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Abstract: Rapid assessment of damage to buried pipelines from earthquake-induced ground deformation is a crucial component to recovery
efforts. This paper reports on the first year of a four-year study aimed at developing rapid, reliable, and cost-effective sensing systems for
health monitoring and damage detection for buried concrete pipelines subjected to ground deformation. A custom-designed sensing strategy
was implemented in a ground rupture experiment with a scaled-down concrete pipeline. The behavior of the pipeline, including the failure
modes and damage inflicted to the pipe segments, was monitored during the test. Two modes of failure were identified in the test: (1)
compression associated with telescoping-type deformation and (2) bending at the pipeline joints closest to the fault plane. Consequently,
future research toward advancing sensing technology for concrete pipelines will likely focus on the behavior of the joints. DOI: 10.1061/
(ASCE)PS.1949-1204.0000088. © 2012 American Society of Civil Engineers.
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Introduction

The assessment of damage to lifelines after natural disasters, such
as earthquakes, is crucial for management of an effective emer-
gency response and recovery efforts. Of particular importance

are water supply systems because water is an important survival
resource; even minor damage to water pipelines may result in con-
tamination and epidemic outbreaks. Buried water pipelines are one
of the most vulnerable systems to damage from ground motion
(e.g., as a result of earthquakes; Eidinger 1996). In particular, pipe-
lines in the vicinity of permanent ground displacements near faults
are most susceptible to damage.

A fair amount of research has been performed on the system
performance of pipelines (e.g., Isoyama and Katayama 1982;
Markov et al. 1994). Earthquake-induced damage of buried pipe-
lines can be classified as being caused by wave propagation or by
permanent ground deformation (PGD). This distinction was first
made by Eguchi (1983), who correlated pipe-break rate as a func-
tion of Modified Mercalli Intensity (MMI) of shaking for different
earthquakes. Barenberg (1988) established an empirical correlation
relating damage of cast iron pipes caused by wave propagation
to peak horizontal ground velocity. Subsequently, O’Rourke and
Ayala (1993) developed a correlation relating damage rate to peak
velocity for pipes made of different materials. The study presented
in this paper, however, focuses on damage caused by PGD, which is
widely accepted as the most serious damage mechanism for pipe-
lines (O’Rourke 2005). As discussed in O’Rourke (1998), the dis-
tribution of permanent ground displacements varies as a function of
intensity and duration of earthquake shaking at a site, site grade,
soil type, and location of groundwater table. From post-earthquake
investigations, various correlations between pipe damage rate and
PGD have been proposed (expressed in terms of number of breaks
per given length of the pipeline). Typically, the correlations are cat-
egorized based on the types of pipe (e.g., iron or asbestos cement)
and the characteristics of PGD. For instance, Porter et al. (1991)
report four breaks per 300 m (1,000 ft) for the pre-1960 cast-iron
pipes subjected to PGD of 50 cm (20 in.) More examples and
appropriate charts can be found in Porter et al. (1991), Heubach
(1995), Eidinger et al. (1995), and O’Rourke et al. (1998).

1Graduate Research Assistant, Dept. of Civil and Environmental
Engineering, Univ. of Michigan, 2340 G. G. Brown Building, Ann Arbor,
MI 48109.

2Graduate Research Assistant, Dept. of Civil and Environmental
Engineering, Univ. of Michigan, 2340 G. G. Brown Building, Ann Arbor,
MI 48109.

3Assistant Professor, Dept. of Civil, Construction, and Environmental
Engineering, North Carolina State Univ., Campus Box 7908, 431C Mann
Hall, Raleigh, NC 27695; formerly, Graduate Research Assistant, Purdue
Univ., School of Civil Engineering, 550 Stadium Mall Dr., West Lafayette,
IN 47907. E-mail: mpourghaz@ncsu.edu

4Associate Professor, Dept. of Civil and Environmental Engineering,
Univ. of Michigan, 2340 G. G. Brown Building, Ann Arbor, MI 48109.

