the bending moment acting across a
moment transfer joint, and the rotation across a moment release joint are calculated using
Equations (3.10), (3.13), (3.20) and (3.23), and the results are shown in Table 3.1.
The earth load example features burial to 6.1m (20 ft.) depth to the pipe springline in soil with
unit weight of 22 kN/m3. Considering an earth load factor of 1.3 and a vertical arching factor for
corrugated steel pipe of 1.1 (while this value is appropriate for a corrugated steel pipe, the
AASHTO value of 1.0 is proposed for use in design). These produce load per unit length of
180.3 kN/m. The vertical shear force acting across the joint, the bending moment acting across a
moment transfer joint, and the rotation across a moment release joint are calculated using
Equations (3.39), (3.40), (3.50) and (3.61), and the results are also given in Table 3.1.
Most results from the simplified equations and the finite element analyses are close (within
10%). However, finite element analyses for joint rotations are more sensitive to the discretization
(number and size of the finite element), so the numerical errors are higher (Moore et al., 2012).
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3.8 Parametric study
To examine the derived solution and assess the importance of the different parameters appearing
in the equations, a parametric study has been performed. Moment-release joint and momenttransfer joint are treated separately.
3.8.1 Moment-release joint

Three kinds of pipes, corrugated steel pipe, HDPE and PVC pipes, with moment-release joint
have been examined. The calculation results for the peak shear force and the peak rotational
angle of the moment-release joint for three pipes are shown in Figures 3.4 and 3.5. The examined
corrugated steel pipe, HDPE and PVC pipes have an internal diameter of 0.91m (36 in.), 1.52m
(60 in.), and 0.91m (36 in.) featuring outside diameter of 0.93m (36.5 in.), 1.60 m (63.2 in.), and
0.94 m (37.1 in.).
Firstly, according to Moore et al. (2012), joint design for surface load should be based on 71.3
kN (16.0 kips) on a 0.25m (10 in.) by 0.5m (20 in.) load pad with the live load distribution factor
LLDF of 1.15, the same as the live load example discussed in the numerical calculation section.
Live load factor, multiple presence, and dynamic load allowance are also considered. Equations
(3.23) and (3.20) are used to calculate the maximum shear force and maximum joint rotation
caused by surface loads. Next, the shear force and joint rotation generated by earth loads are
obtained based on Equation (3.40) and (3.39) for the specific case of

kR

kL

= 2 (Figure 3.2b). All

the calculations are based on the assumption that the soil is uniform and soil stiffness is the
design value (ksoil=30000kN/m3) proposed for design of culvert joints by Moore et al. (2012).
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From shallow to deep burial condition, five different burial depths are examined: 0.3m (1ft.),
0.6m (2 ft.), 1.2 m (4 ft.), 2.4m (8 ft.), 6.1m (20 ft.).
The graph in Figure 3.4 indicates that maximum shear force for corrugated steel pipe and PVC
pipe are similar, which is around half of the value for HDPE pipe at the same burial depth.
Corrugated steel pipe and PVC pipe have peak shear force ranging from 9.7 kN (2.2 kips) to 22.9
kN (5.1 kips) while HDPE pipe ranging from 20.1 kN (4.5 kips) to 48.8 kN (11.0 kips). Figure
3.5 shows that the peak joint rotation for corrugated steel pipe and PVC pipe are also similar, but
it is higher than the rotation of HDPE pipe joint at the same burial depth. The maximum joint
rotation for corrugated steel pipe and PVC pipe varies from 0.04 degrees to 0.499 degrees, while
the value for HDPE pipe varies from 0.03 degrees to 0.224 degrees at all five burial depths. Both
the curve of shear force and rotation angle for all the pipes change in the same pattern as the
depth increases: the shear force and rotation angle reach a high value at shallow cover where live
load effects are high and again at deep cover where earth load effects dominate, but has a local
minimum of less than half whose peak values when the burial depth is approximately 1.2 m (4
ft.) for shear force and 2.4 m (8 ft.) for rotation angle. The differences between the three pipe
responses are largely due to the different pipe diameters rather than the different materials used
to produce the pipes.
Take 1.52m (60 in.) diameter HDPE pipe as an example, Figures 3.6 and 3.7 present the peak
shear force and rotation for HDPE pipe with four soil stiffness values (ksoil): the design value
(30000kN/m3) proposed for design of culvert joints by Moore et al. (2012), and values proposed
by Terzaghi (1955) for soil support under strip footings resting on coarse grained soils in loose
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(12597.6 kN/m3), medium (40900 kN/m3) and dense states (157470.4 kN/m3). It can be
concluded from the graph that both the shear force and rotation are inversely proportional to the
soil stiffness at the same burial depth. Shear force associated with surface load dominates, load
becomes progressively smaller as burial depth increases till 1.2 m (4 ft.). However, at greater
depth than 1.2 m (4 ft.), shear force is calculated to increase. Same pattern occurs for the peak
rotation of the 60 in. HDPE pipe, though the rotation reaches its minimum value at 1.2 m (4 ft.)
when the soil stiffness uses the “Terzaghi dense” value while at 2.4 m (8 ft.) when the soil
stiffness uses the other three values. The shear force ranges from 13.3 kN (3.0 kips) to 60.7 kN
(13.6 kips) and the rotation varies from 0.0072 degrees to 0.46 degrees at the examined five
depths.
Becerril Garcìa and Moore (2012, 2013a) report on a series of laboratory experiments measuring
the response of 1.52 m (60 in.) diameter HDPE and 0.91 m (36in.) diameter PVC pipes to
surface load. Thus, data from their tests will be used to compare calculations to observed
response under total surface load of 100 kN (22.5 kips) located either directly over the central
joint being monitored, or offset 0.9 m (3 ft.) along the pipe axis. Their tests were designed to
meet minimum AASHTO requirements, but control of soil density using a nuclear density metre
meant that density exceeded the 90% minimum value. The load tests were performed at two
burial depths: 0.6 m (2 ft.) and 1.2 m (4 ft.). The pipeline movements were monitored using
reflective prisms placed on the springline, so that it can exclude the local ovaling effects on the
crown or invert. Although the standard deviations (error bars) of the total station measurements
are a function of the distance from the measuring equipment to the measuring point (Becerril
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García and Moore, 2013b), the deviations for the vertical total station measurements at the four
points on either side of the joint which are used to calculate the joint rotation (the precision of
these readings), are all 0.02 mm (0.00078 in.). The rotation of each pipe connected to the joint is
calculated using vertical displacement measurements for two prisms 900 mm (35.43 in.) apart, so
the deviation in rotational angle for each pipe can be obtained as:
△ θ = tan−1 �2 ×

2×0.02
900

� = 0.005°

(3.60)

Since the laboratory test data reported by (Becerril García and Moore, 2013a) quantify pipe
response to surface loads alone, his measurements do not include the rotations that occurred
during pipe burial, Figures 3.8 to 3.11 presents the calculation results excluding rotation
components associated with earth loads. The “Terzaghi loose”, “Terzaghi medium”, “Terzaghi
dense” and “Design value” lines represent the rotation angle calculated using these four soil
stiffness values discussed earlier. Equation (3.15) is used to quantify joint rotation when surface
load is applied 0.9 m (3 ft.) offset from the center of the joint. The vertical lines are the error bars
associated with the laboratory test results. The choice of vertical scale on these figures was made
to ensure the experimental data can be readily seen. However, the maximum values for
“Terzaghi loose” value at 0.3 m (1 ft.) depth are not shown. They are 0.34 degrees, 1.40 degrees
and 0.40 degrees for Figures 3.9 to 3.11, respectively.
Figures 3.8 to 3.11 provide the comparison of joint rotation results measured from laboratory
tests and calculated from the new equations for 1.52 m (60 in.) HDPE and 0.91 m (36in.) PVC
pipes at two load positions, respectively. These indicate that:
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-

For the eight laboratory tests, all of rotation values lie entirely under the “Design value”
line. These relationships indicate that the joint rotation angle calculated using the design
soil stiffness value is conservative compared with the laboratory tests.

-

The single design value of soil stiffness is chosen by Moore et al. (2012) independent of
burial depth based on observations for joints in concrete, corrugated steel and
thermoplastic pipes. The new equations for flexible pipes yield reduced rotations with
increasing burial depth based on live load attenuation with depth (the effect of the
AASHTO load prism) rather than increases in soil stiffness, and the reductions observed
in the experiments are indeed similar to those implied by the equations with use of fixed
soil stiffness.

-

The effect of surface load location on joint rotation observed in the laboratory tests is also
well reflected in the calculations, and it appears that the simplified kinematics and live
load distribution functions employed in the formulations are reasonable approximations
for this problem. This provides indirect support for shear across the joint, since shear
under surface load develops when there is offset loading (direct experimental
measurement of shear force across joints is not practical, so assessment of rotation under
offset load is likely the best alternative).

