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a b s t r a c t

This paper describes results of an experimental study that used sensing methods for monitoring damage

along segmental concrete pipelines resulting from permanent ground displacement across a simulated

earthquake fault. The literature contains examples of such damage occurring during actual earthquakes,

significantly impacting the functionality of the pipelines. Detecting the location of the damage and the

extent of the damage in pipelines can significantly accelerate post-earthquake repair efforts. In this paper,

electrical sensing methods, magnetic sensing, and acoustic emission are used to monitor structural dam-

age in a segmental concrete pipeline during a large-scale test. In this test, the segmental concrete pipeline

was subjected to a concentrated transverse permanent ground displacements (PGDs). The majority of the

damage to the pipe segments was localized at the joints, especially the bell sections while the damage to

the spigots was minimal. The damage extended away from the joints in the pipe segments in the imme-

diate vicinity of the fault line. Telescoping (i.e., crushing of the bell-and-spigot) was a primary mode of

failure that was observed. The results of this study indicate that electrical sensing methods (including

the use of conductive grout), magnetic sensing, and acoustic emission, employed alone or in combination,

can detect and quantify the damage in segmental concrete pipelines.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

This paper describes results of an experimental study that used

in situ sensing methods to identify damage along segmental con-

crete pipelines resulting from permanent ground displacement

across a ground fault. The literature is replete with examples of

such damage occurring during actual earthquakes, adversely

impacting the functionality of the pipelines. For example, a report

issued 3 days after the 2010 Chile earthquake indicated that more

than 1.5 million people were still without access to clean drinking

water as a result of the earthquake [1]. Rapid restoration of societal

lifelines (such as pipelines) is an absolutely essential component of

successful response and recovery efforts [2]. Previous earthquakes,

such as the 1994 Northridge earthquake, have shown that the ac-

tual repair cost of the pipelines reflects only a fraction of the total

costs associated with the failure of lifelines. Indirect losses, such as

business losses during downtime and fire damage, which could

have been minimized had it not been for the loss of the water sup-

ply, can be several times higher than the direct losses [3–5]. Meth-

ods for accurate damage detection can significantly accelerate the

repair efforts of pipelines and, in turn, minimize the downtime.

After the 1995 Kobe earthquake (Kobe, Japan), complete restora-

tion of water and gas pipelines took over 2 and 3 months, respec-

tively, while the electricity was restored in 3 days [6–8]. A major

cause of this delayed recovery time was that many water and gas

pipelines are buried and not readily accessible for visual

inspection.

The seismic hazards that are important for pipelines can be cat-

egorized as wave propagation and permanent ground displace-

ment (PGD) [6,9]. Irrespective of the direction in which PGD
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affects the pipeline (transverse or longitudinal), it can be catego-

rized as concentrated [10] or distributed [6,11–13]. As their names

imply, ‘‘concentrated’’ PGD occurs over a relatively short length of

the pipeline while ‘‘distributed’’ PGD occurs over a longer length.

The most common types of failures observed in segmental concrete

pipelines subjected to concentrated transverse PGD can be catego-

rized in four groups: (1) localized damage in the vicinity of the

joints: cracking and spalling of the bell-and-spigot connection

[2,14,15]; (2) telescoping and crushing of the bell-and-spigot

[2,14,16–18]; (3) decoupling due to tensile forces, bending and

rotation at joints [19–21]; and (4) extensive cracking of the pipe

away from the joints after large PGD [2,15]. Although the common

modes of failure of the segmental concrete pipelines are rather

well-documented, information on the progression of damage in

the vicinity of the concentrated transverse PGD is scarce. Further-

more, effective methods for identifying the location of the damage

and the extent of the damage in the segmental concrete pipelines

are currently not well developed. For example, the major challenge

in detecting damage in buried concrete pipelines is that visual

inspection is not feasible, often requiring excavation, which is

expensive and time-consuming.

The main objectives of the study presented herein are twofold:

(1) to utilize methods for damage detection and health monitoring

for segmental concrete pipelines and (2) provide a better under-

standing of the damage evolution in segmental concrete pipelines

in the vicinity of the concentrated transverse PGD using newmeth-

ods of damage detection. In this vein, six methods were used in this

study to monitor deformation and damage of the pipeline during

the test; four of those methods, specifically designed for segmental

concrete pipelines, are discussed in this paper. The methods that

are discussed in the present work include: conductive surface tape

sensors (CST), magnetic sensors, acoustic emission (AE), and con-

ductive grout. These methods were implemented on commercial

concrete pipe segments that were used in a large-scale test under

simulated PGD. The methods were designed to not only detect the

most common modes of failure, but more importantly to detect

damage in its initial stages. The two methods used in the test that

are not discussed in great detail in this paper are strain gages and

LVDTs. In the subsequent sections of this paper, an overview of the

large-scale test facility (George E. Brown, Jr. Network for Earth-

quake Engineering Simulation (NEES) site at Cornell University)

used in this study is first presented. Next, a description of the con-

crete pipe tested is given including the method used to place the

pipe and to bury it with consolidated backfill. This is followed by

a description of the instrumentation, test procedures and a discus-

sion of the results.

