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ABSTRACT 
An important opportunity exists for using cured-in-place linings and pipes (CIPLs and CIPPs, respectively) to retrofit 
underground utilities against earthquake-induced ground movements. CIPLs and CIPPs are used to rehabilitate pipelines 
in situ, thereby achieving greater longevity of aging utilities by trenchless construction.  Such techniques can strengthen 
utilities against both transient and permanent ground deformation caused by earthquakes. This paper reviews the 
different modes of pipeline deformation caused by ground shaking and shows that the predominant mode is in the axial 
direction of the pipe. Simplified analytical and finite element (FE) models are described for the evaluation of underground 
utility response to seismic ground waves. Full-scale static, quasi-static and dynamic test results for pipelines lined with 
CIPLs and CIPPs are presented and compared with FE model results. Full-scale test results are presented to 
characterize the de-bonding and axial force vs. displacement performance of pipelines with round cracks and weak joints 
that are strengthened with CIPLs under variable internal water pressure. A numerical model is presented for de-bonding 
of the lining and associated force vs. displacement behavior, the results of which are compared with experimental 
measurements. Recommendations are made for applying the modeling and experimental results for in situ strengthening 
of underground utilities against earthquakes. 
 
 
 
1 INTRODUCTION 
 
In situ pipe lining procedures have evolved into a well-
established technology

 
(AWWA 2001; Kramer et al. 1992) 

to increase the service life of underground infrastructure 
without expensive and disruptive excavation and 
replacement (Barsoom 1995; Kramer et al. 1992). The 
concept is to install polymeric linings remotely inside 
existing, underground pipelines and conduits with 
minimum environmental disturbance through trenchless 
construction procedures (Kramer et al. 1992). The linings 
secure continuity of pipeline flow, prevent leakage and 
intrusion, and provide variable degrees of structural 
reinforcement (AWWA 2001; Barsoom 1995). The main 
goal of this paper is to explore the seismic performance of 
polymeric linings and thereby address an important 
deficiency in current practice, namely the lack of 
verification and of trenchless pipe lining technology for 
retrofit of existing lifelines against earthquake effects.  

Cured-in-place linings and pipes (CIPLs and CIPPs, 
respectively) have benefitted from comprehensive 
research (Allouche et al. 2014; Ampiah et al. 2010; 
Bruzonne et al. 2007; Herzog et al. 2007;

 
Guan et al. 

2007; Jaganathan et al. 2007; Brown et al 2014; 
Bainbridge et al 2005;

 
 Boot 2004), and show promise 

with respect to in situ retrofitting of underground utilities 

against earthquake-induced transient and permanent 
ground deformation (Zhong 2014; Zhong et al. 2017a, 
2017b, 2014; Bouziou 2015; Bouziou et al. 2012). CIPLs 
and CIPPs are flexible and rigid structural tubes, 

respectively, of woven fabric or fiberglass reinforced felt 
saturated with thermosetting resin and inserted and cured 
in existing pipelines. Testing regimes have been 
developed for quantifying the performance of polymer 
lining products and for estimating the design life of 
rehabilitated pipelines (Netravali et al. 2003 ,2000a, 
2000b).  

Experimental and analytical work by Netravali et al. 
(2003, 2000a, 2000b) and Jeon et al.

 
(2004), demonstrate 

the effectiveness of CIPLs for cast iron (CI) pipelines that 
have full circumferential cracks and weak joints. Jeon et 
al.

 
(2004) performed large-scale laboratory tests that 

duplicated the effects of 250 mm of maximum settlement 
induced by trench construction. During those tests, a 
CIPL-reinforced CI pipeline with a round crack was able to 
accommodate the excavation-induced soil movements 
and then sustain an additional one million cycles of traffic-
induced deformation without leakage. Zhong et al. (2014) 
report on experiments performed with twin shake tables to 
induce quasi-static and seismic ground motions in 
pipelines reinforced with CIPLs. The results show that the 
retrofitted pipelines were able to accommodate high 
intensity transient ground motions, consistent with some 
of the highest near-field ground velocities ever measured. 
The CIPLs therefore provide substantial benefits for 
seismic strengthening in addition to the rehabilitation of 
aging underground infrastructure. 

This paper focuses on the performance of pipelines, 
which are reinforced with CIPLs and CIPPs, subject to 
transient and permanent ground deformation caused by 



 

 

earthquakes. It begins with a description of the CIPL and 
CIPP used in the analytical and experimental work. It then 
reviews the different modes of pipeline deformation 
caused by ground shaking and shows that the 
predominant mode is in the axial direction of the pipe. 
Simplified, closed form and finite element (FE) models are 
described for the evaluation of underground utility 
response to seismic ground waves. Full-scale static, 
quasi-static and dynamic test results for pipelines lined 
CIPLs and CIPPs are presented and compared with FE 
model results. Full-scale test results are presented to 
characterize the de-bonding and axial force vs. 
displacement performance of pipelines with round cracks 
and weak joints that are strengthened with CIPLs under 
variable internal water pressure. A numerical model is 
presented for de-bonding of the lining and associated 
force vs. displacement behavior, the results of which are 
compared with experimental measurements. 
Recommendations are made for applying the modeling 
and experimental results for in situ strengthening of 
underground utilities against earthquakes. 
 

 
2 CURED-IN-PLACE LININGS & PIPES 
 
There are many lining products commercially available 
with various mechanical properties and compositions. 
AWWA (2001) classifies the linings based on their ability 
to carry loads due to internal pressure and external loads 
into structural, semi-structural and non-structural. CIPLs 
are normally classified as semi-structural linings, while 
CIPPs are usually structural. The CIPL and CIPP used in 
this study are commercially available as Starline2000® 
and InisituMain®, respectively. Views of both linings are 
provided in Figure 1. The CIPL is a flexible semi-structural 
lining used primarily for the rehabilitation of aging CI and 
steel pipelines. As shown in Figure 1a, the lining consists 
of a seamless woven polyester hose with a thin interior 
polyurethane layer. The polyester hose is saturated with a 
two-part polyurethane that bonds the hose to the inside 
surface of the pipe. As shown in Figure 1b, the CIPP is 
composed of unwoven polyester felt impregnated with 
epoxy resin and reinforced with a central 3-layer system 
of glass fibers oriented at +/- 45

o
 and 90

o
 with respect to 

the pipeline axis. The installation of both linings is 
performed by the “inversion method”, in which the 
polyurethane- or epoxy-impregnated lining is inverted into 
an existing, previously cleaned pipe using either heated 
air or water to drive the inversion process and accelerate 
curing. The CIPL and CIPP properties and installation 
methods conform to ASTM F2207-02 (2002) and ASTM 
F1216-09 (2009), respectively. 