3.8.2 Moment-transfer joint

The peak shear force and longitudinal bending moment values has been examined for the 910mm
(36 in.) corrugated steel pipe with moment-transfer joint with four different soil stiffness values
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(ksoil) discussed earlier. The examined corrugated steel pipe features outside diameter of 930 mm
(36.6 in.). Figures 3.12 and 3.13 present the calculation results.
Same as the configuration used in the moment-release joint, surface load of 71.3 kN (16.0 kips)
simulates a wheel pair at the end of an axle, equations (3.13) and (3.10) are used to obtain the
shear force and moment caused by surface load, while the one caused by earth load is calculated
using Equation (3.50) and (3.51) for the specific case of

kR

kL

= 2. It can be seen from Figure 3.12

that the maximum shear force is inversely proportional to soil stiffness ksoil. Also, both the peak
shear force and moment decreases when the burial depth of pipes increases till 1.2m (4 ft.), but it
increases again at greater depths 1.2m (4 ft.). The possible reason for that is same as the pipe
with moment-release joint. The range of maximum shear force for 910 mm (36in.) corrugated
steel pipe with moment-transfer joint is between 6.5kN (1.5kips) and 26.0kN (5.8kips) and peak
moment varies from 0.56kN*m (0.41 kip*ft) to 9.3 kN*m (6.86kip*ft) for the four soil
stiffnesses and five burial depths that have been examined.
The peak shear force and moment versus different EI/OD values for 910mm (36in.) corrugated
steel pipe with moment-transfer joint with four different soil stiffness are presents in Figures
3.14 to 3.17 at two burial depths: shallow condition of 0.6 m (2ft.) and deep condition of 6.1 m
(20ft.). EI represents the flexural rigidity of the pipe cross-section along the axis and OD is the
outside diameter in contact with soil. It can be concluded from the graphs that no matter what
value of soil stiffness is used and whether shallow or deep burial condition the shear force and
the bending moment are both proportional to the pipe stiffness. When the EI/OD value increases
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from 377.5 kN*m (278.4 kip.ft) to 3020.2kN*m (2227.6 kip.ft), the maximum shear force
changes from 7.0 kN (1.6 kips) to 25.4 kN (5.7 kips) at 0.6 m (2ft.) depth while it ranges from
12.7kN (2.9 kips) to 40.3kN (9.1 kips) at 6.1 m (20ft.) depth for four different soil stiffness
values. The peak bending moment varies from 0.44 kN*m (0.32 kip.ft) to 12.4 kN*m (9.1 kip.ft)
at 0.6 m (2ft.) depth, and from 10.0 kN*m (7.4 kip.ft) to 14.8 kN*m (10.9 kip.ft) at 6.1 m (20ft.)
depth. It can be seen that the shear force increases more than half but the moment across the joint
only increases a little when the depth changes from 0.6 m (2 ft.) to 6.1 m (20 ft.).
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3.9 Conclusions
Structural design of pipe joints must consider the stress resultants and deformations that can
develop across the joint, and ensure these do not exceed the capacity of the joint. Structural
design will consider two classes of joints: moment-release joints and moment-transfer joints.
Measurements of buried flexible pipes to surface load indicate that there is a rapid attenuation of
deformations away from the location of surface load (Becerril García and Moore, 2012a).
Therefore, simplified design equations can be developed considering a joint connecting two very
(infinite) long flexible pipes, and employing the solutions reported by Hetényi (1948). Both
moment-release and moment-transfer joints were considered in the development of design
equations. Equations for moment-transfer joints were developed considering the joint as having
the same longitudinal bending characteristics as the pipe barrels. This should produce
conservative estimates of moment and shear force for joints with lower stiffness. Equations for
moment-release joints were developed considering the joints as having zero rotational stiffness
and zero gasket compressions under shear. Response to surface load of a joint transferring part of
the moment is examined, and the laboratory testing result indicate the behaviour of hugger-band
connection between corrugated steel pipes is mostly equivalent to a moment-release joint,
instead of a moment-transfer joint.
It can be concluded from the equations that the shear force of flexible pipes transferred is
4

𝑘𝑠𝑜𝑖𝑙 𝑂𝐷

influenced by a characteristic longitudinal bending parameter λ = �

4 𝐸𝐼

which has units of

1/length (where EI is the flexural rigidity of the whole pipe bending in the axial direction with
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units of force times length squared, OD represents the outside diameter of the pipe in units of
length, and ksoil is the soil stiffness in units of force divided by length cubed). For the case where
the soil stiffness around one pipe is double that around the other pipe, the shear force across the
moment-release joints is 0.157/λ times the earth load per unit length along the pipe, and the
maximum moment that could occur across the moment-transfer joint is 0.058/ λ2 times the earth
load per unit length along the pipe.
Given that the soil stiffness of the beam-on-elastic-spring model is a function of the soil,
structural and geometrical conditions of the problem, the best approach to estimate this
parameter is to back-calculate it from observations of the pipe deformations from laboratory and
field measurements (as undertaken by Moore et al., 2012). In addition, numerical calculations
were performed to check each of the solutions, and most results from the simplified equations
were within 10% of the finite element analyses. The rotational stiffness represented in finite
element analysis of beams on elastic foundations is very sensitive to element size (Moore et al.,
2012), so differences in the rotational results may be a result of numerical error in the finite
element analysis.
Finally, a parametric study has been performed to examine the results of the solutions and to
evaluate their performance relative to laboratory measurements reported previously. Momentrelease joints and moment-transfer joints are treated separately. For 1.52 m (60 in.) HDPE and
0.91 m (36in.) PVC pipes, the laboratory testing results are compared with results from the new
equations for two loading cases: where loads through a wheel pair are placed directly over the
joint, and then where the wheel pair is applied 0.9 m (3 ft.) offset from the center of the joint.
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The comparisons show that the joint rotation angles calculated using the new equations and the
value of soil stiffness proposed by Moore et al. (2012) for use in design are generally reasonable
and conservative compared with the laboratory tests, reflecting the decreases in rotation that
develop when either burial depth is increased or surface load location is changed.
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Table 3.1 Design values of shear force, bending moment and rotation across moment release

and moment transfer joints, as calculated using the design equations for the problem
analysed by the finite element method by Moore et al. (2012); equation numbers are shown
in brackets ( ); percent difference of finite element values compared to design equations are
also given.
Shear force kN

Bending Moment kN.m

Rotation degrees

Case

FEA

Equation

FEA

Equation

FEA

Equation

Live load

26.7

27.0

Not

Not

0.76

0.81

– Release

-1.1%

(3.23)

applicable

applicable

-6.1%

(3.20)

Live load

26.8

27.0

8.41

8.50

Not

Not

-0.6%

(3.13)

-1.1%

(3.10)

applicable

applicable

16.5

16.6

Not

Not

0.057

0.069

-0.5%

(3.40)

applicable

applicable

-17%

(3.39)

16.9

16.4

3.22 [0.79 1]

3.61 [0.76]

Not

Not

applicable

applicable

– Transfer

Earth load
– Release

Earth load
– Transfer

1

Values in brackets [] are the moment calculated at the joint when the change in soil stiffness occurs at the joint.
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3.0%

(3.50)

-11% (4%)

(3.57)[(3.51)]
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b

LH

a. surface load on two buried pipes

𝑙

x

b. deformations for two pipes with moment release joint
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H

c. deformations for two pipes with moment transfer joint
Figure 3.1. Surface load and deformations for two flexible pipes connected at moment

release or moment transfer joints
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Figure 3.2 Earth loads acting on two flexible pipes supported by two different bedding

stiffness
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Figure 3.3 Moment versus joint rotation from test on hugger band joint connecting corrugated

steel pipe (see Chapter 4).
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Figure 3.5 Peak joint rotational angle for corrugated steel pipe, HDPE and PVC pipes with

moment-release joint
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Figure 3.6 Peak shear force across the joint for 1.52m (60 in.) diameter HDPE pipe with

moment-release joint calculated using different soil stiffnesses
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Figure 3.7 Peak joint rotational angle for 1.52m (60 in.) diameter HDPE pipe with moment-

release joint calculated using different soil stiffnesses
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Figure 3.8 Comparison of laboratory testing results and design equations: the joint rotation

angle for the 1.52m (60 in.) diameter HDPE pipe under the surface load placed directly
over the joint; the red vertical lines represent the error bars associated with the laboratory
test results.
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Figure 3.9 Comparison of laboratory testing results and design equations: the joint rotation

angle for the 1.52m (60 in.) diameter HDPE pipe under the surface load placed 0.9 m (3 ft.)
offset from the center of the joint.
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Figure 3.10 Comparison of laboratory testing results and design equations: the joint

rotation angle for the 0.91m (36 in.) diameter PVC pipe under the surface load placed
directly over the joint; the red vertical lines represent the error bar associated with the
laboratory test results.
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Figure 3.11 Comparison of laboratory testing results and design equations: the joint

rotation angle for the 0.91m (36 in.) diameter PVC pipe under the surface load placed 0.9
m (3 ft.) offset from the center of the joint.
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Figure 3.12 Peak shear force across the joint for 0.91m (36 in.) corrugated steel pipe with

moment-transfer joint calculated using different soil stiffnesses
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Figure 3.13 Peak moment across the joint for 0.91m (36 in.) corrugated steel pipe with

moment-transfer joint calculated using different soil stiffnesses
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Figure 3.14 Peak shear force across the joint for 0.91m (36 in.) corrugated steel pipe with

moment-transfer joint at 0.6 m (2 ft.) depth with different pipe stiffnesses
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Figure 3.15 Peak moment across the joint for 0.91m (36 in.) corrugated steel pipe with

moment-transfer joint at 0.6 m (2 ft.) depth with different pipe stiffnesses
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Figure 3.16 Peak shear force across the joint for 0.91m (36 in.) corrugated steel pipe with

moment-transfer joint at 6.1 m (20 ft.) depth with different pipe stiffnesses
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Figure 3.17 Peak moment across the joint for 0.91m (36 in.) corrugated steel pipe with

moment-transfer joint at 6.1 m (20 ft.) depth with different pipe stiffnesses
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Chapter 4
Shear and Articulation Tests for Corrugated Steel, PVC and Reinforced
Concrete Pipes