5Professor, Dept. of Civil and Environmental Engineering, Univ. of
Michigan, 2340 G. G. Brown Building, Ann Arbor, MI 48109 (correspond-
ing author). E-mail: rlmich@umich.edu

6Assistant Professor, Dept. of Civil and Environmental Engineering,
Univ. of Rhode Island, Bliss 207A, Kingston, RI 02881.

7Associate Professor, Charles E. Via, Jr., Dept. of Civil and Environ-
mental Engineering, Virginia Polytechnic Institute and State Univ.,
120B Patton Hall, Blacksburg, VA 24061.

8Professor and Director, Pankow Materials Laboratory, Purdue Univ.,
School of Civil Engineering, 550 Stadium Mall Dr., West Lafayette, IN
47907.

Note. This manuscript was submitted on November 24, 2010; approved
on June 6, 2011; published online on January 17, 2012. Discussion period
open until July 1, 2012; separate discussions must be submitted for indi-
vidual papers. This paper is part of the Journal of Pipeline Systems En-
gineering and Practice, Vol. 3, No. 1, February 1, 2012. ©ASCE, ISSN
1949-1190/2012/1-8–16/$25.00.

8 / JOURNAL OF PIPELINE SYSTEMS ENGINEERING AND PRACTICE © ASCE / FEBRUARY 2012

http://dx.doi.org/10.1061/(ASCE)PS.1949-1204.0000088
http://dx.doi.org/10.1061/(ASCE)PS.1949-1204.0000088
http://dx.doi.org/10.1061/(ASCE)PS.1949-1204.0000088
http://dx.doi.org/10.1061/(ASCE)PS.1949-1204.0000088
http://dx.doi.org/10.1061/(ASCE)PS.1949-1204.0000088


A pipeline intersecting a fault that undergoes movement is
primarily subjected to bending and shear, but the axial force may
result in the net tension or compression in a given cross section.
This depends on the orientation at which the pipeline crosses a fault
plane. Several simplified models for soil–pipe interaction have
been proposed for the various deformation modes (e.g., Newmark
and Hall 1975; Kennedy et al. 1977; O’Rourke and Liu 1999) with
comprehensive summaries of the state-of-the-practice being given
in O’Rourke and Liu (1999) and O’Rourke (2003). These models
can be further categorized depending on whether they apply to con-
tinuous or segmented pipes. In addition to simplified models,
detailed finite-element analyses have been performed on pipelines
subjected to PGD (e.g., Liu and O’Rourke 1997).

Analytical modeling and field investigations have increased the
understanding of continuous and segmented pipeline behavior
under PGD. However, experimental testing of buried pipelines
in controlled laboratory settings has the potential to further accel-
erate the technological development of durable pipelines that can
resist PGD. Large-scale testing of pipelines has been previously
conducted, with the majority of tests focusing on the behavior of
metallic and high-density polyethylene pipelines (NEESR Annual
Report 2007); less experimental work has been focused on seg-
mented concrete pipelines. Accordingly, this paper focuses on the
latter. To explore the behavior of segmented concrete pipelines dur-
ing ground rupture, a large-scale physical model test was performed
in the Large-Scale Lifelines Testing Facility (LSLTF) at Cornell
University, which is an experimental node of the Network for
Earthquake Engineering Simulation (NEES). The test was designed
not only to identify the modes of failure of buried segmental pipe-
lines but also to develop a custom-designed sensing strategy that
will be used in future tests. The pipeline segments were custom-
manufactured for the purpose of the test. A dense array of sensors
was installed along the length of the pipeline to measure its
response to PGD resulting from fault displacement.

This paper is structured as follows: first, some details of the
material and manufacturing process for the pipeline segments
are described. This is followed by a description of the experimental
plan and the results from displacement-controlled loading of the
pipeline. The paper concludes with a summary of key experimental
findings and a suggestion for future research.

