Safeguarding the Integrity of Large-Diameter Steel Pipelines Subjected to Differential
Ground Settlements
Dimitris Fappas1; Gregory C. Sarvanis2 ; Spyros A. Karamanos, Ph.D., M.ASCE3;
Brent D. Keil, P.E., M.ASCE4; Richard D. Mielke, P.E., M.ASCE5;
and Robert J. Card, P.E., M.ASCE6
1

Univ. of Thessaly, Volos, Greece. Email: dfappas@uth.gr
Univ. of Thessaly, Volos, Greece. Email: gsarvan@uth.gr
3
Univ. of Thessaly, Volos, Greece. Email: skara@mie.uth.gr
4
Northwest Pipe Co., Vancouver, WA. Email: BKEIL@nwpipe.com
5
Northwest Pipe Co., Vancouver, WA. Email: RMIELKE@nwpipe.com
6
Lockwood, Andrews & Newnam, Inc., TX. Email: RJCard@lan-inc.com
2

ABSTRACT
The paper describes the application of a novel and promising concept, aimed at absorbing
ground-induced displacements due to soil subsidence in buried steel pipelines entering or exiting
concrete or rigid structures. In particular, the use of a patent pending concept of small projections
is proposed, appropriately located along the pipeline, at the critical zone of soil subsidence, where
deformation of the pipeline is expected. Using this solution, the pipeline is able to deform in a
controlled manner such that there is no loss of pressure containment and the pipeline will continue
to perform long term. Advanced finite element simulations have been employed to model the
projection and characterize its structural behavior. The present concept is applied on an 84-in.
diameter buried steel pipeline, and the results indicated that the use of projections at appropriate
locations improves structural performance, decreasing both strain in the pipeline wall and the
reaction forces and moments at the concrete wall.
INTRODUCTION
Pipelines are often subjected to ground settlement in areas of poor soil conditions or at pumping
station/pipeline interfaces, and may cause damage to buried pipelines, threatening its structural
integrity. Ground settlement is associated with permanent ground displacements (PGD), which
introduces significant deformation in the pipeline because of bending and axial elongation,
possibly leading to loss of containment. In several cases, soil compaction can reduce the amount
of settlement, however this may not always be a solution; small amount of differential settlement
- 6 in stiff soil may introduce significant amount of deformation in the pipeline.
When subjected to ground settlement conditions, the steel pipeline should be capable of
accommodating the imposed ground displacement, and maintain its integrity, fulfilling its water
transmission function. More specifically, to absorb this ground-induced action, the pipeline should
be able to deform in an appropriate manner, compatible with the imposed action.
The present study refers to the case of pipelines entering or exiting concrete or other rigid
structures, a case encountered quite often in water or wastewater facilities. The interaction between
the stiff concrete wall of the building and the pipeline constitutes a critical design issue because of
the possible relative vertical displacement between the building wall and the surrounding soil.
Depending on soil conditions, either the building may settle with respect to the soil or the soil may

settle with respect to the building. In both cases, the pipeline deforms and accommodates itself
within this imposed displacement pattern, and significant strain may develop in the pipeline wall.
Furthermore, the reaction forces and bending moments at the building concrete wall may also be
important. Under those conditions, damage may occur either at the pipeline or at the concrete wall.
Pipelines entering or exiting a structure are, in some cases, designed with flexible joints that
are used to accommodate movement from the differential settlement between the soil outside the
structure and the structure itself. The common method of providing this flexible connection is
utilizing flexible gasketed joints with couplings, as described in both AWWA C219, and AWWA
M11. The couplings need to be either self-restrained (containing the restraining mechanism within
the coupling/pipe end itself) or have external restraints provided over the couplings so the joints
will not pull apart. Nevertheless, special care must be taken in pipeline settlement design using
flexible joints, as most couplings will allow for either axial extension/compression movement or
angular deflection (rotation) movement, but typically not both. Moreover, these type of
this type of settlement design depends on the soil continuing to support the entire length of pipe
that settles, for minimizing shear and moment; however, this may not be a realistic design
assumption. Another caveat of using this type of devices is that the pipe ends must stay round
(non-ovalized) due to the loads above and any movement from settlement of the flexile steel pipe;
again, practical experience has shown that, in several cases, this design assumption may not be
realistic.
The present paper describes the application of a novel and promising concept, aimed at
absorbing ground displacement: (a) preventing water leakages in buried steel pipelines, so that
water containment is maintained and (b) protecting the building concrete wall, even if significant
ground settlement occurs. The use of projections of optimum size is proposed, appropriately
located along the pipeline, at the critical zone of soil subsidence. Those projections define a
location for the pipe to deform at specific selected locations in a controlled and safe manner, while
influencing the strength of the pipe cross-section only by a negligible amount. Furthermore, the
projections are fabricated at the pipe manufacturers shop, introducing a relatively small amount of
plastic deformation.
The concept under consideration has been presented in its initial form by the authors in a series
of papers in recent ASCE Pipeline conferences (2018-2020). It has been referred to as the
projection
l experiments and
extensive numerical simulations (Figure 1). Those experiments and simulations demonstrated that
lap-welded buried steel pipelines subjected to groundfor pipeline deformation at specific locations in a controlled manner, reducing the strain developed
in the pipeline. Herein, a variation of the concept is employed, for the purposes of mitigating the
effects of soil subsidence on pipeline structural behavior.
DESIGN FRAMEWORK
Pipeline design approaches are briefly presented and discussed below, to clarify some
important issues related to pipeline structural behavior under severe ground-induced actions.
Allowable stress design. This approach refers to pipeline design under internal pressure
containment. Hoop stress is the major design parameter in this approach; it is required that the
hoop stress remains below the allowable stress of steel material, which is equal to a percent of
yield stress. Furthermore, longitudinal stress due to Poisson effects or thermal conditions is also