2. Large scale testing facility

Full-scale testing of the segmental concrete pipeline was per-

formed at the Network for Earthquake Engineering Simulations

(NEES) Large-Scale Lifelines Testing Facility at Cornell University

[22,23]. The segmental concrete pipeline was tested in a split-

box test basin; Fig. 1a shows the test basin with buried pipeline

ready for testing, with the fault denoted by the dashed line (the

fault line is inclined at 50� to the longitudinal axis of the test ba-

sin). Fig. 1b shows the test basin with excavated pipeline after

the test. The test basin was 3.4 m (�11 ft) wide and 13.5 m

(�44 1/3 ft) long and 2.3 m (�7 1/2 ft) deep. The soil-filled portion

of the test basin near the fault line was wider than the sections fur-

ther away from the fault (Fig. 1a); this was to reduce the amount of

sand needed for backfilling, without affecting the influence of the

box boundaries on the deforming pipeline near the primary fault

plane. The pipeline was buried using approximately 100 tons of

sand. The moveable (North) portion of the test basin was moved

along the fault line, relative to the fixed portion (South). The length

of the fixed portion of the test basin was 6.5 m (�21 1/3 ft). The

displacement was induced by four hydraulic actuators and simu-

lates transverse PGD [22,23].

3. Concrete pipe segment and pipeline

Commercial class 3=4 reinforced concrete culvert pipes with an

inner diameter of 12 in. (34.5 cm), manufactured according to

ASTM C 76 [24] and ASTM C 655 [25], were used. The concrete pipe

segments were 2.44-m (8.0-ft) long with a wall thickness of 5.1 cm

No.5

No.4

No.3

No.2

No.1

Fault line

(a) (b)

Fig. 1. (a) Test basin after backfilling, (b) full-scale segmental concrete pipeline (after excavation) tested at the large-scale testing facility at the George E. Brown, Jr. Network

for Earthquake Engineering Simulation (NEES) site at Cornell University.
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(�2 in.). The pipe segments had a circumferential reinforcement

ratio of 1.5 cm2/linear meter length (0.07 in.2/linear ft), and the

compressive strength of the concrete was 27.6 MPa (�4000 psi).

The pipe segments were placed on the prepared bedding (de-

scribed in the next section) and were aligned using a level and a

string spread between the ends of the test basin. A total of five full

pipe segments were used; in addition, a 1-foot (30-cm) portion cut

from a complete pipe segment was used at the North end to make

up the total length of the test basin. The pipe segments were num-

bered starting from the South end of the test basin (Fig. 1b). The

fault line crossed the mid-span of Pipe Segment 3.

All the joints were grouted according to the AWWA C300 [26]

standard. A mortar grout with water-to-cement ratio of 0.50 and

30% fine aggregate by volume, conforming to specification of the

AWWA C 300 standard [26] was used. To enhance the workability

of the grout, 0.5% (by weight of cement) high range water reducer

was used. A plastic diaper was placed around the joints to ensure

the grout remained in place prior to curing.

Steel plates with inserts were designed for mounting load cells

at both ends of the pipeline to monitor the reactions at the end

walls of the test basin. The inserts consisted of 1-foot (30-cm) steel

hollow tubes (Fig. 2a) mounted on the base plates. The tubes were

inserted into the pipe segments at each end of the pipeline, and

load cells (4 at each end) were placed between the base plates

and the reaction plates on the walls of the test basin (Fig. 2b).

At the South end of the pipeline, the insert was placed inside the

spigot of Pipe Segment 1. On the North end, the insert was placed

inside the small section of a cut pipe adjacent to the Pipe Segment

5 (Fig. 2b). To avoid contact of the soil and the effect of moisture on

the load cells, a wooden box was constructed around the load cells

before backfilling the basin with soil.