Stewart et al. (2015) provide tension test results 
performed in accordance with a modified ASTM D 
3039/3039M-14 (2014) procedure on CIPL samples 
oriented in both the axial and hoop directions. The 
specimens were 15-mm-wide, 200-mm-long and 1.3-mm-
thick. Tension results provided by Insituform Technologies 
(2010) were obtained from specimens that were 12-mm-
wide, 120-mm-long and 5-mm-thick. Figure 2 shows the 
stress vs. strain plots, with average values and standard 
deviation of tensile strength and strain at failure, and 

secant modulus for both linings for specimens oriented in 
the axial direction. Although the average CIPL tensile 
strength is 131MPa compared to 58MPa for the CIPP, the 
secant modulus of the CIPP exceeds that of the CIPP by 
a factor of 3.6. Because the CIPP has a wall thickness 
after installation of approximately 7mm compared to 
1.4mm for the CIPL and a higher modulus, the CIPP is 
notably more rigid than the CIPL. 

The linings were installed in ductile iron (DI) pipe 
specimens with a nominal 150mm diameter manufactured 
by the U.S. Pipe and Foundry Co. (US Pipe) and supplied 
by the Los Angeles Department of Water & Power 
(LADWP). The pipe outer diameter and wall thickness 
were 175 mm and 7.6 mm, respectively. All specimens 
had a 3.3-mm-thick interior cement mortar lining in 
conformance with AWWA C602-11 (2011). The modulus 
of elasticity of the DI, as determined by ASTM E8/E8M-
13a (2013) was 185 GPa (Wham & O’Rourke, 2015).  

 

 
Figure 1. 3D Views of (a) CIPL (PPM, 2010) and (b) CIPP 
used in this study (Insituform Technologies, 2010). 
 
Figure 3 shows a cross-section of a push-on bell-and-
spigot joint. The joint is sealed with a greased rubber 
gasket. During field installation, the spigot is inserted into 
the bell until contact between the spigot and bottom of the 
bell. The force required to extract the fully inserted spigot 
from the bell varies from 0.67 to 0.89 kN (Wham & 
O’Rourke, 2015). DI joints were used as proxies for CI 
pipelines with weak joints and round cracks, because the 
joint pullout capacity is very low, and there is also a small 
circumferential gap, on the order of 3-6 mm wide, 
between the end of the spigot and base of the bell, after 
field installation. 

 



 

 

 

 
Figure 2. Tensile test results for lining specimens oriented 
in the axial direction for (a) CIPL (Stewart et al., 2015), (b) 
CIPP (Insituform Technologies, 2010). 
 
 
3 SEISMIC WAVE INTERACTION WITH 

UNDERGROUND PIPELINES 
 
3.1 Seismic Wave/Pipeline Interaction 
 
Utilities are generally rehabilitated with CIPLs or CIPPs 
because they have been weakened by deterioration at 
joints, corrosion, and fractures in brittle pipe material. 
Typical of such utilities are CI water mains. To evaluate 
the improvement in seismic behavior of utilities, such as 
CI water mains, it is necessary to analyze and test these 
lifelines with the types of flaws that either exist at the time 
of trenchless construction or are incurred during seismic 
response to earthquake–induced ground movements. The 
analytical, numerical, and experimental work described in 
this paper was performed for brittle CI pipelines with 

round cracks and weak joints susceptible to leakage, 
which are the most common modes of damage 
associated with aging and earthquake-induced effects in 
this kind of infrastructure. Previous research (Netravali et 
al. 2000b) has shown that round cracks induced in CI 
pipelines after CIPL installation did not damage the CIPL, 
which had sufficient ductility to maintain its integrity after 
round crack propagation.    

Figure 4 shows the modes of deformation of a pipeline 
with a weak joint or circumferential crack. When the effect 
of transient ground deformation (TGD) is concentrated at 
a locally weak joint or circumferential crack, there are six 
possible modes of deformation that can occur: axial, 
vertical and transverse horizontal displacement, vertical 
and horizontal rotation, as well as torsion. Previous 
research (O’Rourke and Liu, 2012) indicates that 
pipelines are primarily affected by TGD in the axial 
direction, whereas bending strains are roughly one to two 
orders of magnitude smaller than axial strains generated 
by shear waves (S-waves).  
 

 
Figure 3. Cross-section of a typical 150-mm push-on Joint 
(Wham & O’Rourke, 2015). 

 
A systematic, detailed assessment of the different 

modes of jointed, or segmented, pipeline response to 
seismic waves was performed by Bouziou (2015), who 
used a numerical model that is described later in this 
paper. The numerical results indicate that by far the most 
prominent form of deformation caused by seismic wave 
propagation occurs in the axial pipeline direction. The 
vertical and horizontal offsets at round cracks were found 
to be three orders of magnitude smaller than the round 
crack axial separation when the pipelines were subjected 
to the seismic wave motion recorded at the Rinaldi 
Receiving Station during the 1994 Northridge earthquake. 
The Rinaldi peak velocity of 148 cm/sec is among the 
largest recorded in the U.S. The analyses included 
pipelines with outside diameters of 175 mm to 970 mm at 
typical burial depths of approximately 1 m to top of pipe in 
typical sandy backfill conditions. It was assumed that the 
azimuth of the seismic waves was oriented to induce 
maximum deformation of the pipeline. Lateral and vertical 
joint rotations were between 0.002° and 0.02°. Additional 
analyses for the same pipeline conditions subjected to 
1999 Chi-Chi and 2011 Tohoku earthquake recorded 
motions, with among the highest velocities recorded 



 

 

worldwide, showed similar results in which axial crack 
separations were approximately three orders of 
magnitude larger than the round crack vertical and 
horizontal offsets, and lateral and vertical joint rotations 
were between 0.004° and 0.08°.  The analyses show that 
non-axial deformation induced by TGD is negligible with 
respect to axial deformation. Thus, the problem of seismic 
wave interaction with pipelines containing round cracks 
and locally weak joints, can be simplified by focusing on 
ground movements in the axial pipeline direction.  

 

 
Figure 4. Deformations at a weak joint or circumferential 
crack due to seismic wave interactions with segmented 
pipelines or pipelines with circumferential cracks. 
 