4.1 Introduction
Management of large networks of deteriorating sewer pipes and culverts is a challenging task for
municipal and provincial authorities. Openings at the joints between these pipes may develop
during construction or over time, causing leakage of the sewer contents or ingress of
groundwater if the joints are not well designed and maintained. Long term failure of pipes is
often initiated by the onset of joint leakage, since ingress of groundwater can cause backfill
erosion, and then pipe distress (Tan and Moore, 2007; Moore, 2008).
Romer and Kienow (2004) reported that joints can cause installation problems and pipe failures.
Buco et al. (2006) observed defects in pipelines related to the joints. Although the joint may be
the weakest point along the pipe and they can have a major impact on pipe performance (Hau et
al. 2004, Balkaya and Moore 2009), little research has been conducted in regard to their design.
Due to the complexity of interactions between the pipes and the gasket, current design practice is
still semi-empirical, and is largely the responsibility of product manufacturers. Design of joint
components (e.g. gaskets) is generally conducted by third parties (e.g. gasket suppliers) based on
experience (Moore et al., 2012).
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Standard test methods measuring joint strength and stiffness are not currently detailed in the
existing North American pipe design standards. The AASHTO Bridge Design specifications
feature statements about required capacity of joints in shear and moment as a proportion of barrel
strength, and an axial force of a specified magnitude of axial pulling force. However, test
methods for measuring moment, shear and axial force capacity in the pipe or across the pipe
barrel are not adequately specified. A pipe joint testing frame to measure the structural capacity
of joints is therefore designed to facilitate joint characterization experiments and for possible
inclusion in the current pipe standards.
Moore et al. (2012) define two kinds of joints - those that release the longitudinal bending
moments (denoted ‘moment-release joints’) such as gasketed bell and spigot joints, and those
that transfer the longitudinal bending moments (denoted ‘moment-transfer joints’) such as band
connections. NCHRP Project 15-38 (Moore et al., 2012) to develop structural design
requirements for culvert joints primarily focused on determining demand (expected shear force,
rotation or bending moment) acting across moment-release and moment-transfer joints between
rigid and flexible pipes, considering the effect of both live loads and earth loads. That work on
expected loads and deformations culminated in the development of structural design equations
for moment-release joints connecting rigid pipes (Moore and Wang, 2013a, Chapter 2) and
moment-release and moment-transfer joints connecting flexible pipes (Moore and Wang,
2013b, Chapter 3). However, to complete the structural design assessment of joints,
measurements are needed of the capacity (the strength or resistance) of the joint to
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accommodate the demands. This chapter outlines the joint testing frame developed to undertake
those assessments.
Becerril Garcìa and Moore (2013a, b, c) report on field-scale laboratory experiments performed
on reinforced concrete pipes, corrugated steel pipe and thermoplastic pipes when buried, under
simulated service loading and fully factored vehicle loads. Furthermore, they also report on
articulation tests for reinforced concrete pipe while subjected to internal and external pressure
(Becerril Garcìa and Moore, 2013d) and pure bending tests on corrugated steel pipes and
thermoplastic pipes to measure rotational characteristics of the joint before burial. Their
articulation tests did not test joint response up to fully factored design loads.
Researchers such as Vipulanandan and Liu (2005) and Buco (2007) developed laboratory test
configurations examining the response of two pipes interacting across a joint. Figure 4.1
illustrates the configuration of Buco’s (2007) laboratory test. The rig permits axial loading and
vertical loading across two pipes connected at a central joint, and it allows either the rotational
or shear characteristics of the central joint to be assessed under different levels of axial force.
The axial characteristics of the joint without rotation can also be assessed by monitoring axial
response as loads are applied by the horizontal jack. This test configuration is versatile but
elaborate. It can permit axial force, shear and bending for multi-degree of freedom tests, but
may be too complex and requires a multi-actuator servo-controlled testing system not generally
available to industry.
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There are two standard ASTM test configurations for pipe joints. ASTM D 3212 (ASTM, 2007)
examines joint leakage in thermoplastic pipes when assembled without rotation and when
subjected to deformations associated with shear force, but does not measure the shear strength of
the joint (the shear force that leads to joint damage). ASTM C497 (ASTM, 2005) describes the
joint shear test, where shear force, normal to the longitudinal axis of the pipes, is applied across
the assembled joint between two concrete pipes. The test configuration is similar to that of Buco
(2007) for the joint shear configuration, but without axial force. However, it is presented as a
proof-of-design test to evaluate structural “capability” (not capacity) of the pipe joint under
shear.

In this chapter, a simpler but still versatile joint testing system for measuring the structural
capacity of joints is presented for possible inclusion in the pipe standards. The system is a
simplified (single actuator) version of the Buco (2007) design to permit bending and shear
testing, removing the ability to apply axial force across the joint (pipes assembled along level
ground do not develop axial forces across joints), and modified to permit testing of both rigid
and flexible pipes. In designing this test system, the objective has been to
-

Develop a low cost pipe joint testing frame

-

Enable testing of shear or bending characteristics employing a single degree of freedom
loading system (using a single actuator or hydraulic ram)

-

Incorporate frames to hold the two pipes so joints in flexible as well as rigid pipes can be
tested
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-

Include the potential for testing under internal and external pressure so that joint leakage can
be investigated in the future.

Shear tests and articulation tests are carried out using this joint testing frame to investigate shear
force capacity, longitudinal bending moment capacity of moment-transfer joints and rotational
characteristics of example pipe joints. Example results for three kinds of jointed pipe are
presented-a 36 inch diameter corrugated steel pipe with moment-transfer joint, a 36 inch
diameter PVC pipe with moment-release joint, and finally a 24 inch reinforced concrete pipe
with moment-release joint. The methods of test interpretation and preliminary study of shear and
rotational characteristics for rigid and flexible pipe joints are also discussed.
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4.2 Description of the Pipe Joint Testing Frame
4.2.1 Objectives of the pipe joint test and the approximations

To measure the capacity of the joint to accommodate expected demands (shear force across the
joint and joint rotation or bending moment across the joint), a pipe joint testing frame has been
designed to facilitate joint characterization experiments. The process of determining expected
shear force, longitudinal bending moment or rotation across the joint requires consideration of
the longitudinal response of the soil-pipe system, and consideration of the impact of pipe
stiffness, soil stiffness, and the joint characteristics. Whether the designer employs the simplified
design equations developed for rigid and flexible pipes (Chapter 2 and 3, Moore and Wang,
2013a, b), or finite element analysis representing the pipe as a series of beam elements and the
soil as a series of elastic springs (e.g. Jeyapalan and Abdel-Magid, 1987), the estimates of
demand require consideration of the longitudinal pipe-soil interaction. Therefore, the estimates
of shear force, bending moment or rotation include considerations of the stiffness of the soil and
pipe components of the system. The primary simplification of the joint testing apparatus is the
inclusion of the structural components (the two pipes and the components connecting them), but
not the soil. Therefore, any contributions of the soil to the strength of the joint (its ability to resist
shear force and moment) are neglected. This should provide conservative measures of joint
capacity.
To examine whether the conservative measurements of joint strength resulting from “structureonly” testing are also reasonable (i.e. not excessively conservative), consider the approach used
to designing joints in large span multi-plate corrugated steel culverts. To assess joints parallel to
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the pipe axis tying, say, multi-plate structures together and subjected to hoop forces and
circumferential moments, the plates to be tested are joined together and tested in universal test
machines to determine axial force and moment capacity. These tests are generally not undertaken
with soil present. Instead, the two plates connected by the seam being tested are placed in the
loading frame and subjected to the hoop force or moment that is expected to develop (force and
moment values that were calculated considering the soil-structure interaction).
The load frame was designed with the following objectives:
1.

ability to test shear capacity, with only small values of moment being developed;

2.

ability to test moment capacity (or rotation), with only small values of shear force

developed;
3.

ability to accommodate rigid and flexible pipes;

4.

ability to accommodate pipes with diameters from 12 inch (0.3 m) to 60 inch (1.5 m);

5.

ability to accommodate the axial forces that develop when the ends of pipes are sealed

and they are tested under internal pressure or vacuum (forces resulting from differential
pressures on the end) so that there is no axial force transfer through the joint.