4. Bedding and backfilling specifications

A 20.0-cm (�8-in.) thick bedding was prepared by compacting

sand using a vibratory plate compactor (plate-tamper). After plac-

ing and aligning the pipe segments on the bedding, backfill was

placed in 20.0-cm (�8-in.) lifts. The total height of the backfilling

was 140.0 cm (�55 1/8 in.). Each lift was compacted with the

plate-tamper, and the dry unit weight and moisture content were

measured using a nuclear density gage according to ASTM D2922

[27] and ASTM D 2216 [28], respectively. Measurements were per-

formed on a grid of 30.0 � 30.0 cm (�12 � 12 in.) on each com-

pacted lift. The dry unit weight and moisture content of the soil

in all layers was 16.5 ± 0.3 kN/m3 (�105.8 ± 1.8 lb/ft3) and

4.2 ± 0.6%, respectively. A grid of 10.0 � 10.0 cm (�4 � 4 in.) was

spray-painted on the surface of the soil after the final lift to aid

the visual trace of the deformation of the soil surface (Fig. 1a). This

procedure to preparing the pipeline bedding and backfill was in-

tended to closely simulate real field conditions.

5. Instrumentation

The four types of sensors used in the large-scale test to assess

damage (i.e., conductive surface tape (CST), magnetic sensors,

acoustic emission, and conductive grout) are described below.

5.1. Conductive surface tape

Conductive surface tape (CST) sensors are resistance-based sen-

sors that are installed on the surface of the concrete pipe. The sen-

sors used in this study were made of conductive copper tape. As

cracking occurred in the concrete pipe, the CST sensors stretched

causing their resistances to rise slightly. When cracks enlarged in

the pipe segments, the tape ruptured causing the resistance to in-

crease dramatically. By continuously monitoring the resistance of

the conductive surface sensor, the time of cracking can be captured

[29]. These sensors were previously used to investigate the effect

of boundary conditions and degree of restraint on cracking behav-

ior of the restrained concrete elements [29–31]. These sensors

were selected for this work since they are made of a low cost mate-

rial and can easily and rapidly be applied to the surface of the con-

crete pipe.

In segmental concrete pipelines subjected to a concentrated

transverse PGD, the majority of the damage localizes in the vicinity

of the joints [6,16,19]. Therefore, a higher number of CST sensors

were installed in the vicinity of the joints. Fig. 3a schematically

illustrates an instrumented pipe segment. Photographs of an

instrumented bell and an instrumented spigot section of a concrete

pipe segment are shown in Fig. 3b.

A total of 24 CST sensors were used to instrument the entire

pipeline. Different numbers of CST sensors were used for each pipe

segment depending on their relative location with respect to the

fault line. Eight CST sensors were installed on Pipe Segment 3 (lo-

cated on the fault line). The quantity and location of CST sensors

shown in Fig. 3a corresponds to that of Pipe Segment 3. Fig. 4 sche-

matically illustrates the complete instrumentation of the pipeline.

CST sensors are indicated by the letter ‘‘R’’ (for resistance-based).

As may be observed from this figure, six CST sensors were installed

on Pipe Segments 2 and 4, and only two CST sensors were installed

on each Pipe Segments 1 and 5. In addition to Fig. 4, the detailed

location of the CST sensors is also provided in Table 1.

(a) (b)

Fig. 2. (a) Heavy steel fixture designed for load transfer from pipe to load cells, (b) north (moveable) end of the pipeline after mounting the fixture.
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A 24 gage low-resistance copper wire was soldered to the sur-

face of the CST sensors after installation of the sensor on the pipe

segments to connect the sensor to an automated resistance mea-

surement unit (AEMS) [32].

5.2. Magnetic opening sensors

Magnetic sensors are two-part sensors consisting of a switch

and a magnet. The switch is triggered depending on the strength

of the magnetic field, which is dependent on the proximity of the

switch and the magnet. In this work, a commercially available

standard AC-rated cylindrical mini-magnetic switch was used.

The electrical resistance of the switch part of the sensor increases

when the distance between the two parts increases more than

2.5 mm (1/10 in.). The responses of the magnetic sensors are mon-

itored by measuring the electrical resistance of the switch. Fig. 5a

illustrates both parts of a magnetic sensor used in the present

work. These sensors were used to monitor the rotation and separa-

tion of the bell and the spigot at each joint. The magnet side of the

sensor was installed on the spigot, and the switch side of the sen-

sor was installed on the bell. The two parts of the sensor were in-

stalled at a right angle with respect to each other to facilitate

triggering of the sensors in response to both decoupling (i.e., open-

ing) and telescoping (i.e., closing) of the joint.

Three magnetic sensors were installed at each joint except the

last joint (i.e., Joint 4) at the North end of the pipeline where

Fig. 3. (a) Schematic illustration of instrumentation on a concrete pipe segment, (b) conductive surface tape sensors installed on the bell and on the spigot section of a

concrete pipe segment.

Fig. 4. Schematic illustration of instrumentation of the pipeline and the location of the sensors.
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conductive grout was used. One sensor was installed at the crown

and two sensors were installed at spring lines (Fig. 3a). Both parts

of the magnetic sensors were mounted on the pipes using high

strength epoxy. The locations of the magnetic sensors along the

length of the pipeline are illustrated in Fig. 4, and also are provided

in Table 1. Letter M (for magnetic) is used to designate magnetic

sensors in Fig. 4 and Table 1.