Pipeline Model

Pipe Design

A standard for reinforced concrete pressure pipe is a reinforced
concrete pipe that is cast to contain a steel lining that is covered
on both sides with concrete. The outer concrete has structural func-
tionality, whereas the inner concrete is for corrosion protection
(AWWA 1992, 2004). In this study, a scaled version of the concrete
pressure pipe (1=5∶1) was designed following AWWA C300
(AWWA 2004). The pipe diameter of the model relates to a proto-
type of a 30-in. internal diameter (ID) pipe, but the purpose of the
model was implementation of the sensing strategy, and no effort
was made to scale the concrete strength, inner lining, or the struc-
tural details of the bell and spigot joints. The scaled version of the
concrete pressure pipe had a 15.2-cm (6-in.) inner diameter, 19.2-cm
(7.5-in.) outer diameter, and 1.9-cm (3=4-in:) wall thickness. Light
steel hoop reinforcement was spot welded to the outer surface of
the steel lining before casting; a total of 21 #3 reinforcement bars
were attached to the lining. Concrete was then cast on the outer
surface of the steel lining to create a 1.9-cm (3=4-in:) thick concrete
wall, 86.4 cm (34 in.) in length. The dimensions of the pipe are

shown in Fig. 1(a), followed by the photograph of the steel sleeve
in Fig. 1(b), and a view of a completed pipe segment, Fig. 1(c).

The soil load used to design the concrete pressure pipe was
calculated assuming the pipe would be installed in a trench
(ACPA 2007) because this is the most common method of instal-
lation for small-diameter pipes. The standard bedding Type IV was
used in the design process; Type IV is the most common type of
bedding used in the field, and it requires the minimum preparation
time and effort compared to other types ( ACPA 2007). Other bed-
ding types were not considered. The reinforcement and detailed
design of the pipe was performed according to ASCE 15-98 (ASCE
2000). In the calculation of the steel cylinder thickness, the surge
pressure was considered to be 40% of the working pressure, as sug-
gested by AWWA C304 (AWWA 1992). The thickness of the steel
sleeve was calculated to be 0.76 mm (0.03 in.).

Materials

A microconcrete with a water-to-cement ratio of 0.42 and 55%
aggregate was used. Because of the small wall thickness, the maxi-
mum size of the aggregate used in the mixture was limited. The
mixture was designed to be self-consolidating. Mixing was per-
formed according to ASTM C 192 (ASTM 2007). The molds were
removed 24 h after casting the pipes, and the specimens were stored
in a moist curing room (100% relative humidity) for 5 days. Testing
of the concrete after 28 days resulted in compressive strengths of
approximately 60 MPa (8,700 psi). A total of 14 concrete pressure
pipe segments were manufactured at Purdue University, transported
to the University of Michigan, where some of the instrumen-
tation was installed, and then transported to the LSLTF at Cornell

Fig. 1.Model pipe: (a) schematic of the pipe; (b) steel lining with hoop
reinforcement; (c) manufactured pipe (images by M. Pour-Ghaz)
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University. The segments were assembled into a model pipeline in
Cornell University’s test basin. The pipeline joints were grouted
with a mortar having a water-to-cement ratio of 0.50 and having
30% fine aggregate (silica sand). To enhance the workability of
the grout mixture, 0.5% (by weight of cement) high-range water
reducer was added. The average compressive strength, elastic
modulus, and density (along with statistical information) of the
concrete used to manufacture the pipe segments, and the mortar
used to grout the joints, are listed in Tables 1 and 2, respectively.

A granular soil was used to backfill the test basin. The soil was
classified as poorly graded sand (SP) per ASTM D 2487 (ASTM

2002). The optimum water content of this sand is approximately
9%, and the maximum dry density is 2;100 kg=m3, as determined
by a modified Proctor test in ASTM D 1557 (ASTM 2002). Direct
simple shear tests (O’Rourke et al. 2008) indicate that the effec-
tive friction angle of the backfill soil is between 39 and 40° when
prepared to dry densities within the range of 1;580 kg=m3

to 1;610 kg=m3.