Implicit in this testing strategy is the independent assessment of joint response in shear and
rotation, and the assumption that joint adequacy in relation to these actions occurring alone,
implies adequacy for combinations of shear and bending (or rotation) that occur in the field.
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The fifth requirement listed above is to accommodate future research with the test frame to study
sewers and other pipes subjected to internal or external fluid pressures (external fluid pressure
will be represented using vacuum). This chapter focuses on culverts under gravity flow without
any external groundwater pressure, and the effects of internal and external pressures on joint
performance are not considered further.
4.2.2 Description of the Pipe Joint Testing Frame

Figure 4.2 shows the schematic drawings for the whole testing frame system. Figures 4.3 to 4.5
show different photographs of the frame set up for shear strength testing of the corrugated steel
pipe. The test frames consists of two parts denoted the west frame and the east frame. The two
frames are identical, except that the east frame is designed to be stationary (it rests on steel
supports that can be anchored to the laboratory floor), and the west frame is fabricated to be
mobile (without steel floor supports). After the pipes are strapped into place with the joint
spanning between the two test frames, the mobile frame is held in position differently depending
on whether the joint is being tested in shear or moment:
a.

For shear testing, the west frame is supported at one end by the joint between the two pipes,
Figure 4.4 (there are no pins connecting the two frames), and the other end is supported by a
removable timber support, Figure 4.5. As vertical force is applied by the loading column
onto the curved loading plate, shear force develops across the joint. Downward movement of
the joint relative to the other ends of the two test frames (which both rest on the laboratory
floor), produces small amounts of rotation and moment in addition to the shear force which
is applied.
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b.

For articulation (rotation) testing, the west frame is supported at one end by a pin connecting
the two test frames, located directly under the joint, Figure 4.4. The other end is supported
by a removable timber support, the same as in the shear test. The hinge pin is inserted and
greased to reduce friction. For the east frame, the anchors holding the steel supports to the
ground are removed so it is free to rotate and lift where it holds the joint being tested. A load
cell is used to measure the vertical force required to lift the end of the west frame close to
the pin. Bending moment and rotation will develop across the pipe joint as the joint is lifted
and the two halves of the frame rotate. Joint rotation can be measured using linear
displacement transducers inside the pipe (measuring axial opening or closing of the joint at
the crown and invert). Rotation can also be determined from a measurement of the vertical
movements of the frames as the joint is lifted.

To accommodate pipes of different sizes, and to reduce the possibility that the pipe in the east
frame experiences a line load along its invert (undesirable for a flexible pipe) during shear
testing, the east frame is fitted with a steel tray that holds bedding sand. This distributes the
reaction across the base of the pipe between the haunches.
As shown in Figure 4.4, the pin connecting the two frames is located at the level of the gasket at
the invert. The frame could have been designed with many different pin locations. The choice
made here corresponds to the case where the joint is forced to open as rotation occurs. The goal
of this choice was to produce leakage at the lowest amounts of joint rotation, since it is being
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separated (pulled apart) during rotation. Further work might be undertaken to investigate the
effect of this pin position, and demonstrate whether other pin positions are more likely to
promote leakage.
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4.3 Shear strength tests
The shear strength testing is performed on a 36 inch diameter corrugated steel pipe with
moment-transfer joint, a 36 inch diameter PVC pipe with moment-release joint, and a 24 inch
reinforced concrete pipe with moment-release joint, using the joint testing frame described
above.
4.3.1 Testing Process

First, the frame is set to the position that can facilitate the shear test. The east frame is anchored
to the floor of the laboratory, while the west frame is supported at one end by the joint between
the two pipes, and the other end is supported on a removable timber block. The hinge pin
connecting the two frames is removed for the shear test (Figure 4.4).
Second, to measure the displacement of the joint of the pipe, six linear potentiometers are
installed inside the pipe to measure: the axial displacement at the crown and invert (the opening
or closing of the joint), and the vertical and horizontal deformation of the loaded pipe and
adjacent pipe, Figures 4.7 and 4.8. To fix the pipe position, the pipes are strapped around the
bottom of the east and west frames, Figures 4.3 to 4.5.
Third, an actuator with maximum capacity of 2000kN is restrained by the laboratory`s reaction
frame anchored to the rock below and the actuator is fitted with a 200kN load cell. The pipe
loaded by the actuator, is held up inside the joint during shear testing, and the sand bed under the
adjacent pipe receives the shear through the joint (Figure 4.4). For pipes with bell and spigot
joints, shear is applied to the pipe contributing the spigot to the joint to represent the common
situation where the bell is sitting on the bedding.
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Fourth, as vertical force is applied through the loading column resting onto the curved loading
plate, Figure 4.6, shear force develops across the joint. The force was increased steadily from 0
up to 21.2kN, 29.8kN and 100.2kN and then decreases to 0 again for corrugated steel pipe, PVC
pipe and reinforced concrete pipe respectively. Downward movement of the joint relative to the
other ends of the two frames which both rest on the laboratory floor, produces some rotation of
the pipe in the west frame and moment across the joint, in addition to the large shear force which
is applied. Images of the pipes in the process of shear testing are shown in Figure 4.6.
4.3.2 Analysis of testing results
The loading and unloading curves of the three shear tests are shown in Figure 4.9 as plots of load
versus stroke. The load refers to the vertical force applied by the loading column onto the curved
loading plate, and the stroke refers to the extension of the actuator (which due to finite stiffness
of the reaction frame is slightly greater than the displacement of the loading column or the total
vertical deflection of the pipes at the joint). As shown in the graph, reinforced concrete pipe
reaches a maximum stroke of 44 mm when the maximum load 100.2kN is applied, the maximum
stroke for PVC pipe is 73 mm when the load reaches its maximum value of 30.0kN, and
corrugated steel pipe reaches its maximum stroke of 60 mm under the maximum load of 21.5kN.
After completely unloading, there were residual deformations, between 10mm and 20mm, for all
three pipes. It can be concluded from the graph that the joints of PVC pipe and corrugated steel
pipe have similar shear stiffness while the reinforced concrete pipe joint is significantly stiffer.
However, the vertical shear force also results in distortion of the pipe cross-sections for the
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corrugated steel and PVC pipes, and this contributes part of the additional deformations seen in
Figure 4.9.

All three pipes have similar deformation patterns inside the pipe during the shear strength
testing. Take PVC pipe as an example, the vertical and horizontal diameter changes (ΔDv and
ΔDh) of the loaded pipe and the adjacent pipe are shown in Figure 4.10. The result shows that
the displacement of the loaded pipe is slightly larger than the adjacent pipe, and the vertical
diameter decrease has somewhat larger magnitude than the horizontal diameter increase for each
pipe. The decreases in pipe diameter seen in Figure 4.10 appear to contribute approximately half
the differences in actuator stroke between concrete and flexible pipes under shear seen in Figure
4.9.

In addition to the shear force which is applied, the downward movement of the joint relative to
the other ends of the two test frames produces some rotation and moment. As shown in Figure
4.11, rotations of one to two degrees occurred as the shear force developed across the joint. The
deformation measurements for the PVC and corrugated steel pipe stopped functioning effectively
in the middle of the test, so the data for those two pipes is not for the complete loading and
unloading cycles. A revised testing system could be devised that applies shear without rotation.
However, that revised system would need to be more complex (it would require use of two
actuators to impose equal vertical movements at both ends of the west pipe), and shear loading
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cases in the field most likely involve shear with rotation, similar to the kinematics of the testing
system reported here.
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4.4 Articulation tests
4.4.1 Testing process
To investigate the stiffness of the joint as it rotates (the relationship between moment and
rotation of the joint), articulation (i.e. rotation) tests were performed on a 36 inch diameter
corrugated steel pipe with moment-transfer joint, a 36 inch diameter PVC pipe with momentrelease joint, and a 24 inch reinforced concrete pipe with moment-release joint respectively,
using the joint testing frame described above.
After being greased to reduce the friction, the hinge pins were inserted to link the two frames for
the articulation tests. The instrumentation inside the pipe was exactly the same as that used in the
shear tests (Figures 4.7, 4.8). As shown in Figures 4.12 and 4.13, a load cell was used to measure
the vertical force required to lift the frame at the east end of the west frame close to the pins. As
the load cell moves up, bending moment develops across the joint of the pipe as the two pipes
rotate relative to each other. Figure 4.12 shows the corrugated steel pipe, reinforced concrete
pipe and PVC pipe at commencement and end of the articulation testing. The west frame is
supported at one end by a pin connecting the two frames, at the other end by a removable timber
support. The anchors holding the two ends of the east frame to the floor were removed, so that
the east frame also rotated about its eastern-most steel supports while it was lifted at its western
end (at the joint). To measure the displacement of the frames, two vertically oriented string
potentiometers (SP) were installed between the ground and the bottom of the west and east
frames respectively. Then the rotation of the frames can be determined using trigonometry:
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Rotation of frames = rotation of west frame + rotation of east frame

= tan−1

+ tan−1

𝑑𝑖𝑠𝑝𝑙. 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑒𝑠𝑡 𝑓𝑟𝑎𝑚𝑒
𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑆𝑃 𝑡𝑜 𝑡ℎ𝑒 𝑤𝑒𝑠𝑡𝑒𝑟𝑛 − 𝑚𝑜𝑠𝑡 𝑠𝑢𝑝𝑝𝑜𝑟𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑒𝑠𝑡 𝑓𝑟𝑎𝑚𝑒
𝑑𝑖𝑠𝑝𝑙. 𝑜𝑓 𝑡ℎ𝑒 𝑒𝑎𝑠𝑡 𝑓𝑟𝑎𝑚𝑒
𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑆𝑃 𝑡𝑜 𝑡ℎ𝑒 𝑒𝑎𝑠𝑡𝑒𝑟𝑛 − 𝑚𝑜𝑠𝑡 𝑠𝑢𝑝𝑝𝑜𝑟𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑒𝑎𝑠𝑡 𝑓𝑟𝑎𝑚𝑒