3.2 Axial Component of Intersecting Shear Wave 
 
In the near field of fault rupture, body wave effects on 
underground pipelines are generated primarily by S-
waves that intersect the pipeline at an angle of incidence, 
γi, illustrated in Figure 5. The ground strain parallel to the 
pipeline, εg, is: 
 

     
g a aε = V /C                   [1]

  
in which Va and Ca are the particle velocity and apparent 
wave propagation velocity, respectively, along the 
longitudinal axis of the pipeline, and C is the wave 
propagation velocity. Please note that: 
 

     a

i

C
C = 

sinγ
       [2]   

 

     a iV = Vcosγ        [3]

     
Combining Equations 1 through 3 provides the maximum 
ground strain, εg, parallel to the pipeline, which is: 
 

     

i
g

Vsin2γ
ε = 

2C
      [4]

       
3.3 Simplified Analytical Model 
 
O’Rourke, et al. (2005) developed a model for the axial 
separation of a round crack or weak joint in response to 
S-wave interaction with an underground pipeline. The 
pipeline either side of the round crack or weak joint is 
assumed to have full capacity joints and behave as a 
continuous pipeline. This model provides a conservative 
assessment of axial separation because the round crack 
or weak joint is isolated from other defects, thus 
concentrating the effects of S-wave interaction. The 
concept is illustrated in Figure 6, which shows the ground 
strain, εg, as expressed in Eq. 4 vs. distance, X, along the 
pipeline determined as the product of wave propagation 
time, t, and Ca. It is further assumed that the pipeline is 
axially flexible with respect to ground strain accumulation 
such that no relative displacement occurs between the 
surrounding soil and the pipeline. Hence, the pipeline 
deforms as much as the surrounding ground, resulting in 
εp = εg everywhere the pipeline is continuous. This model 
applies in particular for pipelines affected by the largest 
TGD-induced ground strains driven by near source 
velocity pulses. 
  

 
Figure 5.  Pipeline subjected to shear wave propagation. 
 

At a weak joint or round crack reinforced with CIPL or 
CIPP, the maximum axial force, Pu, the pipeline can 
sustain corresponds to a pullout strain, εu = Pu/EA, where 
E is the pipe material modulus, and A is the cross-
sectional pipe area. After Pu occurs, the CIPL or CIPP de-
bonds, resulting in separation at the crack or weak joint 
that expands with little to no additional pullout resistance. 
As the seismic wave passes across the defect, strain in 
the pipeline on each side will accumulate linearly from εp 
= εu = Pu/EA to εp = εg at a slope of f/EA where f is the 
axial shear resistance between pipe and soil. The shaded 
area in the Figure 6 is the integration of the differential 
strain between pipeline and ground, which equals the 
crack or joint relative displacement. This model has been 
adapted to simulate the geometric nonlinear performance 
of weak joints or cracks at any position along the pipeline, 
account for both body and surface waves, and extended 
to joints with bilinear force-displacement characteristics as 



 

 

well as welded slip joints subject to buckling (Shi & 
O’Rourke, 2008; Wang & O’Rourke, 2008). 
 
3.4 Finite Element Model 
 

To explore further the relative axial displacement across a 
weak joint or round crack in a pipeline strengthened with a 
CIPL or CIPP, a finite element (FE) model for seismic 
wave interaction was developed, using the software 
ABAQUS (2014). This model is described in detail 
elsewhere (Bouziou 2015; Bouziou et al., 2012), and only 
the salient features are described herein. 

Figure 7a shows a schematic of the FE model that 
was used to simulate the TGD response of the 150-mm 
diameter DI pipe specimens described in Section 2. The 
pipe elements were connected to spring-slider elements 
with elasto-plastic behavior capable of representing shear 
transfer from soil to pipe. Ground motion time records 
were converted to displacement vs. distance records by 
assuming that X = Cat, in which X is distance, t is time 
from the strong motion recording, and Ca is calculated 
from Eq. 2, using C = 2.5 km/sec, which is the wave 
propagation velocity frequently used for crustal conditions 
in California. The seismic displacement vs. distance 
records were superimposed on the spring-slider elements, 
which conveyed ground movement to the pipeline. The 
pipeline was assumed to be buried at 1.22m depth to top 
of pipe in partially saturated sand with an effective friction 

angle  = 38
ο
. Figure 7b shows the relationship between 

f, the soil shear force per unit distance along the pipeline, 
and the relative soil-pipe displacement as a bilinear 
relationship with linear rise to f at a relative displacement 
of δy and constant f thereafter. The soil reaction force vs. 
relative soil-pipe displacement relationships were 
modelled in accordance with the recommendations of 
ASCE (1984). The maximum soil reaction force/unit 
distance, fy, for a pipeline buried in sand is calculated by 
the following expression (ASCE, 1984): 

 

y

πD
f = (1+K )γHtanδ

2
o                              [5] 

 
where D is the outer pipe diameter, Ko is the “at-rest” 
earth pressure coefficient, γ is the soil unit weight, H is the 
burial depth from the ground surface to center of the 
pipeline, and δ is the soil/pipeline interface friction angle. 

Kulhawy et al. (1983) report that δ ranges from 0.5 to 

0.7 for sand/smooth steel, and from 0.7 to 1.0 for 
sand/rough steel interface. In this study, a conservative 

value of δ equal to 1.0 was assumed for the DI/soil 
interface.  Since the pipelines are normally buried in 
partially saturated soils, the total soil unit weight γ should 
be used in Equation 5. The effects of suction associated 
with partial saturation are described by Robert et al. 
(2016) and a simplified approach to account for its effects 
on the soil reaction is outlined by Jung et al. (2016). 
Recommendations and corrections on the frictional 
component of the maximum soil reaction given by the Eq. 
5, regarding its magnitude and orientation are made by 
O’Rourke et al. (2016). ASCE (1984) suggest that the soil 
reaction is fully mobilized at a relative displacement, δy, of 

2.5-5 mm for dense to loose sands. Direct shear tests 
reported by O’Rourke at al. (1996) showed that the 
maximum reaction along the pipeline axis, fy, is mobilized 
at δy equal to approximately 1 mm. In this work, a 
conservative value of 1-2mm was selected for the 
numerical simulations. 

 In all numerical simulations, it was assumed that the 
CIPL or CIPP was installed across a weak joint or 
circumferential crack in the pipeline. Axial tension tests 
were performed on lined pipe specimens, as described in 
Section 5 to characterize the axial force vs. displacement 
relationship for the lined joints for direct use in the FE 
model. 
 

 
Figure 6. Relative joint displacement from seismic wave 
interaction with a pipeline rehabilitated with CIPP or CIPL. 
 

Ground motion records at the Rinaldi and Joshua Tree 
stations during the 1994 Northridge and 1992 Landers 
earthquakes (PEER NGA 2011), respectively, were 
converted to displacement versus distance records. The 
maximum recorded velocities, corresponding to fault 
normal motions were assumed to intersect the lined 
pipeline at γi = 45

o
 to produce maximum strain and 

deformation. The motions were selected to represent 
large near-field velocity pulses as well as wave trains of 
varying duration and number of velocity pulses. The 
amplitudes of the velocities were scaled from 
approximately 50% to more than 200% of the measured 
magnitude to explore the sensitivity of lined joint response 
to variable amplitudes of ground motion.  