Testing of Model Pipeline

Test Facility

The pipeline test basin at the LSLTF is shown in Fig. 2. The basin is
11.7 m (38.4 ft) long in the North-South axis, 3.4 m (11.2 ft) wide,
and 1.9 m (6.2 ft) deep. A fault transverses the basin, oriented at an
angle of 65° relative to the longitudinal axis of the basin. The basin
is able to accommodate a pipeline that is fixed to the end walls
(north and south) and buried under granular backfill. To simulate
the ground rupture (earthquake-induced permanent ground dis-
placement), one-half of the basin (the northern part) is moved lat-
erally parallel to the fault line using two large hydraulic actuators
placed between the basin and a reaction wall, whereas the other half
of the basin (the southern part) remains stationary. The box can be
displaced in either direction, causing the pipeline to be put in a net
axial compression or tension.

Test Preparation

A total of 13 pipe segments were installed along the longitudinal
axis of the basin (Fig. 3), with the center pipe segment (designated
as pipe segment 7) crossing the transverse fault. Given the angle of
the fault plane, the pipeline was placed in axial compression during
simulated PGD; this required the pipeline to be restrained at both
ends of the basin without restricting end rotations. Steel-plate
restraints were custom-manufactured for that purpose. After instal-
lation of the instrumentation was completed, the pipe joints were
grouted [Fig. 4(a)], and the basin was backfilled, burying the pipe-
line 115 cm (3.8 ft) beneath the soil surface. During backfilling, soil
was placed in 20-cm lifts. Each lift was compacted with a plate
compactor. A nuclear density gauge was used to measure the den-
sity and water content of the soil during backfilling. Density and
water content measurements were made at 20 locations in each lift
on a grid spaced uniformly over the test basin. A fairly uniform dry
density of 1;690 kg=m3 and water content of 5% were measured
throughout the backfill. Over 80 metric tons of sand were used to
backfill the test basin. Fig. 4(b) provides a view of the test basin
ready for testing.

Instrumentation

To monitor the deformation and failure modes of the buried seg-
mental concrete pipeline, a dense array of sensors was installed
along the length of the pipeline (Fig. 5). First, to measure the

Table 1. Concrete Pipe Material Properties and Statistical Information

Compressive
strength (MPa)

Elastic
modulus (MPa)

Density
(kg=m3)

Averagea 60 1:38 × 103 2259

Standard deviation 4.70 151.70 38.40

Coefficient of variation 7.8 11.0 1.7
aAveraged over 42 samples (3 cylindrical samples for each of 14 pipes cast).

Table 2. Joint Grouting Material Properties and Statistical Information

Compressive
strength (MPa)

Elastic
modulus (MPa)

Density
(kg=m3)

Averagea 54 1:9 × 103 2291

Standard deviation 0.35 30.30 109

Coefficient of variation 0.6 1.6 4.8
aAveraged over 3 grout samples.

Fig. 2. (Color) The test basin in the NEES facility at Cornell University
(image by J. Kim)

Fig. 3. Layout of the pipeline segments in the test basin
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relative translational and rotational movement of pipe segments,
three linear displacement transducers (i.e., linear potentiometers;
Novotechnik TR100) were installed at the pipe connections starting
at the joint between segments 3 and 4 and ending at the joint
between segments 10 and 11 (for a total of eight joints being
instrumented). Linear potentiometers differ from the more often-
used LVDTs (linear variable differential transformers) in that they
are three-terminal resistors with sliding contact to form a variable
resistor proportional to displacement, whereas LVDTs are based on
the measurement of coil-inducted current dependent on displace-

ment. To provide ample room for rotation, the potentiometers were
mounted on C-channel blocks roughly 3 cm (1.2 in) tall [Fig. 6(a)].
C-channel blocks were epoxy bonded to the steel lining of each
pipe segment’s spigot end at 120° intervals [Fig. 6(b)]. The spring-
loaded potentiometers were cantilevered at the end of each pipe
segment to ensure that their needles could bear on a Lucite plate
epoxy mounted at the end of the adjacent pipe segment [Fig. 6(c)].
Averaging the three potentiometers displacement measurements
provides a measure of the relative axial movement at the joint. The
difference in the measured displacements by the two upper poten-
tiometers on the pipe divided by the distance between their needles
provides a measure of joint rotation in the horizontal plane.