(4.1)

Joint rotation can be determined from the readings of the linear potentiometers inside the pipe
using the following equation:
𝑎𝑥𝑖𝑎𝑙 𝑑𝑖𝑠𝑝𝑙.𝑎𝑡 𝑐𝑟𝑜𝑤𝑛−𝑎𝑥𝑖𝑎𝑙 𝑑𝑖𝑠𝑝𝑙.𝑎𝑡 𝑖𝑛𝑣𝑒𝑟𝑡

𝑅𝑜𝑡𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑗𝑜𝑖𝑛𝑡 = tan−1(𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑡𝑛𝑠)

(4.2)

Figure 4.14 shows the comparison of the two results of reinforced concrete pipe as an example.
The rotation of the frame and the rotation at the joint are very close, which implies that the pipes
are held effectively within the two frames and that the instrumentation is performing
successfully. A discrepancy of about 0.10 does develop at the start of the test as the peak lifting
force is applied, but this remains almost constant throughout the remainder of the test. Since it
takes additional effort to install the linear potentiometers inside the pipes to measure the rotation
of joint and this would be complicated in the future when the pipe ends are sealed for joint
testing under internal or external pressures, monitoring rotation of the testing frames offers the
easier approach for characterising rotations during testing.
4.4.2 Adjustment process for the articulation testing results
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The load measured in the articulation tests discussed in 4.4.1 acts to rotate the joint of the pipe,
overcoming the resistance of the frames arising from both the mass of the two frames, the mass
of the pipes, and the resistance to rotation across the pins. To exclude the irrelevant factors and
determine the moment across the pipe joint alone, an adjustment process for the testing results is
needed.
As shown in the free body diagram given in Figure 4.15, the total moment passing across the
centre between the frames and the pipes is composed of the moment across the pipe joint (Mj)
and the moment caused by friction across the pins (Mpin). The total weight is composed of the
weight of the pipe (Wpipe) and the weight of the frames (Wframe). Thus, the moment equilibrium
for the east frame (left hand free body diagram) can be calculated from the lifting force F as
follows:
F
2

L

× L = Wframe × 𝐿𝑓 + Wpipe × 2 + (Mj + Mpin )

(4.3)

where the lever arm (L) is equal to the length of the frame, which is 2.69 m. As a result of the
unequal distribution of steel components in the frames, the distance from the center of gravity of
𝐿

the frame to the left end of the frame (Lf) is not equal to 2. However, the center of gravity of the

pipe is approximately at the middle of each frame, so the level arm of the weight of pipe (Wpipe)
𝐿

is approximated as 2.
In order to calculate the moment across the pipe joint (Mj), three tests have been performed. The
first test involved lifting the east frame on its west end, with no pipe on the frame. The load
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measured in the load cell is denoted as F1, used to overcoming the moment induced by the
weight of the frame. So when Wpipe=0, Mj=0 (there is no pipe) and Mpin=0 (there is no pin),
Equation (4.3) can be rearranged as:
F1 × L = Wframe × 𝐿𝑓𝑟𝑎𝑚𝑒

(4.4)

F1 is measured to be 2.08kN.
The second test is the whole frame only test. The two frames are lifted at the center (the location
of the pins connecting them together), again without pipes in position. The load measured in the
load cell (denoted as F2) is then acting to overcome the resistance of the frames arising from both
the mass of the two frames and the rotational resistance of friction across the pins. In this test,
Wpipe=0, Mj=0, thus it is possible to determine moment across the pin (Mpin_2) for one specific
value of lifting force, F2, (producing shear force of approximately half that value across the pin, F2/2),
based on Equation (4.3) and (4.4):
Mpin_2 =

F2
2

F

× L − Wframe × 𝐿𝑓𝑟𝑎𝑚𝑒 = ( 22 − F1 ) × L

(4.5)

The third test is the articulation tests with the pipes sitting on the frame. As described in 4.4.1,
two pipes are strapped to the frame, and the load (F3) is applied in the center. Assuming the
moment through the pin is proportional to the load through the pin (based on consistent friction
characteristics), the moment through the pin in the third test (Mpin_3) is related to the one in the
second test (Mpin_2) as follows:
F

Mpin_3 = �F3 � × Mpin_2
2
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(4.6)

When F=F3, rearranging Equation (4.3) and making Mj the subject of the equation:
Mj =

F3
2

𝐿

× L − Wframe × Lf − Wpipe × 2 − Mpin_3

(4.7)

With Equations (4.4) (4.5) and (4.6), Equation (4.7) can be replaced as:
L

L

𝐹

𝐹

Mj = 𝐹3 × 2 − 𝐹1 × 𝐿 − 𝑊𝑝𝑖𝑝𝑒 × 2 − (𝐹3 ) × ( 22 − 𝐹1 ) × 𝐿
2

(4.8)

The possibility of horizontal forces developing at the end supports during articulation testing is
ignored. The horizontal force is expected to be passed through the pin, but could produce
additional moment associated with pin friction.
4.4.3 Analysis of the testing results

Figure 4.16 shows the result of the articulation tests. The data of the first 0.2 degree of joint
rotation should be neglected since the applied forces peaked temporarily as motion of the twoframe system initiated. Thereafter, the moment acting across the three different pipe joints was
between 0 and 3 kN*m as the joint rotated from 0.2 to 3 degrees. The articulation testing results
indicate that:
-

Due to the movement and compressibility of the gasket, the moment across the gasketed bell
and spigot joints of reinforced concrete pipe and PVC pipe varies as the joint rotation
increases, with the PVC pipe exhibiting less variation than the reinforced concrete pipe. The
average value of moment at the joint for reinforced concrete pipe is 1.6 kN*m when the
rotation angle is between 0.2 and 2.7 degrees, and the average moment for PVC pipe is 1.8
kN*m when it rotates from 0.2 to 3.6 degrees.
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-

For the reinforced concrete pipe, when the rotation angle exceeded 2.8 degrees, the opening
of the joint at the crown was sufficient to permit the gasket on the spigot to move out of the
bell. The moment across the joint then decreased, perhaps as a result of reductions in contact
between the bell and gasket. Once the joint rotated around 3.8 degrees, the gasket was
completely separated from the bell, and then the moment then started to rise again. A similar
rotational pattern was seen in the PVC pipe, with moment resistance (i.e. friction between
the gasket and bell) starting to decrease sharply after the rotation angle reached 3.6 degrees.
The negative moment on the curve might reflect the limitations of the moment adjustment
process. Likely the results before the rotation of 0.2 degrees and after 2.8 degrees should be
discarded, or treated with suspicion.

-

The moment across the band connection of the corrugated steel pipe increases almost
linearly as the rotation angle increases from 0.2 to 2.8 degrees, since the band connection
allows the longitudinal bending moment transfer across the joint. The moment reaches its
maximum value of 2.9 kN*m when the joint rotates 2.8 degrees. After that, the band
appeared to lose stiffness due to the large deformation at the joint, and the moment
decreased accordingly.

-

In general, the joints of reinforced concrete pipe, corrugated steel pipe and PVC pipe have
service limits for rotation of 2.7, 2.8 and 3.6 degrees, respectively. Thus, the rotational
service limit of reinforced concrete pipe is similar to corrugated steel pipe, while they are
both approximately 20% smaller than the one of the PVC pipe joint.
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The analysis method for the testing results appears to provide effective measures of the moment
versus rotation characteristics of the joint. However, the analysis procedure could perhaps be
simplified by
a) lifting the pins connecting the pipes, rather than the external barrel of one of the pipes
directly adjacent to the joint. This should eliminate part of the shear force being
transferred across the pin, and thereby reduce the moment associated with friction on the
pin.
b) measuring lifting characteristics at the pin for each of the frames acting individually, to
obtain more accurate values of the moments associated with the masses and the centres of
gravity of each frame and the pipe it is holding.

4.5 Conclusions
A pipe joint testing frame has been designed to facilitate joint characterization experiments,
which may be suitable for inclusion in pipe standards. It is developed in order to determine shear
force capacity of pipe joints, longitudinal bending moment capacity of moment-transfer joints
and rotational characteristics of moment-release joints. The testing system uses two frames to
hold the pipes, so that both rigid and flexible pipes can be tested. It employs a single actuator,
and can be configured to conduct either shear tests or articulation (rotation) tests. Tests on three
representative pipes are presented–a 36 inch diameter corrugated steel pipe with moment-transfer
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joint, a 36 inch diameter PVC pipe with moment-release joint, and finally a 24 inch reinforced
concrete pipe with moment-release joint.
The shear test results show that the joints of PVC pipe and corrugated steel pipe have similar
shear stiffness while the reinforced concrete pipe joint is significantly stiffer. The rotational
stiffness of the joints of the three pipes can be calculated from the articulation (rotation) tests.
The moment across the gasketed bell and spigot joints of reinforced concrete pipe and PVC pipe
varied as the joint rotation increased, while the moment passing across the band connection in
the corrugated steel pipe increased almost linearly with rotation, until moment reduced at large
rotations for all three pipes. However, the rotational capacities of the three joint systems were
similar in general. Design of rotational capacity of these joints is likely dominated by
considerations of assembly in the field, rather than the rotational capacity that is needed once the
pipes are installed.