5.3. Acoustic emission

Cracking of the concrete pipe results in the release of strain en-

ergy. The released strain energy leads to stress wave propagation

in the pipe. The stress waves cover a wide range of inaudible and

audible frequencies, known as acoustic waves. Acoustic emission

(AE) describes a technique that captures and monitors the digitized

acoustic waves at the surface of the material [33]. Piezoelectric

sensors are used to convert the captured acoustic waves into elec-

trical signals. The strength of the signals generally depends on the

amount of released energy, distance and orientation of the source

with respect to the sensor, and nature of transferring media

[30,34–40]. The signal captured with the sensors are then ampli-

fied and recorded in a data acquisition system. The calculated en-

ergy of the captured acoustic wave is proportional to the fracture

energy [35].

AE is particularly powerful since, unlike the previously de-

scribed methods that require substantial cracking or displacement

before damage can be detected, AE can detect damage in the form

of micro-cracking that may occur even at very low load levels.

These micro-cracks can be detected by acoustic emission before a

localized visible crack develops [41].

Two AE sensors were installed at both Joints 2 and 3, which are

the closest joints to the fault line (Joints 2 and 3 in Fig. 4), and one

AE sensor was installed at Joint 4. All of the AE sensors were in-

stalled on the spigot section of the pipe as shown in Fig. 3a. A steel

waveguide was used between each sensor and the concrete pipe.

Steel waveguides show negligible attenuation [33,42]. The AE sen-

sors were installed on the steel waveguide using silicon-based

adhesive as a coupling agent (Fig. 5b). This type of coupling agent

has shown good performance in the past for AE sensing. A rigid

connection between the waveguide and the concrete was obtained

by mounting the waveguide in a small hole drilled in the concrete

pipe. A high strength epoxy was used to fix the steel waveguide in

place. The complete assembly is shown in Fig. 5b. A pre-amplifier

was installed between each sensor and the data acquisition sys-

tem. The pre-amplifiers were installed inside the pipe segment as

shown in Fig. 5c.

5.4. Conductive grout

The conductive grout that was used in this study to monitor the

integrity of the joints was a mortar mixture containing highly con-

ductive carbon micro-fibers. The micro-fibers were approximately

7–9 lm (2.75 � 10�4 to 3.5 � 10�4 in.) long and had an aspect ratio

(i.e., length/diameter) of approximately 25. The fibers were made

of 99% carbon. The conductive grout used was a mortar with a

water-to-cement ratio (w/c) of 0.50 and 30% aggregate and 13%

carbon micro-fiber by volume.

The volume percentage of the fiber was calculated to be above

the theoretical percolation volume. The theoretical percolation vol-

ume was calculated based on the theory of overlapping ellipsoids

[43]. Trial mixtures with fiber volume above the calculated

Table 1

Type and location of sensors with respect to pipe segments and joints.

Sensor number Pipe/location Joint/location

Ra-1 Pipe 1/Bell 1

R-2 Pipe 1/Bell 1

R-3 Pipe 2/Spigot 1

R-4 Pipe 2/Spigot 1

R-5 Pipe 2/1/8 Spigot side –

R-6 Pipe 2/1/8 Bell side –

R-7 Pipe 2/Bell 2

R-8 Pipe 2/Bell 2

R-9 Pipe 3/Spigot 2

R-10 Pipe 3/Spigot 2

R-11 Pipe 3/1/8 Spigot side –

R-12 Pipe 3/3/8 Spigot side –

R-13 Pipe 3/3/8 Bell side –

R-14 Pipe 3/1/8 Bell side –

R-15 Pipe 3/Bell 3

R-16 Pipe 3/Bell 3

R-17 Pipe 4/Spigot 3

R-18 Pipe 4/Spigot 3

R-19 Pipe 4/1/8 Spigot side –

R-20 Pipe 4/1/8 Bell side –

R-21 Pipe 4/Bell 4

R-22 Pipe 4/Bell 4

R-23 Pipe 5/Spigot 4

R-24 Pipe 5/Spigot 4

Mb-1 – 1/East

M-2 – 1/Top

M-3 – 1/West

M-4 – 2/East

M-5 – 2/Top

M-6 – 2/West

M-7 – 3/East

M-8 – 3/Top

M-9 – 3/West

Gc-1 – 4/East

G-2 – 4/Top

G-3 – 4/West

a CST type sensor.
b Magnetic type sensor.
c Conductive grout electrode.