 

 
Figure 7. (a) FE model for seismic wave and pipeline 
interactions. 
 



 

 

 
Figure 7. (b) Shear transfer and soil-pipe relative 
displacement relationship. 

 
Figure 8a shows the maximum relative joint 

displacement from FE analysis for S-wave interaction with 
a 150-mm diameter DI pipeline reinforced with the CIPP 
described in Section 2.  The analysis used Rinaldi ground 
motion records scaled to 200% of the recorded 
amplitudes. The maximum simulated pullout is 14.9 mm, 
which is distributed in a slightly asymmetric manner with 
approximately 7.4 -7.5 mm of displacement either side of 
the round crack or weak joint.  

Figure 8b shows the FE pipe and ground strains 
plotted along the pipeline in the vicinity of the lined defect. 
Please note the similarity of this plot with the seismic 
wave interaction diagram in Fig. 6. In both cases, the 
strains increase from the pullout strain, εu = Pu/EA at a 
slope of f/EA until the pipeline deforms as much as the 
surrounding ground, corresponding to εp = εg. The 
simplified analytical model described in the previous 
section was very helpful for visualizing the lined round 
crack and weak joint response and was used to develop 
the FE model as well as check FE simulation results. 
 
 
4 QUASI-STATIC AND DYNAMIC TEST RESULTS 
 
4.1 Test Setup 
 
The twin re-locatable shake tables in the Structural 
Engineering and Earthquake Simulation Laboratory 
(SEESL) of the University at Buffalo were utilized to 
perform quasi-static and dynamic tests on 9.14-m-long 
test sections of DI water pipelines retrofitted with CIPLs 
and CIPPs. The SEESL tests are described in detail by 
Zhong et al. (2015) and Zhong et al. (2014), and only the 
salient features are presented in this paper. Each 
specimen contained two lined DI joints, which were 
subjected to earthquake ground motions simultaneously 
and individually. The seismic movements for testing were 
derived from the FE simulations of S-wave interaction with 
pipelines reinforced with CIPLs and CIPPs, as discussed 
in the previous section. 

Figure 9 shows a photo of the test setup. Strain 
gages, displacement transducers, accelerometers, 
differential pressure cells, and several video cameras 
were installed to monitor the seismic response. Acoustic 
emission and ultrasonic guided waves inspections also 
were performed for each test to evaluate the extent of de-
bonding between the DI pipe and liner.  

Asynchronous translational motions using lined joint 
displacement time records from the FE simulations were 

applied to each shake table to induce differential axial 
movements at the joints. The ground displacement 
amplitudes were scaled from about 50% to 200% of the 
Rinaldi Receiving Station recordings and from about 50% 
to 500% of the Joshua Tree recordings. The scaled 
amplitudes were increased in stages until failure of the 
lining occurred. 

 

 
Figure 8.  FE results for a pipeline reinforced with CIPP 
subjected to 200% of the Rinaldi record from 1994 
Northridge Earthquake: (a) Ground-pipeline relative 
displacement, (b) Ground and pipe strains. 
 
4.2 Test Results 
 
Figure 10 shows results from a dual shake table test on a 
150-mm diameter DI pipeline with two joints that were 
reinforced with the CIPP described in Section 2.  As 
shown in Fig. 10a, the west joint lining failed when the 
Rinaldi joint displacement time record was applied with 
amplitude scaled to 200% of the recorded motions. The 
joint opening at the failed lining was 6.6 mm at a force of 
148 kN. The force vs. displacement plot of the east joint, 
which did not fail, is shown in Fig. 10b. Both the west and 
east joint test results at failure are compared with the tri-
linear force vs. displacement model for the lined joint, 
which was determined in the static axial tension tests 
(similar to those described in Section 5) and used in the 
FE simulations described previously. The tri-linear force 
vs. displacement model used in FE simulations compares 
well with both the axial pull and shake table results. 



 

 

 
Figure 9.  Photo of SEESL dual shake table tests.  
 

The results from the tri-linear force vs. axial 
displacement model derived from the axial pull tests 
follow the backbone curve from the dynamic test results. 
Underground pipeline response to S-wave interaction 
does not involve inertial effects, but does involve 
movement transferred from the ground wave to the 
pipeline. CIPL and CIPP performance are controlled by 
the magnitude and period of the ground wave velocity 
pulses that are aligned in the axial direction of the 
pipeline. The maximum loading conditions for the linings 
involve the largest velocity pulses, which can be modeled 
favorably by static pull test results to an axial separation 
that corresponds to the peak of the velocity pulse. 

Figure 11 shows the axial force vs. joint opening 
response from a dynamic test performed with the dual 
shake table on a 150-mm diameter DI pipeline that was 
reinforced with the CIPL described in Section 2. The test 
pipeline was subjected to Joshua Tree (JT in Fig. 11) joint 
displacement time records that were applied successively 
with amplitudes scaled in nine increments from 300% to 
900% of the recorded motions. For joint openings greater 
than 13 mm, the flexible CIPL was pinched between the 
spigot and the bell as the amplitude of axial displacement 
was reduced toward zero. This pinching was 
accompanied by a compressive force that is evident at 
low movement in the cyclic force vs. displacement plots. 
Pinching damages the lining and reduces its tensile 
capacity. The red oval in the plot shows unfolding of the 
pinched lining, and is indicative of test results in which the 
pinching mechanism was observed.  
 

    
Figure 10. Force vs. joint opening hysteretic response 
from dynamic testing: (a) West joint liner during failure at 
200% of Rinaldi, liner after failure at 200% of Rinaldi, and 
tri-linear force vs. displacement curve. (b) East joint liner 
at 200% of Rinaldi and comparison with tri-linear curve 
and axial pull test force vs displacement curve.  

 

 
Figure 11. Axial force vs. displacement plot for joint 
reinforced with CIPL from dual shake table test results 
(Zhong, 2014). 
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Figure 12 presents photos of a pinched CIPL during 
cyclic axial displacement tests performed at Cornell. The 
tests were performed by opening an initial 3-mm-wide gap 
in a 150-mm diameter DI pipe that was lined with the 
CIPL described in Section 2. The opening was expanded 
and closed in steps that increased the width of the 
opening by 3 mm each time displacement was applied. 
An internal water pressure of approximately 517 kPa was 
applied during the test. At openings of 13-15 mm the 
lining bulged outward at the gap and was pinched and 
compressed as the gap closed.  
 

 
Figure 12. Photos of pinched CIPL during cyclic axial 
displacement tests. 
 
