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Buried structures (e.g., culverts and pipes under roadways) installed several
decades ago are reaching the end of their service life. Excavation and
replacement of these structures will cause disturbances to the transportation
network and require significant funding. Trenchless techniques (e.g., sliplining)
have been increasingly employed to rehabilitate deteriorated buried structures
(e.g., corroded corrugated steel pipes). Sliplining includes inserting a new pipe
(liner) into an existing deteriorated pipe and filling the gap between them
with grout. The objective of this study was to evaluate the effect of sliplining
on the behavior of buried corrugated steel pipes with different degrees of
corrosion under loading. In this experimental study, six footing loading tests
were conducted on the unlined and sliplined buried steel corrugated pipes
with different degrees of corrosion in soil in a reduced-scale test box under a
plane-strain condition. A low-viscosity grout was used to fill the space between
the steel pipe and the liner. After the footing loading tests were conducted,
the sliplined steel pipes were exhumed from the box for examination and
assessment. Then, a series of parallel plate loading tests were carried out on
the exhumed rehabilitated pipes using a universal testing machine. The results
show that the measured earth pressures induced by footing loading above the
crown of the unlined pipe with 0% corrosion were higher than those with 50%
and 90% cutout to simulate the degree of corrosion. However, the degree of
corrosion did not have a significant effect on the earth pressures induced by
footing loading above the crown of the sliplined pipes. From the exhumed pipes,
sliplining increased the load-carrying capacities as compared with the unlined
steel pipes tested in air.
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1 Introduction

Due to deterioration caused by corrosion with time, some of
buried corrugated steel pipes installed several decades ago are
reaching the end of their service life (Mai, 2013; Mai et al., 2014;
Smith et al., 2015; Simpson et al., 2016; Han et al., 2018; Al-
Naddaf et al., 2019; Han et al., 2019; Peter and Moore, 2019;
Jawad et al., 2024). Corrosion significantly reduces the shear capacity
of the corrugated steel pipes (Zhao et al., 2023). Corroded steel
pipes installed under the roadways are vulnerable to collapse due
to surface or traffic loading. Therefore, these pipes should be
replaced, repaired, or rehabilitated (Ballinger and Drake, 1995).
However, replacement of these pipes requires excavation, removal,
placement, compaction, and paving or patching that will cause
significant disruption to the transportation networks and require
considerable funding (Wang et al., 2016; Kouchesfehani et al., 2020).
As a result, most of the corroded steel pipes under roadways
cannot be replaced (Smith et al., 2015; Simpson et al., 2016).
Trenchless rehabilitation methods (such as sliplining and spray
on lining) have been increasingly used to reduce overall project
cost and disruption to service as compared with replacement
and repair.

Sliplining is the most common trenchless rehabilitation method
used for corroded steel pipes, where a new pipe (liner) of smaller
diameter is placed inside an existing deteriorated pipe, and grout
is used to fill the space between them (Ballinger and Drake, 1995;
Simpson et al., 2017; Hudson et al., 2023). The commonly used
liners are plastic pipes made of high-density polyethylene (HDPE)
or polyvinyl chloride (PVC) (Simpson et al., 2017). In general,
sliplining can improve the structural and drainage capacity of
deteriorated steel pipes (Mai, 2013; Acharya et al., 2016).

Smith et al. (2015) investigated the effect of grout strength
on the behavior and load-carrying capacity of sliplined corrugated
steel pipes using two-point loading tests in air. Smith et al.
(2015) reported that the sliplined pipes with low-strength grout
had increased strength (three times greater) and stiffness (eight
times greater) versus an unlined pipe. The sliplined pipes with
high-strength grout showed higher increases in both load-carrying
capacity (10 times greater) and stiffness (50 times greater) over an
unlined pipe (Smith et al., 2015). Simpson et al. (2016) evaluated the
behavior of sliplined corrugated steel pipe with an average of 13.5%
corrosion at two burial depths under static surface loading and
found that the stiffness of the ring of the grout was approximately
25 times higher than the corrugated steel pipe.

Rahmaninezhad et al. (2019) conducted a series of parallel-
plate loading tests in air on the unlined and sliplined corrugated
steel pipes with 0%, 50%, and 90% corrosion along the invert.
Rahmaninezhad et al. (2019) determined that corrosion along the
invert of the corrugated steel pipes usually happens in the areas
where water is trapped between two consecutive inner corrugation
crests at the invert and cannot drain through the corrugated pipes.
Therefore, the corrosion in the corrugated steel pipes was simulated
by cutting out some segments along the invert of the corrugated
pipes. Rahmaninezhad et al. (2019) found that the unlined steel pipe
with 90% corrosion behaved in a stiffermanner under higher applied
loads than the unlined pipe with 50% corrosion because the pipe
with 90% corrosion behaved as an arch. However, the sliplined pipe

with 50% corrosion had a higher load-carrying capacity than that
with 90% corrosion (Rahmaninezhad et al., 2019).