Table 1: Soil properties of two soil conditions examined.
Soil parameter
friction angle ( )
elastic modulus (E)
Poisson ration (
soil effective unit weight ( )
coefficient of lateral soil pressure at rest (K0)

Loose soil (Condition A) Dense soil (Condition B)
30°
40°
8 MPa (1.16 ksi)
25 MPa (3.63 ksi)
0.3
0.3
15 kN/m3 (95.5 pcf)
21 kN/m3 (133.7 pcf)
0.47
0.29

Numerical model. The finite element solution is
which has been used extensively for the analysis of buried pipelines under ground-induced actions.
The model is developed in software ABAQUS/Standard, which is capable of simulating pipeline
response accounting for inelastic deformation of the pipe and for soil-pipe interaction. The pipeline
-type elements, but are capable of
considering the effects of internal pressure and cross-sectional ovalization. The soil is modelled
with PSI (pipe-soil interaction) elements, which account for soil-pipe interaction in an accurate
and efficient manner (Figure 7a). The loading pattern consists of a vertical displacement pattern at
the top of the PSI elements, as shown in Figure 7b; the triangular displacement pattern at the left
part of the pipeline is equal to about two pipe diameters and has been necessary for avoiding the
abrupt differential displacement between the concrete building and the adjacent soil, which is
rather unrealistic and causes numerical problems to the solution. Finally, single projections are
assumed along the pipeline, located at two locations: (A) at a distance equal to half pipe diameter
from the wall and (B) at a distance equal to two diameters from the first projection. The projections
are simulated with the use of special-purpose connector elements at the specific locations, which
allow for axial displacement and rotation, with the stiffness calculated from equation (5).
Numerical results. Three cases are examined in the present paper:
Case A-1 (soil conditions A and ground settlement with respect to the building)
Case B-1 (soil conditions B and ground settlement with respect to the building)
Case A-2 (soil conditions A and building settlement with respect to the ground)
The results refer to (a) the deflection of the pipeline; (b) the strain in the pipeline at the top and
bottom generators and (c) the reaction forces at the fixed point, i.e. at the concrete wall.
A settlement value equal to 5.9 in is considered for case A-1. The deflected shape of the
pipeline for this displacement value is shown in Figure 8a. For a pipeline without any projections,
this settlement corresponds to a maximum strain of 2.6%. The numerical results show that the
introduction of two single or double projections significantly reduces the strain in the pipeline to
about 1%. The difference in strain values between single and double projections in this case may
be negligible.
The settlement value considered for case B-1 is equal to 3.15 in, and the corresponding
deflected shown in Figure 8b. For a pipeline without any projections this corresponds to a
maximum strain of 2.78%. The numerical results show that the introduction of two single or double
The deflected shape of the pipeline for case A-2 and for settlement value equal to 5.9 in is
shown in Figure 8c. Without projections the maximum strain is equal to 3.57 %. The introduction
of two single or double projections results in a substantially smaller strain in the pipeline, whereas
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