 

5 PERMANENT GROUND DEFORMATION 
EFFECTS 

 
Permanent ground deformation (PGD) can arise from 
surface faulting, landslides, and liquefaction-induced 
lateral spreading and subsidence (O’Rourke, 2008). As 
illustrated in Figure 13, there are many ways in which 
seismic PGD affects underground pipelines, such as the 
oblique slip affecting pipelines crossing a fault plane in 
Fig. 13a.  Strike slip may induce compression or tension, 
depending on the angle of intersection between the 
pipeline and fault.  Fig. 13b shows a pipeline crossing a 
lateral spread or landslide perpendicular to the general 
direction of soil movement.  In this orientation, the pipeline 
is subject mainly to bending strains and extension.  As 
shown in Fig. 13c, the pipeline will undergo bending and 
either tension or compression at the margins of the slide 
when crossing the ground movement zone at an oblique 
angle.  Fig. 13d shows a pipeline oriented parallel to the 
general direction of soil displacement.  At the head of the 
zone of soil movement, the displacements resemble 
normal faulting; under these conditions, the pipeline will 
be subjected to both bending and tensile strains.   

 
5.1 Axial Tension Tests 
 
Axial tensile deformation is the most critical response 
mode for pipelines reinforced with linings. De-bonding 
under axial extension allows the lining to increase in 
length, thereby accommodating tensile ground movement, 
provided that axial force in the lining does not exceed its 
tensile capacity. To assess the ability of pipelines lined 

with the CIPL to accommodate large axial deformation, a 
series of axial tension tests was performed at Cornell to 
characterize the pullout capacity and investigate the 
failure mechanisms of pipelines with circumferential 
cracks or leaking joints, lined with the CIPL. The 
specimens for the axial tension tests consisted either of 
two straight DI pipe sections separated by a 6 to 12 mm 
gap or two sections connected with a bell-and-spigot joint, 
denoted as “gap” and “joint” specimens, respectively. 
Figure14 shows a photo of the experimental setup for the 
displacement controlled axial pull tests. One end of the 
pipe was clamped to the test frame, while the other was 
connected to a hydraulic 250-kN MTS actuator. During 
the test, the actuator force and displacement were 
recorded. Four string potentiometers were positioned at 
the pipe circumference to measure the relative 
displacement between the two pipe segments. Strain 
gages, typically between two and twelve, were installed 
on the exterior of the pipe at various distances from the 
gap or joint to measure the pipe strain and provide an 
indication of lining de-bonding at the respective locations. 
The de-bonded length was calculated based on strain 
gage measurements and visual inspection of the 
specimen interior. 

 

 
Figure 13.  Principal modes of soil-pipeline interaction 
triggered by earthquake-induced PGD (O’Rourke, 2008). 
 

Table 1 provides information on the specimen type 
and dimensions, loading rate, and internal pressure for 
each axial pull test. Tensile coupon tests performed at 
Cornell and UB (Zhong, 2014) show that loading rates of 
1.3 mm/min to 510 mm/min do not have a significant 
effect on the mechanical behavior of the lining. Two 
monotonic axial tension tests conducted at UB were used 
as a source of supplemental data (Zhong, 2014). The 
tests on specimens G1 and G2 were stopped when de-
bonding of the lining propagated to the end of the 
specimen. Specimen J4 test was stopped at 102 mm of 
imposed displacement to avoid damage to the shake 
table. Specimen J5 was initially pressurized to 310 kPa, 



 

 

but lost internal pressure during the test, because the 
pressurization valves were kept closed. 
 

 
Figure 14. Experimental setup for axial pull tests at 
Cornell University. 

 
5.2 Axial Tension Test Results 
 
Table 2 summarizes the experimental results in terms of 
maximum axial force, joint/gap opening at the end of the 
test, observed failure mode and de-bonded length. The 
following sections address the key test results of the lined 
pipe response to axial tension. 

 
5.2.1 Effect of Internal Pressure 
 
Figure 15 shows the axial force vs. opening relationships 
for gap (Fig. 15a) and joint (Fig. 15b) specimens under 
different internal pressures. Test results indicate that the 
response of the lined pipes is strongly affected by internal 
pressure. The presence of internal pressure is associated 
with higher axial forces, and smaller de-bonded lengths 
and hence, lower capacity of the lined pipe to 
accommodate deformations compared to the cases of 
zero internal pressure. The additional normal stress at the 
pipe-lining interface due to internal pressure increases the 
pipe/lining interface strength, therefore reducing the 
tendency for lining de-bonding. The four tests (G3, G4, J1 
and J4) conducted under internal pressure ended with 
lining rupture at axial loads ranging from 81.2 kN to 92.1 
kN, consistent with the lining tensile strength obtained in 
tensile coupon tests. For the tests conducted under no 
(i.e. G1 and G2) or low internal pressure (i.e. J5), 
extensive de-bonding, but no lining rupture occurred. 
Figure 16 shows close-ups of the gap location for 
specimens G3 and G1 at the end of the tests, indicative of 
the different behavior under internal pressure of 517 
kPaand 0 kPa, respectively.  Fig. 16a depicts the 
damaged lining with several ruptured individual yarns, 
while in Fig. 16b the lining appears to be intact with 

pieces of ruptured mortar adhered to its exterior. 
Therefore, the amount of axial deformation accumulated 
at the gap or a joint depends on the de-bonded length of 
the lining, which in turn is a function of the lining stiffness 
and strength relative to the pipe-lining interface strength. 
 
Table 1. Axial tension tests description   

 
 
Table 2. Axial tension tests results 

 
 

 
 

Figure 15 (a). Axial force vs. opening relationship under 
different internal pressures for gap specimens 

 

Specimen 

No.

Specimen 

Type

Length at 

each side 

(m)

Loading 

Rate 

(mm/min)

Pressure 

(kPa)

G1 Gap 1.52, 1.52 5.1 0

G2 Gap 1.52, 1.52 5.1 0

G3 Gap 1.52, 1.52 5.1 517

G4 Gap 1.52, 1.52 5.1 517

J1 Joint 1.83, 2.74 510 517

J4
1 Joint 1.83, 2.74 1.3 310

J5
1,2 Joint 1.83, 2.74 2.6 310

1 Test conducted at UB (Zhong 2014). 2 Test  with closed valves.

Specimen 

No.

Max Force 

(kN)

Opening 

at test end 

(mm)

Lining 

Rupture

Debonding 

Length 

(mm)

G1 47.3 280 No 2845

G2 51.8 182 No 1880

G3 81.2 45 Yes 381

G4 88.2 78 Yes 559

J1 92.1 71 Yes 508

J4
1 58.2 117 Yes 673

J5
1,2 89.4 100 No 1011

1 Test conducted at UB (Zhong 2014). 2 Test  with closed valves.



 

 

 
Figure 15 (b). Axial force vs. opening relationship under 
different internal pressures for  joint specimens. 
 