138

References:
American Society of Testing and Materials (ASTM) C 497-05, Standard Test Methods for
Concrete Pipe, Manhole Sections, or Tile, ASTM International, 100 Barr Harbor Drive, PO Box
C700, West Conshohocken, PA, 19428-2959 USA
American Society of Testing and Materials (ASTM) D3212–07 Joints for Drain and Sewer
Plastic Pipes Using Flexible Elastomeric Seals, ASTM International, 100 Barr Harbor Drive, PO
Box C700, West Conshohocken, PA, 19428-2959 USA
Balkaya, M. and Moore, I.D. (2009). Analysis of a gasketed PVC pipe-joint, Transportation
Research Record, Issue 2131, 113-122
Becerril García, D. (2012). Investigation of Culvert Joints Employing Large Scale Tests and
Numerical Simulations, PHD Thesis, Department of Civil Engineering, Queen’s University,
Kingston, Ontario, Canada.

Becerril García, D. and Moore, I.D. (2013a). Behavior of Bell and Spigot Joints in Reinforced
Concrete Pipes, to be submitted to the Canadian Geotechnical Journal.

Becerril García, D. and Moore, I.D. (2013b). Behavior of Bell and Spigot Joints in Buried
Thermoplastic Pipelines, submitted to the Transportation Research Board Annual Conference for
publication.

139

Becerril García, D. and Moore, I.D. (2013c). Behavior of Coupling Band Joints in Buried
Corrugated Steel Pipelines, to be submitted to the ASCE Journal of Geotechnical and
Geoenvironmental Engineering.
Becerril García D. and Moore, I.D. (2013d), Rotational Characteristics of a Gasketed Bell and
Spigot Joint in a Pressurized Reinforced Concrete Pipeline, to be submitted to the ASCE Journal
of Pipeline Systems Engineering and Practice
Buco, J., Emeriault, J., le Gauffre, P., and Kastner, K. (2006). Statistical and 3D numerical
identification of pipe and bedding characteristics responsible for longitudinal behavior of buried
pipe, Pipelines 2006, ASCE, 10pp.
Buco, J. (2007). Analyse et modélisation du comportement mécanique des conduites enterrées,
PhD thesis, Department of Civil Engineering, INSA, Lyon, 286pp.
Buco, J., Emeriault, F., and Kastner, R. (2008). “Full-Scale Experimental Determination of
Concrete Pipe Joint Behavior and Its Modeling.” Journal of Infrastructure systems, September
2008.
Hau, Y., Whiter, J., Howes, C., Cunningham, R., Clarke, B., and Matthews, M. (2004).
“Implication of surcharge on the operability of sewer networks.” Proc., Pipelines 2004 Int. Conf.,
San Diego, ASCE, 1-13.
Jeyapalan, J.K. and Abdel-Magid, B. M. (1987). Longitudinal Stresses and Strains in Design of
RPM Pipes. J. of Transportation Engineering, ASCE, 113(3), pp. 315-331.
140

Moore, I.D. (2008). Pipe rehabilitation: effect of damage to existing pipes and design of pipe
repairs, Trenchless Australia 2008, 7th National ASTT National Conference and Exhibition, 2-5
March, 12pp.
Moore, I.D., Becerril Garcia, D., Sezen, H., and Sheldon, T. (2012). Final Project Report to the
National Cooperative Highway Research Program (NCHPR) on Project 15-38 Structural design
requirements for Culvert Joints.
Moore and Wang. (2013a). Simplified design model for rigid pipes based on the two-pipe
approximation, to be submitted to the ASCE Journal of Pipeline Systems Engineering and
Practice
Moore and Wang. (2013b). Simplified design model for flexible pipes based on Hetényi
solutions, to be submitted to the ASCE Journal of Pipeline Systems Engineering and Practice
Romer, A.E. and Kienow, K. K. (2004). Rubber Gasket Concrete Pipe Joints…Eliminating the
Smoke and Mirrors, Pipeline Division Specialty Congress, San Diego, California, United States,
August 1-4, 146, 86
Tan, Z. and Moore, I.D. (2007). Effect of backfill erosion on moments in buried rigid pipes,
Transportation Research Board Annual Conference, Washington D.C. January, 29pp.
Vipulanandan C. and Liu J. (2005). Sewer Pipe-Joint Infiltration Test Protocol Developed by
Cigmat, Pipelines, Pipeline Division Specialty Conference Houston, Texas, United States,
August 21-24, 553-563
141

142

a. Test arrangement

b. Definition of joint statics and kinematics
Figure 4.1 laboratory test arrangement of Buco (2007) to characterize joint stiffness under

axial force and moment
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Steel support

Position of hinge pin

East frame

West frame

Removable timber support

Figure 4.2 Side view of the whole frame system, including the east frame and west frame.

The east frame can be anchored to the test floor; the west frame is similar, but with the
removable timber support instead of the steel supports. The frames are designed for pipes
24 inch to 60 inch internal diameter.
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Curved loading plate and column end

Figure 4.3 Testing frames in position for shear force testing of corrugated steel pipe (Top

view)
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Sand bed under pipe not loaded with

Pipe loaded by the

applied vertical force, but receiving

actuator is held up

shear through the joint.

by the joint during
h

i

Frame section receiving

Position of hinge pin (moment testing)

shear through the joint is

Pin removed for shear testing.

anchored to the floor

Figure 4.4 Detail of connection between the two frames (the left hand frame is the east

frame and the right hand frame is the west frame)

Figure 4.5 End of loading frame on timber support
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a

c

b

Figure 4.6 Pipes in the shear tests where the column under the actuator applies load

through a curved loading plate (a. PVC Pipe, b. Corrugated Steel Pipe, c. Reinforced
Concrete Pipe)
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a

c

b

Figure 4.7 Instrumentation inside pipes (a. PVC Pipe, b. Corrugated Steel Pipe, c.

Reinforced Concrete Pipe)

Load applied

Axial displacement crown

△Dv of adjacent pipe

Curved loading plate

△Dv of loaded pipe
△Dh
Axial displacement invert

Figure 4.8 Instrumentation position inside the pipe
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Figure 4.9 Shear strength test results, load versus displacement
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Figure 4.10 Changing in pipe diameter for PVC pipe during shear strength tests
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Figure 4.11 Shear strength test results, load versus rotation
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(a) Corrugated steel pipe at commencement and end of articulation (rotation) test

(b) PVC pipe at commencement and end of articulation (rotation) test
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(c) reinforced concrete pipe at commencement and end of articulation (rotation) test
Figure 4.12 Pipes in articulation (rotation) tests
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Wpipe+Wframe
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Wpipe+Wframe

West frame
East frame
Figure 4.13 Articulation (rotation) test configuration, applied force, shear and moments

across the joint and hinge
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Figure 4.17 Reinforced Concrete pipe in the articulation (rotation) test (top view)
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Figure 4.18 Actuator and load cell used to lift the frame and the pipe
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Chapter 5
Discussion, Conclusions and Recommendations
5.1 Discussion and Conclusions
Simplified design equations have been developed for rigid and flexible pipes based on the
observations of vertical deformation patterns along the springlines of buried pipes as a result of
surface load reported by Becerril Garcìa and Moore (2013a, b, c, d). It is reported that the rigid
pipe segments act essentially like rigid links when subjected to live loads due to their high
flexural rigidity (Becerril Garcìa and Moore, 2013a, b), while measurements of buried flexible
pipes to surface load indicate that there is a rapid attenuation of deformations away from the
location of surface load (Becerril Garcìa and Moore, 2013c, d). Simplified design equations have
been presented which provide solutions to examine how pipes interact across moment-release
joints (those that permit rotation and release the longitudinal bending moments) and momenttransfer joints (those that limit rotation and transfer longitudinal bending moments) when
subjected to surface and earth loading. Chapter 2 provides the solutions for expected shear force,
longitudinal bending moment and rotation across the joint for rigid pipes, using the beam-onelastic-spring approximation, while Chapter 3 presents the formulations of simplified design
equations for flexible pipes, developed using various closed form solutions for beams on elastic
foundations developed by Hetényi (1948).
Then, parametric studies have been performed to examine the factors controlling structural
response of joints in both rigid and flexible pipes, and comparisons are made to the laboratory
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measurements. The laboratory testing results are compared with results from the new equations
for two loading cases: where loads through a wheel pair are placed directly over the joint, the
location expected to produce maximum joint rotation, and then where the wheel pair is applied
0.9 m (3 ft.) offset from the center of the joint. Both 600mm (24 in.) and 1200mm (48 in.)
diameter reinforced concrete pipes are examined as examples of rigid pipes, while 1520mm (60
in.) HDPE and 910mm (36 in.) PVC pipes are examined as examples of flexible pipes. The
comparisons show that the joint rotation angles calculated using the new equations and a value of
soil stiffness proposed for use in design are generally reasonable and conservative compared
with the laboratory tests. The calculated results also largely reflect the decreases in rotation that
develop in cases where burial depth increases or surface load location is changed.
To confirm the pipe joints have the required capacity, laboratory shear and articulation (rotation)
tests have been conducted using the new pipe joint testing frame (Chapter 4). Shear force
capacity of pipe joints, longitudinal bending moment capacity and rotation of moment-transfer
joints and rotational characteristics of moment-release joints have been determined. The shear
test results indicate that the joints of PVC pipe and corrugated steel pipe have similar shear
stiffness while the reinforced concrete pipe joint is significantly stiffer. The articulation testing
results show that the rotational capacities of the examined three joint systems are similar in
general. The concrete and corrugated steel pipe have service limits for rotation of 2.7 and 2.8
degrees, while PVC pipe reaches its service limit after rotating 3.6 degrees. It can be concluded
that design of rotational capacity of these joints is likely dominated by considerations of
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assembly in the field, rather than the rotational capacity that is needed once the pipes are
installed.
In summary, this thesis has presented the findings and conclusions of experimental and
computational studies of the joint performance in rigid (reinforced concrete) and flexible
(corrugated steel and thermoplastic) pipes. The evaluation of the joint’s ability to support the
vertical shear force acting across moment-release or moment-transfer joints, longitudinal
bending moments that develop across moment-transfer joints, and the ability of moment-release
joints to accommodate rotations, can contribute to the structural design requirements of pipe
joints. Better design criteria can improve the performance of the joints and therefore the
longevity of the pipe system.
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5.2 Recommendations for future work
The formulations for moment-release joints are based on the assumption that the joint has zero
rotational stiffness (i.e. there is negligible moment transferred from one pipe to the next) and
zero gasket compressions under shear. This should be a conservative approximation, since any
non-zero rotational stiffness at the joint will reduce the magnitude of displacements that the shear
force has to make compatible. However, the solution may be over-conservative in some cases,
and the calculated rotation and shear force across the joint may be much larger than the one in
the field. Therefore, the capacity of the joint may be under-estimated.