In addition to measuring joint deformation, axial and flexural
strains were measured using strain gauges (Vishay L2A-06-250LW
350Ω metal foil gauges; 3% strain range) mounted longitudinally
along the length of the pipeline (Fig. 7). Specifically, four metal
foil strain gauges were epoxy bonded to the concrete surface at
the center of pipe segments #3–10 [Fig. 7(a)]. For each segment,
two strain gauges mounted at the top and bottom surface of the
pipe were used to measure axial strain, whereas two strain gauges
mounted at the two sides of the pipe were used to measure flexural
deformation. After mounting, the strain gauges were treated with
Polyethylene and melting wax for water-proofing and also for
protection from soil friction. An additional eight strain gauges
[Fig. 7(b)] were mounted circumferentially on the concrete surface
of pipe segment 6 roughly 3.8 cm (1.5 in) from its bell (female) end.
These eight strain gauges were installed to measure hoop strain
at the joint closest to the fault plane (between segments 6 and 7).
At each of the two ends of the pipeline, 4 load cells were installed to
measure the compressive end forces acting on the pipeline. Finally,
the forces and displacements from the hydraulic actuators were also
recorded during PGD testing.

The 24 potentiometers were interfaced with wireless sensor no-
des (Narada) developed at the University of Michigan for structural
health monitoring (Swartz et al. 2005). Furthermore, the 40 strain
gauges, four load cells, and two hydraulic actuators were interfaced
to the LSLTF’s National Instruments data acquisition system
(SCXI-1102) for data collection. The sensing strategy included
both wireless and tethered systems for acquiring the signal during
the test. To allow for synchronization between the potentiometer
channels collected by the wireless system and the other measure-
ment channels collected by the wired system, one potentiometer
channel was interfaced with both data acquisition systems.

Testing Procedure

Ground faulting was simulated by displacement of the northern
end of the test basin in the southeast direction. The two hydraulic
actuators operated under displacement control; they were used to
displace the northern end of the basin in increments of 15.25 cm
(6 in.) under a constant displacement rate of 0:5 cm=s (Fig. 8).
This was a static test with monotonic ground movement. After each
displacement increment, the basin was held in position for 60 s to
allow monitoring of possible stress relaxation in the soil–pipeline

Fig. 4. (Color) Pipeline preparation: (a) assembled pipeline before
backfilling (image byM. Pour-Ghaz); (b) the test basin ready for testing
(image by R. L. Michalowski)

Fig. 5. Instrumentation layout
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system. The box was displaced eight times, resulting in a maximum
displacement of 1.22 m (48 in.). Considering the slow movement of
the northern portion of the test basin, a modest sampling rate of
10 Hz was utilized during data acquisition. After the completion
of the PGD test, the backfill soil was carefully removed, and visual
forensic analysis of the pipeline was conducted.

Results

Some results from testing of the segmental concrete pipeline model
have been communicated in Kim et al. (2009). A more comprehen-
sive account of the results is presented in this section.

Fig. 6. (a) Schematic of potentiometer installation; (b) three potentiometers mounted on the interior of the pipe segment; (c) potentiometer needles
bearing on a lucite plate to be mounted in the adjacent segment (images by J. Kim)

Fig. 7. Installation of strain gauges: (a) typical installation of stain gauges mounted at the middle of the concrete pipe segments (3–10, Fig. 5) to
measure longitudinal deformation of the pipes; (b) strain gauges mounted along the circumference of the bell to measure hoop strain (pipe 6, Fig. 5;
images by J. Kim)

Fig. 8. Displacement-controlled actuation of the test basin: (a) total
applied actuator force; (b) displacement time histories
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Visual Inspection after Permanent Ground
Displacement