5.2.2 Gap vs. Joint Specimens 
 

Figure 17 compares the response of gap and joint 
specimens under 517 kPa internal pressure, in terms of 
axial force vs. opening. The insert diagrams in Figures 
15a and 17 show the response of the gap and joint 
specimens at axial deformation up to 2.5 mm. All gap 
specimens (see Fig. 15a) exhibit similar behavior, with an 
abrupt increase of the axial load for virtually zero imposed 
tensile displacement. The initial load varies between 
approximately 9 and 30 kN and results from the tensile 
resistance of the resin that infiltrates the gap during the 
lining installation process. Figure 18a shows a gap 
specimen with the resin filling the gap. Before resin tensile 
failure, at the location of the gap, the axial load is carried 
by the resin and the lining. Once the resin fails, the load is 
carried exclusively by the lining.  

The behavior of the joint specimen at early stages of 
loading differs from that of the gap. Figure 18b is a photo 
of the cross-section of the 150-mm DI push-on joint, 
showing the locations where resin can migrate during the 
installation process. A resin plug was observed in the 
separation between the end of the spigot and base of the 
bell. The separation width depends on the specimen 
preparation and lining installation process. Resin that 
penetrates into the separation contributes to the 
resistance against axial tensile loading in a fashion similar 
to of the gap specimens. There is also the possibility of 
resin penetrating the annular space between the bell and 
the spigot, and thus mobilizing additional shear resistance 
against joint opening. 

As shown in Figures 3 and 18b, the effect of resin in 
the annular space between the spigot and bell should be 
noticeable until roughly 25 mm of joint opening. The J1 
test results in Figure 17 reflects the effects of this 
mechanism. J1 carries higher load compared to gap 
specimens G3 and G4 until approximately 25 mm of axial 

movement, after which the lining takes on the entire load, 
and its force vs. displacement response converges with 
that of the gap specimens.  

 

 
Figure 16. Close-up of the gap location at the end of axial 
tension tests (a) Specimen G3 (517kPa) and (b) G1 (0 
kPa). 

 

 
Figure 17. Axial force vs. opening relationships for gap 
and joint specimens under internal pressure of 517 kPa. 

 
 



 

 

 

 
Figure 18. (a) Gap specimen close-up prior testing 
showing the resin filling the gap and (b) Cross-section of a 
150-mm DI push-on joint showing the locations that resin 
might migrate during the CIPL installation process. 

 
 

6 NUMERICAL MODEL 
 
6.1 Overview 
 
A one-dimensional (1D) finite element (FE) model was 
developed with the software ABAQUS (2014). Figure 19 
shows a schematic of the model, in which the pipeline and 
the lining are represented by beam elements (type b33) 
and the pipe/lining interface with nonlinear springs (type 
spring 2). The pipeline continuity is interrupted, to 
simulate a crack or leaking joint. Tensile displacements 
are applied at one end of the pipe element, while the 
opposite end is fixed. The mechanical properties of the 
pipe and the lining are consistent with those obtained 
from tensile coupon tests. The lining is modeled with 
properties only in the axial direction. De-bonding of the 
lining is modeled as a fracture propagation mechanism. 

Substantial research has been conducted to 
investigate fracture processes in materials and structures 
by means of linear elastic fracture mechanics (LEFM) 
principles (e.g. Taljsten 1996; Hillerborg et al. 1976), 
damage models (e.g. Turon et al. 2006) and cohesive 
zone modeling (CZM) (e.g. Alfano et al. 2014, Spring & 
Paulino 2014; Turon et al. 2007; Elices et al 2002; 
Tvergaard and Hutchinson 1992; Barenblatt 1962; 
Dugdale 1960;). Caggiano et al. (2012) present a one-
dimensional analytical approach for modeling the 
response of FRP plates bonded to a brittle substrate, 
assuming elastic material response and an elastic 
softening relationship for the bond strength vs. slip. 
Similar to the Caggiano et al. (2012) model, a Mode II 
fracture propagation was assumed in this work. To 
simplify the problem, uniformity of the pipe/lining interface 
properties were assumed along the entire length of the 
pipeline. In this work, the pipe/mortar and mortar/lining 
interfaces as well as mortar layer are not modeled 

explicitly. Instead, a spring force vs. displacement 
relationship is used to represent behavior along 
pipe/lining interface. 
 

 
Figure 19. Overview of 1D FE model setup for axial 
tension of lined pipelines with gaps or weak joints. 
 
6.2 Interface Modeling under Zero Internal Pressure 
 
Faella et al. (2009) discuss direct and indirect optimization 
methods assuming an elastic-linear softening bond 
strength vs. slip relationship, ηc vs. δ, to identify fiber-
reinforced plastic (FRP) plates-to-concrete interface 
relationships, based on arrays of strain gage 
measurements taken during direct tension tests. Multiple 
shapes of ηc vs δ curves have been suggested, including 
trapezoidal, rectangular, linear ascending with either 
linear or exponential softening (e.g. Park and Paulino 
2013; Caggiano et al 2012; Gustafsson 1987). A modified 
linear ascending and softening shape, as shown in Figure 
20a, is used in this work, wherein an abrupt increase in 
bond strength is assumed because of its simplicity and 
compatibility with the experimental data. The ηc vs. δ 
relationship is modeled with the maximum apparent bond 
strength, ηmax, and maximum slip at zero bond strength, δu. 
The area below ηc vs. δ curve represents the fracture 
energy, i.e. the energy required to bring an area of a 
bonded surface to complete fracture in Mode II, i.e. the 
fracture is assumed to propagate predominantly parallel 
to the pipe/lining interface. 

The pipe/lining interface is composed of both the 
pipe/mortar and the mortar/lining interfaces. Mortar 
slippage can occur when the bond strength at either the 
mortar/lining or mortar/pipe interface is exceeded. 
Moreover, slippage can be initiated when the tensile 
capacity of the mortar is reached. These conditions are 
illustrated by the Mohr circle for zero internal pipe 
pressure shown in Figure 20b. When axial tensile forces 
are applied to the lined pipe, the mortar is subjected to 
simple shear. As shear is increased at the mortar/lining 
and mortar/pipe interfaces, the Mohr circle increases in 
size until its radius either equals the a) mortar/lining shear 
capacity (point 2), b) mortar/pipe shear capacity (point 2), 
or c) tensile capacity of the mortar (point 1). When any 
one of these limit states is reached, slip or de-bonding of 
the lining will initiate. Therefore, the maximum bond 
strength, ηmax, can be defined as: 
 

 max tm b1 b2η = min f ,η ,η                              [6] 

 



 

 

where ftm is the tensile strength of the mortar, ηb1 the 
pipe/mortar and ηb2 the mortar/lining shear strength. 