In the future, the

rotational stiffness and the gasket compressions can be determined to make the calculated results
closer to the field data.
The formulations for a joint transferring part of the moment could be developed further to
examine the joint response to earth load. The band moment adjustment factor can be derived to
determine the moment that develops as a proportion of that for a rigid band (one that permits no
rotation) under the earth loads. Laboratory tests could then be conducted to examine the joint
performance under different earth loads and comparisons could be made between the
experimental measurements and the calculated results using the design equations.
For the laboratory testing, the joint testing frame has been designed so that bending and shear
tests can also be performed with internal and external fluid pressures acting. Those tests can be
undertaken in the future to investigate the hydraulic performance of joints (the potential for joint
leakage). The leakage tests could, for example, be undertaken with values of shear force
expected in the field applied across the joint (from Chapters 2 and 3). Additional longitudinal ties
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connect the top corners of the end frames so that theses ties can carry end reactions when sealing
plates that cover the pipe ends (Figure 5.1). These are tied to the end frames when the pipe has
internal pressure or vacuum.
Three dimensional finite element analyses can be an effective tool for modeling the complex
distributions of strains in different components of the jointed pipe system. Unfortunately,
development of the numerical analysis was not completed in this thesis due to obvious
differences to the measurements. Further development of the finite element analyses should be
undertaken to examine the deformation and strains in pipe joints subject to shear and articulation
tests for both rigid and flexible pipes, with moment-release or moment-transfer joints. Success
can be gauged through comparisons of the calculated response with measurements of shear and
rotation obtained using the new laboratory test frame.
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Figure 5.1 Joint testing frames designed so that bending and shear tests can also be

performed with internal and external fluid pressures acting: Additional longitudinal ties
connecting the top corners of the end frames
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Appendix A
Three-dimensional Finite Element Analysis of a Gasketed Reinforced
Concrete Pipe
A.1. Introduction
Three dimensional finite element analyses can be an effective tool for modeling the complex
distributions of strains in different components of the jointed pipe system. So this kind of
analysis is critical for research and is valuable for design of jointed pipes.
Toliver (2002) presents the finite element calculations of a redesigned joint for large diameter
HDPE pipe. The analysis appears to model the bell and spigot in detail, but the approach taken to
model the gasket is not clear. This chapter also does not provide the comparisons of calculated
behaviour to measurements. Buco et al. (2006) and Buco (2007) have developed a three
dimensional finite element analysis of a jointed pipe system using a simplified model of a
gasketed bell and spigot joint. The purpose of this study is to have an approximate model with
the correct joint stiffness characteristics. Becerril García (2012) adopted a similar approach for
his 3D finite analysis of his buried concrete pipe tests responding to surface loads.
Balkaya and Moore (2009) developed a 3D finite element analysis of a rieber-type rubbergasketed PVC water pipe joint to investigate the influence of gasket modulus, rubber-PVC
friction, insertion length and joint rotation on the overall performance of the pipe-joint system.
This analysis explicitly considers the bell, the spigot, and the gasket. The local behaviour (e.g.
the distributions of stress) and overall behaviour (e.g. the relationship between force and
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deformation) of the joints are both examined in this analysis. Subsequently, Balkaya and Moore
(2012) analyzed the effect of nonuniform bedding on PVC water pipes. This 3D finite element
study used elastic-plastic soil modeling and explicit representation of the culvert joint to study
the effect of a void left under the pipe during construction, or a void that develops due to soil
erosion at a water leak during the service life of the pipe.
In this appendix, a three-dimensional finite element analysis is developed to investigate the
gasketed bell and spigot joint response under shear and rotation for reinforced concrete pipes.
The numerical analysis is performed using ABAQUS.
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A.2. Statement of problem
The gasketed bell and spigot joint of reinforced concrete pipe being analyzed is illustrated in
Figure A.1. The pipe has internal diameter (ID) of 610 mm, outside diameter (OD) of 800 mm,
wall thickness of 95 mm and the length of the pipe is 2440 mm. One end of the gasket is initially
located at the outside of the pipe spigot, and the other end is at the middle of the pipe due to an
initial diameter of gasket that is smaller than the diameter of the pipe. Figure A.2 shows the
cross-section details of the rubber gasket.
Finite element analyses were performed in three steps:
Step 1.

placement of the gasket onto the spigot;

Step 2.

insertion of the bell onto the spigot;

Step 3.

rotation of the pipe across the assembled joint.

In the first step, the placement of the gasket was conducted in two steps:
a) applying a pressure at the inner surface of the gasket to make it expanded;
b) removing the pressure to allow the gasket to contract down onto the spigot.
The second step, insertion of the bell onto the spigot, is performed by applying a prescribed
displacement in the horizontal direction to the left boundary surface of the pipe with bell
In the third step, prescribed displacement in the vertical direction was applied to the upper end
point of the spigot to simulate the rotation.
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A.3. Numerical Modeling
A.3.1. Mesh Design
Finite element analyses have been utilized for a detailed examination of the behavior of gasketed
bell and spigot jointed reinforced concrete pipe. The pipe was modeled using geometry measured
from the sample in the laboratory. Finite element program ABAQUS was used to perform the
analyses. The problem was modeled as a linear elastic, isotropic solid material employing C3D4
type 4-node linear tetrahedron elements. The symmetry of the geometry permitted the modeling
of just half of the system as shown in Figure A.3. A total of 632,765 elements were employed
throughout the mesh to model the bell, the spigot, and the gasket. The mesh was refined
approaching the joint, where rapidly varying stresses and strains are expected.
A.3.2. Materials
The material properties used for the reinforced concrete pipe and the gasket are given in Table
A.1. Selection of material parameters for concrete is from
http://www.engineeringtoolbox.com/young-modulus-d_417.html (Since the pipe modulus is
much higher than the rubber, so moderate (e.g. 50%) changes in pipe properties do not likely
have any effect on the analysis outcomes).