STEEL WAVEGUIDE 

PRE-AMPLIFIER 
AE SENSOR 

Temporarily 

installed tape to 

cure coupling 

agent 

STEEL 

WAVEGUIDE 

MAGNET 

SWITCH 
SENSOR 

CONNECTOR 

(a) (b) (c)

Fig. 5. (a) Components of the magnetic sensor, (b) AE sensors installed on top of a waveguide, (c) waveguide and pre-amplifiers installed inside the pipe segment.
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percolation volume were made to optimize the required amount of

water reducer (to ensure that the mixture is workable). The grout

used had a resistivity value of 0.39Xm (�15.51X in.) after 7 days

(in sealed condition). The resistivity of mortar with equivalent

non-conductive inclusions was 17.67Xm (�695.61X in.) at the

same age.

The electrical resistance of the conductive grout increases with

cracking of the grout at the joints (e.g., due to the telescoping fail-

ure). By monitoring the electrical resistance of the conductive

grout, the damage development at the joint can be assessed. The

electrical resistance was measured using three electrodes mounted

at 120�with respect to each other around the joint. The electrical

resistance was measured between two consecutive electrodes

resulting in a total of three sections being measured at each joint.

Conductive grout is particularly useful in monitoring the damage

due to telescoping failure. Conductive grout was used at the last

joint at the north end of the pipeline (Joint 4, see Fig. 4). The loca-

tions of the electrodes in the conductive grout are specified in Ta-

ble 1 and are designated by letter G (for grout).

6. Test procedure

A displacement-controlled testing procedure was used in this

experiment. The moveable portion (North end) of the test basin

was displaced relative to the fixed portion (South end) in twelve,

2.54-cm (1-in.) steps. In total the North end of the basin was dis-

placed 30.5 cm (12 in.) along the fault in a right lateral strike-slip

movement. The magnitude of this displacement was chosen based

on the previous test results [2,14,15] and subjected the pipeline to

compressive, shear, and bending forces [2,14,15,22,23]. The rela-

tive speed of the two portions of the test basins was 0.3 m per min-

ute (�1 ft per minute). Each displacement step was completed in

less than 5 s, after which the test was paused (relaxation phase).

The relaxation phase allowed visual inspection of the soil surface,

documentation of observations, and examination of the effect of

soil relaxation on the axial forces measured by load cells at the

both ends of the pipeline.

A high-speed camera was installed above the test basin

(approximately 2 m from the soil surface) to capture the soil sur-

face deformation during the experiment. All monitoring systems

were activated, and the readings were continuously recorded dur-

ing the process of displacement.

After the completion of the test and all of the sensor data was

collected, the excavation phase began. The first 120 cm (�47 in.)

of the soil was removed using a hydraulic clamshell bucket. The

remaining backfill was removed carefully using shovels and

brushes to avoid causing further damage to the pipeline. The pipe-

line after excavation is shown in Fig. 1b.

7. Results and discussion

7.1. Load and displacement

Fig. 6a illustrates the actuator displacement, actuator load, and

the total axial load at the North end (moveable end) and the South

end (fixed end) of the test basin. The change of load with time at

both ends of the test basin shows the same pattern as that of the

actuator load. The load at the south end (fixed end) of the test basin

slightly lags behind the applied actuator load, especially for the

fifth and seventh displacement steps.

The average load in the actuators during the relaxation periods

and the average axial forces measured by load cells at both ends of

the test basin are plotted in Fig. 6b. This figure is useful for tracing

the damage accumulation is the pipeline. The development of

damage is accompanied with a dramatic reduction in load due to

the increase of the compliance (loss of stiffness) of the system.

During the first four applied displacement steps the load in the

actuators and at both ends of the pipeline increased with the dis-

placement. During the fifth step, the load slightly decreased in

the actuator and a slight increase in the end load was observed

at both ends of the pipeline. A significant decrease in load is ob-

served at the seventh displacement step indicating significant

damage to the pipeline. Further decrease in load is observed in

the twelfth step. It is noted that damage starts to accumulate in

the pipeline from the first displacement step; however, it cannot

be seen by only looking at the load–displacement plot as the dam-

age up to the seventh step is not significant to increase the compli-

ance of the system to affect the measured loads.

7.2. Conductive surface tape sensors

Before rupture, the CST sensor’s resistance is approximately

0.05X. However, after rupture, the resistance increases several or-

ders of magnitude. The resistance measurements are treated as

binary, with zero indicating an intact CST (i.e., no damage) and

one indicating a ruptured CST (i.e., damaged).

The rupture sequence of the CST sensors is shown in Fig. 7,

along with the actuator displacement. Additionally, Fig. 8 shows

the location and rupture sequence of the CST sensors on schemat-

ics of the pipe segments for six different fault displacements. The

arrows in Figs. 7 and 8 indicate the rupture of a CST sensor.