As required by AWWA C602-11, the cement mortar 
lining for pipes should attain a minimum compressive 
strength of 31 MPa. Sabnis et al. (1983) summarize 
experimental results that show that concrete and mortar 
have direct tension strengths ranging between 8 and 12% 
of their compressive strengths. In this study, the tensile 
strength of mortar, ftm, is assumed to range between 10 
and 12% of minimum mortar compressive strength as 
specified by AWWA C602-11 (i.e. between 3.1 and 3.7 
MPa). Test results summarized by Sabnis et al. (1983) 
and Tashiro and Tatibana (1983) suggest a pipe/mortar 
bond strength, ηb1, that varies between 1.4 and 3.4 MPa. 
Values of mortar/lining bond strength, ηb2, similar to those 
investigated in this study are not available in the literature. 
Numerous observations, however, during axial tension 
tests performed for this study showed failure as either 
tensile fractures in the mortar or slippage between the 
mortar and the pipe. The experimental evidence therefore 
supports a mortar/lining bond strength that exceeds the 
pipe/mortar bond strength. Moreover, Faella et al. (2009) 
provide experimental evidence for FRP-to-concrete 
interface ηc -δ relationships that show that the maximum 
bond strength varies between approximately 6 and 7.5 
MPa. 

Using linear fracture mechanics Tajsten (1996) 
derived the following expression for the maximum force 
that can be resisted by an FRP-to-concrete interface:  

 

O,L f L LP = πD 2G E t            [7] 

 
in which Gf is the energy required to bring an area of a 
bonded surface to complete fracture in Mode II, EL is the 
Young’s modulus, tL and DO,L are the thickness and the 
outer diameter of the lining, respectively.  

As shown by Caggiano et al. (2012), the de-bonding 
propagation occurs at a constant force along the FRP-to-
concrete interface, which is consistent with the lined pipe 
behavior under no internal pressure (tests G1 and G2). 
Therefore, Equation 7 can provide an estimate for the 
area below the bond strength vs. slip curve for the lined 
pipe, given the lining dimensions, material properties, and 
constant force measured during the tests.  

 

 
Figure 20. (a) Apparent cohesion vs. slip for the pipe-
lining interface  

 

 
 

Figure 20. (b) Maximum interface apparent cohesion 
determination. 
 
6.3 Interface Modeling under Internal Pressure pi 
 
In the presence of internal pressure, pi, frictional forces 
contribute to the load transfer between the lining and the 
pipe. These frictional forces are assumed to follow 
Coulomb’s frictional law for surface-to-surface contact and 
an interference factor that further contributes to the 
resistance. Patton (1966) developed an interface shear 
resistance model for rock discontinuities that accounts for 
the interlocking of asperities. The shear resistance, η, is 
given by: 
 

n bη = ζ tan( +i)                           [8] 

 

where b is the surface-to-surface friction angle and i is 
the angle of the asperities along the interface. 

In our problem, the additional resistance generated by 
fragmentation and subsequent interaction among mortar 
pieces is expressed through an interference factor iN, 
which is analogous to the inclination angle i used by 
Patton. The interference factor iN is assumed to be a 
function of the slip δ, and is given by the following 
expression: 

 
-bδ

N Nmaxi (δ) = i (1-e )               [9] 

 
in which iNmax represents the maximum interference that 
develops as mortar fragmentation occurs and b is the 
growth rate of the interference factor. Since the 
fragmentation and slip of the mortar is analogous to slip 
and crushing along a rock discontinuity, values of iNmax 
should be consistent with the range of 10

o 
≤ iNmax ≤ 30

o
, 

suggested for rock joint surfaces (Patton,1966). 
By combining the bond strength under zero pressure 

with frictional resistance, the interface shear strength, η, 
for a lined pipe under internal pressure pi, is given by the 
following expression:  

 

c f c n b Nη(δ) = η (δ)+η (δ) = η (δ)+ζ tan( +i (δ))      [10] 

 



 

 

where ηc and ηf are the bond and frictional components of 
the interface shear strength, respectively, ζn is the normal 

stress at the pipe-lining interface, b is the surface-to-
surface friction angle and iN is the interference factor.  
      Figure 21 shows the frictional component ηf of 

Equation 10, as a function of slip δ for constant ζn and b. 
The frictional shear resistance, ηf, increases 
asymptotically towards a limiting value, as a function of δ 

and iN. The friction angle, b, is taken as 35
o
, as 

recommended by (Barton, 1973) for limestone. This value 
is consistent with the friction angle for concrete. 
 
6.4 Determination of Normal Stress at the Pipe/Lining 

Interface 
 
To determine the normal stress at the pipe-lining 
interface, ζn, due to internal uniform pressure, a simplified 
two-dimensional (2D) axisymmetric model of the lined 
pipe cross-section was developed in ABAQUS 6.13 
(2014). Both the host pipe and the lining were assumed to 
behave elastically. The modulus of elasticity used for the 
pipe is equal to 185 GPa. For the CIPL, the Young’s 
modulus obtained with tensile coupon tests on specimens 
oriented in the hoop direction is equal to 210 MPa 
(Stewart et al, 2015). Because mortar has low stiffness 
and tensile capacity, it provides minimal resistance 
against radial stress and is not included in the model. The 
numerical results showed that 98% of the imposed 
internal pressure, pi, is transferred across the lining to 
normal stress, ζn, on the internal surface of the pipe. 
Thus, ζn is virtually equal to pi. 
 

 
Figure 21. Frictional resistance vs. slip for the pipe-lining 
interface.  
 
 

7 COMPARISON OF NUMERICAL MODEL WITH 
EXPERIMENTAL RESULTS 

 
Finite element analyses are performed with the model 
shown in Figure 19 to simulate the axial tension tests on 
DI pipes lined with CIPLs described in Section 5. A beam 
element length equal to 1.3 mm was selected after mesh 
convergence studies. The pipe/lining interface shear 
strength, η, is characterized by Eq. 10. Figures 22 and 23 
show comparisons of the numerical and experimental 
results in terms of axial force vs. gap opening and de-

bonded length vs. gap opening, respectively for internal 
pressures of 0, 310 and 517 kPa. 

For the bond strength component, ηc, the fracture 
energy, Gf, is estimated with Eq. 7 using the average P 
from Tests G1 and G2 and a ηmax = 2.8 MPa, which is 
consistent with the maximum bond strength, as discussed 
in Section 6. Figure 22a compares the numerical and 
experimental results in terms of axial force vs. gap 
opening for tests G1 and G2. There is good agreement 
between the numerical results that show de-bonding 
propagation at a force of 43 kN, compared to 40 and 49 
kN from the G1 and G2 tests, respectively. In addition, 
there is close agreement between the stiffnesses 
provided by the numerical and experimental results. 