The modulus of rubber is determined from the laboratory experiments. The tensile gasket test
was conducted on three rubber samples using three different time periods: 0.1 minutes, 1 minute
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and 10 minutes. The results are shown in Figure A.4 (b) and Table A.2. Based on Table A.2, an
average value of 1.8 MPa is chosen to be the modulus of elasticity in the finite element analysis.
A.3.3. Interface Behavior
The contacts between the inner surface of the bell and the gasket, and between the outer surface
of the spigot and the gasket were modeled using ‘contact pairs’. Contact was modeled by the
interaction of contact surfaces defined by grouping specific element faces in the contacting
regions. This contact formulation uses a master-slave concept to enforce the contact constraints.
A coefficient of friction value (FC) of 0 (frictionless) was used in the interaction between the
inner surface of the bell and the gasket since the surface of the gasket in contact with the bell is
lubricated before the assembly, and FC of 0.7 was used between the gasket and the outer surface
of the spigot. The inner surface of the hole inside the gasket (Figure A.2) was modeled using self
contact (to prevent overlap of the boundaries of that hole as the gasket was compressed).
A.3.4. Boundary conditions
Seven classes of boundary conditions were considered when modelling the pipe-joint assembly
(Figure A.3.). Three steps are described in Section A.2. A Cartesian coordinate system was used
in the analysis, in which x is the horizontal direction along the pipe axis, y is the vertical
direction perpendicular to the pipe axis, and z is normal direction of x-y plane.
• The plane of symmetry, passing through the plane where z=0 featured movement
restrained against movement normal to that plane, Uz=0.
• During all three steps, the gasket was free to move in the y direction and was restrained in
the x direction by applying a Ux=0 boundary condition.
169

• To simulate Step 1, the bottom boundary of gasket above the spigot was restrained against
movement in x and y (i.e. fixed where Ux=Uy=0).
• In Step 1 and Step 2, the left boundary surface of the pipe with spigot was fixed
(Ux=Uy=Uz=Uxy=Uxz=Uyz=0).
• To simulate the insertion phase (Step 2), prescribed displacements in the x direction were
applied to the left boundary surface of the pipe with bell by using various displacement
values increasing from Ux=20mm to Ux=55mm.
• To simulate the rotation phase (Step 3), one node at the bottom end of bell (point A in
Figure A.3) and spigot (point B in Figure A.3) was pinned (Ux=Uy=Uz=0).
• In Step 3, prescribed displacement in the y direction was applied to the upper end point of
the spigot (Point C in Figure A.3) by using various displacement values increasing from
Uy=5mm to Uy=80mm.
A.3.5. Load
At the beginning of the analysis, a pressure of 0.04 MPa was applied at the inner surface of the
gasket to expand it. This pressure was removed after the expansion to allow the gasket contract
back onto the spigot.
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A.4.

Results, Discussion and Conclusions

Figures A.5 to A.7 show the deformed shape of the gasketed bell and spigot joint for each of the
three loading steps. Unfortunately, calculations of the rotation of the pipe joint could not be
completed, and the analysis stopped after vertical movement of 40mm (rotation of 1.6 degrees).
The comparison to the experimental measurements is shown in Figure A.8. It can be seen that the
moment versus rotation characteristics are in agreement between rotation angles of 0.1 degrees
and 0.4 degrees At smaller rotations, the analysis fails to provide the local peak in moment
observed between angles of 0.05 and 0.4 degrees (the large negative moment at rotations below
0.05 degrees is considered to be an artifice of the test interpretation technique, as explained in
Chapter 4, and will not be discussed further). That peak moment of around 1.7 kN.m may be a
result of mobilization of dynamic friction between the gasket and the concrete (where rotation
produces sliding). However, after the rotation reaches 0.4 degrees, the data from laboratory
testing does not increase further, and it varies between 0.9 and 2.3 kN.m as rotation increases up
to around three degrees. The numerical analysis, however, gives moment increasing almost
linearly as joint rotation increases until it rotates around 1.4 degrees, where it peaks at moment of
6kN.m, much higher than the test measurement.
The reasons for the obvious difference between the numerical analysis result and the
experimental measurements may be as follows:
•

Incorrect friction coefficient between the surface of rubber to concrete, and concrete to
concrete. Besides, the friction coefficient may change as the movement progresses

171

•

Incorrect modeling of the deformation pattern of the gasket. The shear deformation of the
gasket was not modeled during the insertion phase.

•

Incorrect boundary conditions. Since the joint testing frame plays an important role in the
articulation test of reinforced concrete pipe, not all of the friction and restriction between
the frame and the pipe were modeled.

In order to examine the influence of gasket on the joint performance of pipe joint, a simplified
model without the gasket is developed, and the result is compared with the previous model with
the gasket. Surprisingly, the two results are almost the same (Figure A.9). It then can be inferred
that the deformation of the gasket may not be critical, so the friction coefficient may be the
dominant factor that controls the rotational stiffness of the pipe joint. Thus, the simplified model
without the gasket is examined with different friction coefficient between the concrete surfaces
of the bell and the spigot. The rotational stiffnesses obtained with friction coefficient (FC) from 0
to 0.7 are shown in Figure A.10, compared with the laboratory measurement. It can be seen that
the moment calculated across the joint depends on the friction coefficient for the specific rotation
angle. The flat curve in the middle of the analysis occurred when the bell made contact with the
edge of the spigot. Exact friction coefficient between the surfaces of rubber to concrete, and
concrete to concrete should be tested in the future so that the interaction properties in the
numerical analysis can be more accurate.
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Table A. 1 Material Parameters

Material
Concrete
Rubber

Poisson’s Ratio (γ)
(-)
0.2
0.42

Modulus of Elasticity (E)
(MPa)
30000
1.8

Table A. 2 Tensile gasket test summary

Average E (Mpa)

Sample 1

Sample 2

Sample 3

0.1min test

1.9079

1.8955

1.8971

1.8633

1.8971

1.8496

1 min test

1.8084

1.7555

1.6854

1.6543

1.8925

1.8656

10min test

1.7183

1.6785

1.6018

1.6083

1.7583

1.8624
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Figure A. 1 The gasketed bell and spigot joint of reinforced concrete pipe assembly

Figure A. 2 The cross-section detail of rubber gasket
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Figure A. 3 A typical finite element mesh of pipe-joint assembly.
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Figure A. 5 Deformed shape of the gasketed bell and spigot in Step 1 process: first, applying

a pressure at the inner surface of the gasket to expand it; second, remove the pressure to
allow the gasket compressed and sat onto the spigot.
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Figure A. 6 Deformed shape of the gasketed bell and spigot in Step 2 process: insertion of

the bell onto the spigot
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Figure A. 7 Deformed shape of gasketed bell and spigot joint after 40 mm rotation
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Figure A. 10 Finite element analysis result of the model without gasket using different friction
coefficient (FC) values, compared with laboratory testing result
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Appendix B
Beam-on-elastic-spring Analysis to Check the Solutions of Simplified Design
Model for Flexible Pipes

B.1. Introduction
Buried flexible pipes are modeled here as a beam resting on a series of springs. This appendix
investigates finite element (FE) based beam-on-elastic-springs modeling to check the solutions
of flexible pipes discussed in Chapter 3.
B.2. Geometry
Finite element analysis is performed using the conventional structural analysis program, with the
buried pipes and their joints represented by a series of beam elements (Figure B.1). The analysis
features consideration of two complete pipe segments and the joints between them and at their
ends. Since springs are being used to represent the ground, there is no load transfer by shear or
foundation settlement through the soil associated with other more distant pipe segments. Earth
load and vehicle load responses in flexible pipes using the beam on elastic spring analysis are
illustrated in Figure B.2.
B.3. Stiffness of the beam elements
The longitudinal bending stiffness of the beam elements representing the pipe is used to capture
the longitudinal bending characteristics of the pipe barrel, EIpipe, considering it as acting like a
beam. The longitudinal bending stiffness of the beam elements representing the joints is used to
capture the resistance of the joint to rotation.
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Flexural rigidity EIpipe can be calculated for plain pipe as:

in units of N.mm2

𝐸𝐼𝑝𝑖𝑝𝑒 =

𝐸𝑝𝑖𝑝𝑒 𝜋(𝑂𝐷 4 −𝐼𝐷4 )
64

(B.1)

where:
𝐸𝑝𝑖𝑝𝑒 = modulus of the pipe material (kPa)
ID = internal pipe diameter (m)

B.4. Stiffness of the soil springs
As discussed in Section 3.6, the stiffness value for the soil springs (ksoil) were back-calculated so
computed deformations fit the test observations as effectively as possible (i.e. the soil stiffness
was chosen so calculations matched observations).

The spring stiffness representing the soil support provided to each node along the structure is
calculated as:

in units of kN/m

𝑘𝑠𝑝𝑟𝑖𝑛𝑔 = 𝑘𝑠𝑜𝑖𝑙 𝑂𝐷 𝐿𝑒𝑙𝑒𝑚

(B.1)

where:
𝑂𝐷= average diameter of contact surface between the pipe and the soil (m)

𝐿𝑒𝑙𝑒𝑚 = average length of the two beam elements on either side of the node being considered (m)
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Stiffness of the soil springs will vary along the pipe. For example, stiffness adjacent to the joints
will be lower if the joint element is shorter. For earth load calculations, the stiffness of springs is
doubled to represent the zone where soil stiffness is double. Greater stiffness increases can be
assessed if higher stiffness changes need to be considered.

B.5. Analysis process
•

Boundary conditions

The outside ends of the left hand and right hand joint elements are restrained against vertical
movements and rotation. The base of each soil spring is restrained against vertical movement and
rotation.
•

Analysis of earth loads

Earth load analysis is performed by considering the soil support pipe system where changes in
soil stiffness occur during construction. A stiffness change of two has been considered to
produce shear, moment and rotation under earth loads.
•

Analysis of vehicle loads

The vehicle load analysis case considers uniform soil stiffness. The location of maximum shear
and rotation or moment, which occurs at the central position as discussed in Section 3.2 and 3.3,
has been considered.
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Figure B. 1 Geometry used in beam-on-elastic-spring analysis of two jointed pipe segments

(a) Earth load analysis (b) Vehicle load analysis (centered load example) (Moore et al, 2012)
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Figure B. 2 Load cases for calculating shear force and moment or rotation across joints in

flexible pipes: (a) Earth load response (b) Vehicle loading for peak rotation (or moment) (c)
Vehicle loading for peak shear force (Moore et al, 2012)
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