As may be observed from Figs. 7 and 8, significant damage oc-

curred during the second displacement step in the bell sections

of Pipe Segments 2 and 3 (Joints 2 and 3, respectively). This dam-

age extended beyond 3.8 cm (�1½ in.) on the bell section of both

pipe segments since both sensors installed on the bell sections of

Pipe Segments 2 and 3 detected the damage. The mode of damage

that occurred is schematically illustrated in Fig. 9a and can be

attributed to the relative rotation of the spigot inside the bell

section.

The CST sensor (R-23) installed at the spigot of the Pipe Seg-

ment 5 (Joint 4) also detected damage. This sensor was installed

1.27 cm (�1/2 in.) away from the end of the spigot (see Figs. 3

and 4). The damage, however, is not extensive since the next CST

sensor in the array (R-24), which was placed 2.5 cm (�1 in.) from

the end of the spigot (1.27 cm from R-23), did not detect any dam-

age. The damage captured at Joint 4 by R-23 is most likely due to

movement of the spigot inside the bell (i.e., ‘‘wedge-breaking’’).

This type of damage is schematically illustrated in Fig. 9b. It is

noted that at this stage telescoping of the pipeline is not significant

and that the compressive forces along the pipeline only tightened

the joints resulting in minimal damage.

With an increase in the displacement during the fourth step

(Figs. 7 and 8), further damage developed at Joint 3 where R-17

is located (Fig. 8b). This damage is probably due to wedge-breaking

action and did not extend beyond 1.27 cm (�1/2 in.). Up to the fifth

step, the majority of the damage is localized at the joints in the

vicinity of the fault line (i.e., Joints 2 and 3). Damage at this point

began to occur at Joint 1. The signals slightly lag the displacement

of the actuators.

During the fifth and seventh displacement steps, Joints 1 and 4

were damaged and are most likely associated with telescoping ef-

fects resulting from high compressive forces. The damage occurred

at the bell section of the joints (Figs. 8c and d). Fig. 9c schematically

illustrates the damage due to compressive forces (i.e., telescoping).

During the tenth and eleventh displacement steps, damage

started to extend beyond the joints and occurred in the body of

Pipe Segments 2 and 3 (i.e., R-6 and R-14). These sensors were lo-

cated 30 cm (�1 ft) away from the end of the bell section. This type

of damage is due to rotation of the pipes at the joints accompanied

with compressive axial forces. A schematic illustration of this type

of damage is shown in Fig. 9d.
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7.3. Magnetic opening sensors

Fig. 10 shows that the magnetic sensors at Joints 2 and 3 indi-

cate relative movement of the spigot with respect to the bell. These

signals are consistent with the signals from CST sensors (Figs. 8a

and 11a). A magnetic sensor at the Joint 1 (M-2) also indicates rel-

ative displacement of the bell-and-spigot after the third displace-

ment step. There is a slight delay in the response of this sensor,

Fig. 7. Sequence of signals received from conductive surface tape (CST) sensors in relation to the actuator displacement.

Fig. 6. Actuator displacement, load and the total load at the north (moveable) and south (fixed) end of the test basin.
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which might be due to the visco-elastic behavior of the soil. The

visco-elastic behavior of soil can be seen in Fig. 6a especially dur-

ing the relaxation period after the fourth and fifth displacement

steps where the actuator load decreases while the displacement

is constant. During the relaxation period after the fifth displace-

ment step, a relative movement of the joint is detected at Joint 3

by the magnetic sensors (Fig. 11c). During the seventh displace-

ment step, the magnetic sensor at Joint 1 detected damage, which

is most likely associated with telescoping effects due to high com-

pressive forces. Further damage using magnetic sensors is captured

after the tenth displacement step.

7.4. Acoustic emission

Fig. 12 shows the average captured acoustic energy per sensor

at Joints 2, 3, and 4. The amount of energy captured at Joints 2

and 3 are orders of magnitude larger than the amount of energy

captured at Joint 4. This is consistent with the results from the

CST and magnetic sensors in that the damage to Joints 2 and 3

was greater than at Joint 4. A significant amount of energy is cap-

tured during the first two displacement steps. This is consistent

with the results shown in Fig. 7 where the damage was observed

at Joints 2 and 3. Note that in all cases acoustic activity starts be-

fore any damage is detected by CST sensors in Fig. 7. A sudden

increase of acoustic energy at Joint 4 was observed after the

seventh displacement step. This observation is consistent with

the signals received from CST and magnetic sensors. Also a signif-

icant decrease in load was observed at this actuation step (Fig. 6b).