Tests G3 and G4 were used to calibrate the model for 
the interference factor, iN, given by Eq. 9. Using iNmax=10

o
, 

the rate of growth, b, was adjusted so that numerical 
results fit the experimental data, as shown in Figure 
22b.To validate the model, the J4 test results were used. 
The test was conducted at a different internal pressure 
(i.e. 310 kPa), compared to tests G3 and G4 (i.e. 517 
kPa). There is very good agreement between the 
experimental and numerical results, as illustrated in 
Figure 22c. 

To check further the validity of the numerical model, 
the measured lengths of de-bonded lining vs. gap, or joint 
opening, are plotted in Figure 23 for tests G1 and G2 
(Figure 23a), G3 and G4 (Figure 23b) and J4 (Figure 
23c), and compared with the numerical results. The 
numerical and experimental results are in excellent 
agreement for the case of zero internal pressure, as 
shown in Figure 23a, with the ratio of de-bonded length to 
opening being equal to approximately 10.  

In the presence of internal pressure, the tendency for 
lining de-bonding is lower and the ratio is smaller, as 
shown in Figure 23b and 23c. For internal pressure of 517 
kPa, as presented in Figure 23b, the numerical results 
follow the same trend and are in close agreement with the 
experimental results in terms of absolute values. Finally, 
for internal pressure of 310 kPa, as illustrated in Figure 
23c, the numerical de-bonded length vs. opening 
relationship follows the same general trend as the 
experimental data. 
 
 
8 CONCLUDING REMARKS 
 

An important opportunity exists for using cured-in-place 
linings and pipes (CIPLs and CIPPs, respectively) to 
retrofit underground utilities against earthquake-induced 
ground movements. Experimental results summarized in 
this paper show that CIPLs and CIPPs can strengthen 
utilities substantially against both transient and permanent 
earthquake-induced ground deformation. Although in situ 
polymeric linings are used frequently to rehabilitate 
underground lifelines for daily use, they are not used in a 
systematic or formal way for earthquake protection. The 
research results presented in this paper help to correct 
one of the most critical deficiencies in current 
underground utility practice, namely the lack of verification 
of in situ trenchless lining technology for the retrofit of 
existing lifelines against earthquake effects. 



 

 

Figure 22. Numerical vs. experimental results for axial 
tension tests on pipe lined with CIPLs in terms of force vs. 
opening for internal pressures of (a) 0 kPa, (b) 517 kPa, 
and (c) 310 kPa 
 

Figure 23. Numerical vs. experimental results for axial 
tension tests on pipe lined with CIPLs in terms of de-
bonded length vs. opening for internal pressures of (a) 0 
kPa, (b) 517 kPa and (c) 310 kPa. 
 



 

 

Key findings of the research reported in this paper are 
summarized as follows: 

 

 Of critical importance for pipeline retrofitting is the de-
bonding of the lining under axial extension of the 
pipeline. The de-bonding allows the lining to increase 
in length, thereby accommodating tensile ground 
movements. The de-bonding also allows the linings to 
accommodate bending and rotation at the locations of 
defects, such as weak joints and round cracks in brittle 
pipelines and conduits.  

 Experimental results show that resistance against 
axial extension is mobilized by resin that penetrates 
round cracks and separations in weak joints. The 
lining needs to have sufficient strength to overcome 
the de-bonding force as well as resistance from resin 
penetrations along lined sections of the pipeline to 
accommodate earthquake-induced deformation. 

 An important failure mode governing the response of 
underground pipelines strengthened with CIPLs to 
seismic ground waves is pinching of the lining during 
the dynamic opening and closing of round cracks and 
gaps in weak joints. A CIPL is relatively flexible and 
will protrude into a defect that opens during seismic 
wave interaction, thus subjecting the protruding 
portion of the lining to concentrated compression and 
damage as the defect closes. Full-scale dynamic and 
cyclic tests on the CIPL studied in this work show that 
the pinching mechanism is activated when the 
opening under transient motion exceeds 13 mm (0.5 
in.)  

 The CIPP investigated in this work has a significantly 
thicker wall and higher modulus than the CIPL. 
Pinching of this lining would not be expected under 
earthquake-induced dynamic movement and was not 
observed during the full-scale testing. 

 Because of its relative flexibility, the CIPL under study 
was able to accommodate greater axial extension per 
de-bonded length of lining compared to the CIPP. 
Although the CIPL is subject to pinching under 
transient ground movement, it possesses an 
inherently greater capacity to adjust to permanent 
ground displacement than the CIPP. 

 A numerical model is described in this work that 
simulates the axial force vs. displacement response at 
weak joints and cracks in pipelines strengthened with 
CIPLs and CIPPs. The model accounts for de-bonding 
between the lining and pipe as the propagation of a 
Mode II fracture. It also accounts for enhanced 
frictional resistance mobilized by internal pipe 
pressure. The results of the numerical model are in 
good agreement with the full-scale test results both 
with respect to axial force vs. displacement as well as 
the relationship between the axial displacement 
across defects and the de-bonded length of the lining 
under variable pipe pressure. 

 The simplified analytical and numerical models 
presented in this work for seismic wave interaction 
with pipelines reinforced with polymeric linings can be 
used to identify the peak ground velocity and pulse 
period combinations needed to exceed an axial 
displacement of 13 mm (0.5 in.) that activates the 

CIPL pinching mechanism. Transformation of this 
CIPL limit state into seismic wave characteristics 
allows for the pinching mechanism to be quantified in 
terms of exceedance probabilities for critical 
combinations of ground velocity and pulse period.  

 The experimental work described in this paper was 
performed for 150-mm nominal diameter pipe and 
joints reinforced with a CIPL and CIPP. The findings 
are relevant for distribution pipelines with diameters 
ranging from 100 mm to as large as 600 mm in which 
the linings are installed by an inversion or direct 
insertion process. Additional experimental work is 
necessary to larger diameter pipelines with hand-
placed lining systems. 

 
Although retrofitting with CIPLs and CIPPs shows 

considerable promise for strengthening aging utilities in 
place against earthquake effects, the findings in this 
paper are still a work in progress. Work is underway to 
adapt the fracture propagation model for CIPLs to 
evaluate the axial de-bonding behavior of CIPPs. 
Additional experimental and numerical work is needed to 
expand the modeling to simulate de-bonding along 
metallic pipe surfaces that do not have mortar linings. 
Additional work is also required to simulate lining 
response to bending, rotation, and shear forces in 
combination with axial deformation, thus expanding 
modeling and prediction capabilities to address a more 
comprehensive cohort of earthquake-induced pipeline 
deformation. 
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