Peter and Moore (2019) investigated the effects of voids
on corroded steel pipes before and after rehabilitation with
sliplining. They found that the void compromised stability at
87% of the full-service load, leading to higher curvature changes
and wall thrusts. Peter and Moore (2019) demonstrated the
successful rehabilitation of culverts using sliplining, improving
their stability and load capacity. Rahmaninezhad et al. (2020)
conducted a field study to evaluate the effect of sliplining on the
performance of a highly corroded corrugated steel pipe, which
was placed at a depth of 0.4 m under an asphalt pavement.
Rahmaninezhad et al. (2020) carried out a series of truck loading
and plate loading tests on the corroded corrugated steel pipe before
and after sliplining rehabilitation. The results of truck loading
and plate loading tests indicated that the sliplining rehabilitation
increased the load-carrying capacity of the corroded steel pipe by
approximately 300% (Rahmaninezhad et al., 2020).

Tetreault et al. (2020) studied the impact of grout strength on
steel culvert rehabilitation using sliplining. The study compared the
performance of corrugated steel culverts repaired with low-density
and high-density grouts with an unconfined compressive strength
of 2.3 and 15 MPa, respectively. Their results showed that sliplining
with the high-density grout improved the stiffness and strength of
the culverts under service and ultimate load conditions bymore than
two times compared to the low-density grout (Tetreault et al., 2020).
Arjun et al. (2023) reviewed the sliplining rehabilitation method,
focusing on its impact on flow capacity and the extended service
life of culverts. Hudson et al. (2023) conducted a numerical study
on the structural performance of intact, corroded, and rehabilitated
corrugated steel pipes. Their research compared the deflection
behavior of steel pipes at crown, invert, and spring line under
various loading conditions, including the effects of overburden
pressure. Their results indicated that sliplining with high-density
polyethylene (HDPE) liners increased the structural strength of the
corroded steel pipes by approximately two times compared to the
deteriorated state (Hudson et al., 2023).

The effects of other rehabilitation methods, such as spray on
lining, on the behavior of corroded steel pipes have also been
studied. Raut1 et al. (2024) investigated the structural performance
of corroded corrugated steel pipes rehabilitated with spray on
lining method using laboratory tests and 3D finite element (FE)
modeling.The results showed a significant reduction in deformation
with increased liner thickness and burial depth (Raut et al., 2024).
Kouchesfehani et al. (2021) assessed the existing conditions and
performance of 24 corroded steel pipes rehabilitated using the
spray on lining method. The study highlighted the importance of
standardized design methodologies and construction specifications
to enhance installation quality and ensure long-term performance.
Safari et al. (2024) investigated the effectiveness of geopolymer spray
on method for rehabilitating corroded corrugated steel culverts
under both static and dynamic loading conditions. Safari et al.
(2024) findings indicated that geopolymer spray on rehabilitation
significantly enhanced the structural capacity of the culverts.
Bryden and Valsangkar, (2025) employed numerical modeling to
evaluate the long-term performance of corroded corrugated steel
culverts rehabilitated with geopolymer spray on lining. The study
demonstrated that the geopolymer liner effectively transfers and
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supports loads, ensuring structural integrity even after the complete
deterioration of the host culvert (Bryden and Valsangkar, 2025).

Although prior research has investigated various aspects of
sliplining, such as the effects of grout strength on the load-carrying
capacity and stiffness of rehabilitated pipes (Smith et al., 2015;
Simpson et al., 2016), and the performance of sliplined pipes under
different loading conditions (Hudson et al., 2023), significant gaps
remain in the evaluation of sliplining performance under varying
degrees of corrosion, particularly under surface loading conditions.
Additionally, the use of combined footing and parallel plate loading
tests to assess both in-situ and post-rehabilitation behavior has
been limited. This study addresses these gaps by evaluating the
performance of sliplined corrugated steel pipes at different corrosion
levels, offering new insights into the effectiveness of sliplining for
deteriorated infrastructure.