A significant increase in acoustic energy is observed during the

eighth displacement step at all joints. However, no signals from

CST and magnetic sensors are received during this step (see

Fig. 7) because the majority of the sensors installed at Joints 2

and 3 failed previously. During the relaxation period after the tenth

displacement step no acoustic activity is captured; however, dur-

ing this period signals from CST and magnetic sensors indicate

damage at Joint 2 and Pipe Segment 2. This suggests that the dam-

age to the joint occurred during the displacement and that the de-

lay in the CST sensors might be due to the widening of the crack

and the commensurate rupture of the CST.

Fig. 13 shows the cumulative acoustic energy at each joint cat-

egorized in three groups based on peak amplitude of the acoustic

signal: <60 dB, 60 to 80 dB, and >80 dB. Smaller amplitudes can

generally be attributed to the movement of the soil, micro-cracking

of the concrete pipe, or cracking of the concrete far away from the

sensor. High amplitude acoustic activity is generally associated

with discrete cracking in the close vicinity of the sensor. Fig. 13

shows that the cumulative acoustic energy from high amplitude

waves increases significantly after the eighth displacement step.

Fig. 8. Location of the detected damage by sensors. Arrows indicate the location of the damage captured by conductive surface tape (CST) sensors.
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This indicates extensive damage to the joints. The cracking at Joints

2 and 3 continues up to the tenth displacement step (i.e., 10-in.

displacement).

7.5. Conductive grout

Fig. 14 illustrates the results of resistance measurements of the

conductive grout at Joint 4. The resistance results are normalized

to the maximum value measured. The normalized value of the

resistance can be considered as an indirect measure of damage.

As may be observed in Fig. 14, the resistance of the grout increases

even at early stages of loading and continues to increase up to end

of the seventh displacement step and then reaches the maximum

value corresponding to the complete damage at the joint. This is

consistent with the reduction of the loads (actuator and axial) in

the seventh displacement step in Fig. 6b.

All three sections of Joint 4 approximately follow the same

trend of resistance increasing; this indicates that the damage is al-

most uniformly distributed around the joint (i.e., telescoping). The

majority of the damage is accumulated in the joint up to the end of

the third displacement step. These results are consistent with the

results obtained from CST sensors in Fig. 7a (Fig. 8a) where the

damage is detected at spigot section of the Joint 4.

7.6. Damage evolution

Generally, the results provided above clearly show that the

damage detected by the different sensor types is consistent. AE de-

tected the damage before it was captured by CST and magnetic

sensors (Fig. 12). The resistance increase of conductive grout due

to telescoping damage (Fig. 14) is consistent with the decrease of

axial and actuator loads (Fig. 6b). In combination, the sensors pro-

vide information on the types and order of damage that can occur

in segmental concrete pipelines.

During the first four displacement steps (Figs. 8a and b, and 11a

and b), the majority of the damage to the pipeline was concen-

trated close to the fault line. This is supported by the measure-

ments taken by the CST, magnetic, and acoustic emission sensors.

With an increase in displacement, particularly during the fifth

and seventh displacement steps (Figs. 8c and d, and 11c and d),

the damage had spread along a larger length of the pipeline. This

can be seen in Fig. 7, and is confirmed by the decrease in the axial

loads and actuator load (Fig. 6b).

Further damage to the pipeline is captured during the eighth

displacement step by AE (Fig. 12). After the tenth and eleventh dis-

placement steps, the damage propagates away from the joints and

caused longitudinal cracks along of the Pipe Segments 2 and 3. The

Fig. 9. Schematic illustration of (a) failure of bell due to angular rotation, (b) wedge-breaking due to compressive force, (c) failure due to telescoping and (d) failure of the

joint due to rotation and telescoping.

Fig. 10. Sequence of signals received from magnetic (M) sensors in relation to the actuator displacement.
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sensors installed 30 cm (�1 ft) away from the end of the bell sec-

tion detected this damage (Figs. 8e and f and 11e and f).

In summary, the damage evolution in the segmented concrete

pipeline can be considered in three stages. In the first stage

(Figs. 8a and b, 11a and b), the majority of the damage is localized

at the joints in the vicinity of the fault line. This stage can be

thought of as a plastic hinge formation. Slight damage to the joints

away from the fault line can be expected in this stage due to com-

pressive forces along the pipeline and the ‘‘tightening’’ of the joints.

In the second stage (Figs. 8c and d, 11c and d), the damage in the

Fig. 11. Location of the detected damage by sensors. Flags indicate the location of the damage captured by magnetic (M) sensors.

Fig. 12. Average captured cumulative acoustic energy.
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pipeline spread along larger sections of the pipeline, and the rate of

damage decreases at the joints in the immediate vicinity of the

fault line. This stage can be thought of as damage distribution. In

the third stage (Figs. 8e and f, 11e and f), the damage spreads to

the body of the pipe segments in the vicinity of the fault line.