After the test was completed, the soil was excavated to the level of
the pipeline, and the pipeline was visually inspected. A sample of
the damage that occurred to the pipeline during the test is presented
in Fig. 9. Considerable damage was immediately observed in the
vicinity of the fault plane. Specifically, the joints between segments
6 and 7 and segments 7 and 8 were evidently subjected to a severe
bending moment and axial force. Failure at these joints led to
complete separation of pipe segment 7 from segments 6 and 8
[Figs. 9(a) and 9(b)]. In addition, the severe shear force distorted
the center pipe segment into an oval shape, with the concrete wall
completely spalled from the steel sleeve [Fig. 9(c)]. The joint
between pipe segments 8 and 9 was the only joint to experience
telescopic failure, with the spigot telescoping into the bell of the
adjacent pipe [Fig. 9(d)]. The telescopic failure was attributed to
high compressive forces because these forces are directly associ-
ated with axial deformation. The portions of the pipeline away from
the fault plane appeared undamaged, indicating that damage in
pipelines from ground rupture is largely localized to the segment
crossing the fault plane.

Analysis of the Pipeline Measured Response

The concrete segmented pipeline was subjected to flexural bending
and axial compression during the early stages of actuation. The
total axial compressive force (Fig. 10) measured by four load cells
at the southern end of the pipeline grew rapidly until a sudden drop
was observed at approximately 8 s into the first displacement step.
This sudden drop corresponded to a PGD of 5.2 cm (2.0 in.) and

suggested severe structural damage along the pipeline (most likely
cover spalling and joint damage to segment 7). Analysis of the
force in the actuators (referred to further as the actuation force) cor-
roborates this interpretation of the pipeline behavior. The actuation
force in Fig. 8(a) was initially large as the pipeline underwent flexu-
ral bending; it peaked at 290 kN during the first actuation step and
decreased thereafter, presumably because of the softening of the
joints at the ends of pipe segment 7. During subsequent actuation
steps, the axial force in the pipeline measured at the south-end load
cells (Fig. 10) continued to decrease, suggesting the release of axial
stress in the pipeline. After the fourth actuation step, the axial force
ceased to decrease, suggesting that the center pipe segment was
fully detached from the pipeline (the net axial force measured in
the pipe with load cells at the south end did not drop to zero, how-
ever, because of the frictional soil–pipe interaction).

Analysis of the potentiometer measurements at the ends of pipe
segments further revealed the behavior of the pipeline during the
first actuation step. The majority of the instrumented connections
showed negligible displacement and rotation during loading. Only
three connections revealed noteworthy deformation during fault

Fig. 9. (Color) Excavated pipeline: (a) separation of segment 7 from its neighbors (image by R. L. Michalowski); (b) joint between segments 6 and 7
(image by J. Kim); (c) oval distortion of segment 7; (d) telescopic failure at the connection between segments 8 and 9 (images by R. L. Michalowski)

Fig. 10. Total axial force measured at the southern end of the test basin
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displacement. For example, the displacement and rotation of the
southern and northern joints of pipe segment 7 during the first
actuation step are presented in Fig. 11. Only the potentiometer mea-
surements from the first actuation step were reliable because of the
potentiometer needles reaching the edge of the Lucite plates toward
the end of the actuation step, as may be observed from Fig. 11. The
final relative rotation at the south and north ends of pipe segment 7
was 11.6 and 10.5°, respectively, whereas the axial compressive
relative displacement was 10.8 (0.42 in.) and 10.2 mm (0.40 in.),
respectively. The joint between pipe segment 8 and 9 also experi-
enced 2.5 mm (0.10 in.) of compressive displacement and a
modest rotation of 3°; this is the joint that experienced telescopic
damage.