The damage at this stage becomes severe and results in large lon-

gitudinal cracks. This stage is effectively a pipe rupture stage.

7.7. Visual observations after excavation

At the end of the experiment the pipeline was excavated and

visually inspected. Fig. 15a through 15d illustrate the damage that

developed during the test at Joints 1–4. Clearly, each of these joints

was damaged. The observed damage is in agreement with the dam-

age detected using the sensing methods. Specifically, the CST

Fig. 13. Average captured cumulative acoustic energy at Joints (a) 2, (b) 3, and (c) 4.
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Fig. 14. Resistance increase of conductive grout due to damage at Joint 4.

Fig. 15. Damage to joints observed after excavation (a) Joint 1, (b) Joint 2, (c) Joint 3, (d) Joint 4, and wedge-breaking type of damage seen in Joint 2.
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sensors installed on the bell section of the joints detected damage

at multiple points. The damage detected using CST and magnetic

sensors is shown in Fig. 8 and Fig. 11 respectively. Extensive dam-

age was observed at the bell sections of all four joints. Figs. 15b and

c illustrate the damage to Joints 2 and 3, which were the most se-

verely damaged. Large longitudinal cracks propagating away from

the bell section can be seen. This damage was captured by CST sen-

sors as shown in Figs. 8e and f.

The types of damage illustrated in Fig. 9 can be seen in the pho-

tographs shown in Fig. 15. Figs. 15b and c show the damage to Joints

2 and 3, which appear to have rotated and telescoped (Fig. 9d). It

should be remembered that the photographs in Fig. 15 show dam-

age at the time of excavation, however, the damage to Joints 2 and

3 increased progressively over time, from wedge-breaking damage

to the spigot (Fig. 9b) to telescoping and crushing of the bell (Fig. 9c),

and eventually to rotational and telescoping type failure (Fig. 9d).

The wedge-breaking type of damage that was observed at Joint 3

is shown in Fig. 15e. The damage to Joints 1 and 4 is similar to the

schematic illustration shown in Fig. 9c.

Except for the damage to Pipe Segments 2 and 3 that was de-

tected by the CST sensors R-6 and R-14 (Figs. 8e and f), no other

visually observed damage was found on the pipe segments away

from the joints (along the pipe length).

8. Conclusions

This paper presented results from an experimental study that

used a variety of sensing methods to assess damage development

in a buried segmental concrete pipeline subjected to a concen-

trated transverse permanent ground displacement (PGD). The

sensing methods included conductive surface tape, conductive

grout, magnetic sensors, and acoustic emission. In addition, load

displacement measurements were used to monitor the damage

development. These methods enabled tracing of the damage prop-

agation in the pipeline.

The sensing approaches captured the damage development in

the segmental concrete pipeline, and the damage was consistent

with the visual inspection after excavation of the pipeline.

The sensing methods used provided the time- and location-

dependent information on damage development in the pipeline.

Two types of damage were primarily observed: failure of joint

due to relative rotation of bell-and-spigot and telescoping and

crushing of the joints.

The results indicated that the majority of the damage in seg-

mental concrete pipelines occurred at the bell sections of the joints

in the pipeline. Damage was also observed away from the joints in

the pipe segments in the immediate vicinity of the fault line. Tele-

scoping, caused by axial forces, introduced considerable damage to

segmental concrete pipelines. While damage due to shear forces is

more severe in the vicinity of the fault line, damage due to tele-

scoping affects a larger section of the pipeline.

Three stages of damage were observed. In the first stage, the

majority of the damage occurred at the joints in the immediate

vicinity of the fault line. This began with as little as 5.1 cm (2 in.)

displacement along the fault line. The damage in the second stage

began to occur after 12.7 cm (5 in.) displacement along the fault

line. The damage in the second stage was more distributed along

the pipeline and the rate of damage decreased at the joints in the

immediate vicinity of the fault line. This stage was accompanied

by telescoping process. The third stage of the damage development

started approximately after 25.4 cm (10 in.) of displacement along

the fault line. In this stage the damage spread to the body of the

pipe segments in the immediate vicinity of the fault line. The dam-

age at this stage became severe and resulted in large longitudinal

cracks in the body of the pipe segments. This stage is effectively

a pipe rupture stage.

This paper presented results from a second iteration of testing a

segmental concrete pipeline as a part of a four-year program. The

main objectives of the work described in this paper were to (1)

use sensing methods for damage detection of segmental concrete

pipelines, and (2) provide insight to the damage evolution of seg-

mental concrete pipelines in the vicinity of concentrated trans-

verse permanent ground displacement.

The sensing methods implemented in the tests described in this

paper will be used to optimize the methods to be used in the next

two years of pipeline testing, and to design new sensing methods

that are more economical for field applications.
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