The strain gauges in the center of the pipe segments in the vicin-
ity of the fault plane provided additional insight to the behavior of
the pipeline during the first actuation step. The axial strain (calcu-
lated from an average of the top and bottom strain gauges) and the
strain difference from strain gauges on opposite sides of the pipe
(indicative of bending) for pipe segments 6 and 8 are plotted in
Fig. 12. Bending appears to be antisymmetric (as expected), but
the larger axial strain in segment 8 may originate from the north
section of the test tank being actively pulled by actuators. The
vibrations might have caused some relaxation of the pipe shear
interaction with the soil, thus increasing the axial force in the pipe.
The strain time histories revealed that both pipe segments were
subjected to axial compression and bending. However, there was
a sudden spike and drop roughly 8 s into the first actuation step,
suggesting structural damage somewhere along the pipeline. A sim-
ilar trend was found in the circumferential strain measured at
the bell-end of pipe segment 6 [Fig. 12(c)]. The circumferential
strain grew steadily until approximately 8 s into the first actuation
step (the first step starts at time ¼ 50 s), at which time some of
the gauges suddenly jumped to large levels of strain (1;800με)
and then settled down to a residual level of 1;200με. These mea-
surements indicate that bending at that joint did not take place ex-
actly in the horizontal plane, with the spigot of pipe 7 exerting most
contact compression on the left and upper quarters of the bell of
pipe 6. Consequently, the top and left quarters exhibited the most
strain [Fig. 12(c)], resulting in severe damage of those portions of
the bell. This is consistent with the pattern of the severe cracking at

the connection between pipe segments 6 and 7 shown on the insert
in Fig. 12(c).

Pin-Ended Behavior of the Center Pipe Segment

Based on the analysis of the sensed data, it was evident that the
pipeline deformation was concentrated at the two ends of the pipe
segment crossing the fault plane (segment 7). At 8 s into the first
actuation step, cracking at the joint between segments 6 and 7 was
inferred from the circumferential strain measurements [Fig. 12(c)].
At the same time, a dramatic reduction in the axial compression
was observed at the south end of the pipeline (Fig. 10). Using the
displacement and rotation measurements at the joints of the center
pipe segment during the first actuation step, the deflected shape
of pipe segments 6, 7, and 8 is depicted in Fig. 13. In addition,
the deflected shape determined by assuming pipe segment 7 is con-
nected with pin connections to its neighbors is superimposed on the
figure. The measured movement (dashed line) is nearly identical to

Fig. 11. Relative displacement and rotation of joints of pipe segment 7:
(a) south-end joint; (b) north-end joint

Fig. 12. (Color) Pipeline strain response during the first actuation step:
(a) axial strain of pipe segments 6 and 8; (b) strain difference (indicative
of bending) of pipe segments 6 and 8; (c) circumferential strain of the
bell-end concrete of pipe segment 6; the insert illustrates locations of
measured strain (image by J. Kim)
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the pin-ended movement (solid line). This supports the conclusion
that severe damage at the ends of segment 7 is the primary cause
of failure, which reduces a rigidly connected pipe to a pin-ended
segment. The joints of the pipe segment 7 were severely damaged
by a fault displacement of 5.2 cm (2.0 in.).

Conclusions

The primary objectives of this pipeline experiment were to identify
failure modes of concrete segmented pipelines subjected to perma-
nent ground displacements and to develop a custom-designed sens-
ing strategy for monitoring the behavior of buried pipelines. A total
of 13 scaled concrete pipe segments were assembled into a con-
tinuous pipeline within a large test basin at Cornell University’s
Large-Scale Lifelines Testing Facility. The pipeline was covered
with 115 cm of granular soil compacted to a dry density of
1;690 kg=m3. Two hydraulic actuators were used to displace
half of the test basin in eight increments of 15.25 cm (6 in.) each.
Relative joint rotation and axial displacements were measured by
potentiometers at the joints, whereas load cells were used to mea-
sure axial loads at the two ends of the pipeline. In addition, strain
gauges were installed at the centers of the pipe segments to measure
axial strain and bending deformation.

Through the interpretation of the sensed data and the visual in-
spection of the pipeline after the experiment, it was revealed that
the majority of damage was localized in the bell-spigot joints
closest to the fault line. Furthermore, the joint failure modes of seg-
mental concrete pipelines were identified as the combined rotation
and contraction failure and the compressive telescoping failure.
Based on the successful test and identification of the failure modes
in the model concrete pipeline, it is suggested that commercial-size
pipes be used in future experiments, and that the future study be
directed toward the development of more efficient and realistic
sensing technology for assessing structural health and identifying
damage of the segmental concrete pipelines. In parallel with the
experimental study, an analytical study for soil–pipeline interaction
will follow.
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