This paper presents a laboratory evaluation of the effect of
sliplining on the behavior of buried corrugated steel pipes at different
degrees of corrosion in sand under footing loading in a geotechnical
test box, including: (1) load-carrying capacity and stiffness of the
pipe; (2) vertical and horizontal diameter changes of the pipes;
and (3) vertical and lateral earth pressures around the pipe. Two
series of surface footing loading tests were conducted on the buried
unlined and sliplined corrugated steel pipes with different degrees
of corrosion. After the surface footing loading tests were conducted,
the rehabilitated steel pipes were exhumed from the test box. Then,
a series of parallel plate loading tests were carried out on the
exhumed rehabilitated pipes using a universal testing machine. The
parallel plate loading test results include: (1) load-carrying capacity
and stiffness of the sliplined pipes and (2) vertical and horizontal
diameter changes of the sliplined pipes.

2 Footing loading tests

2.1 Test apparatus

Six model tests were carried out to investigate the effect of
sliplining on the behavior of the corrugated steel pipes with different
degrees of corrosion subjected to static loading on a rigid footing
under a plane-strain condition. The test box was designed to
accommodate a plane-strain condition with interior dimensions
of 1.8 m long, 0.5 m wide, and 1.5 m high. This box was made
of three sides of plywood and a Plexiglas plate on the front side
to allow visual observation of soil deformations during the test.
Steel square tubes were installed all around the box to minimize
lateral deflections of box walls. In addition, the Plexiglas plate was
stiffened by four sections of steel angle along the front side. A
double layer of thick plastic sheet covered three sides of the test
box made of plywood. The layer in contact with the box wall was
fixed, while the layer in contact with the soil was free to move with
minimum frictional resistance from the box walls. Plastic sheets
and lubricant for boundary treatment have been successfully used
in many experimental studies (e.g., Al-Naddaf et al., 2019). The
distance from each side of the steel pipe to the box wall was 0.73 m,
which is twice the width of the buried structure as recommended by
Bloomquist et al. (2009). On the top of the fill, a footing load was
applied using a hydraulic jack attached to a rigid steel footing that
was centered above the steel pipe as shown in Figure 1.

FIGURE 1
Setup of a footing loading test on one sliplined buried pipe.

The rigid strip footing was made of a 25-mm-thick steel plate.
The steel plate was reinforced by two steel profiles to minimize its
bending under loading. The footing was 360 mm wide. To ensure
a plane-strain condition, the length of the footing was equal to the
internal width of the test box. Figure 1 shows the strip footing at the
center of the text box.

It is important to note that the custom-built test box apparatus
has inherent limitations. Despite using lubricants to reduce friction,
the test box’s scale and boundary effects may influence soil
deformation patterns. This apparatus simulates only a plane-strain
condition, and due to its size, the effects of fill materials and
pipe embedment depth could not be investigated. Additionally,
the material choices and static loading conditions do not fully
replicate field conditions. A numerical study is required for more
comprehensive modeling and to address these limitations.

2.2 Backfill

The backfill material used in this study was Kansas River sand,
a locally available, poorly-graded sand with well-documented
geotechnical properties. This sand was chosen for its availability,
established behavior in previous studies, and suitability for
compaction within the geotechnical test box, as aggregate materials
were impractical for laboratory testing. The mean grain size (D50)
was 0.56 mm. The coefficient of uniformity (Cu) and the coefficient
of curvature (Cc) of the sand were 3.18 and 0.93, respectively. The
maximum and minimum dry unit weights of the sand were 18.9
and 16 kN/m3, respectively. Direct shear tests (ASTM D3080, 2011)
were used to determine the friction angle of the sand compacted
at 70% relative density. The measured peak friction angle of the
sand was 37°. Figure 2 shows the grain size distribution of the sand.

2.3 Steel pipes and liners

The corrugated steel pipe had a nominal inside diameter of
300 mm and a length of 455 mm. The pipes had a nominal wall
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FIGURE 2
Grain size distribution of sand.

thickness of 2 mm with a corrugation height of 15 mm and a
corrugation length of 70 mm. Corrosion in the steel pipes was
simulated by cutting out steel segments from areas that represent
where water gets trapped between consecutive inner corrugation
crests at the invert and cannot drain through the pipe. This
simulation method was proposed by Rahmaninezhad et al. (2019).
The trapped water increases the rate of corrosion in these areas and
results in complete corrosion (Rahmaninezhad et al., 2019). The
average cutout areas along the invert of two steel pipes were 50%
and 90% to represent 50% and 90% degree of corrosion, respectively.
These corrosion levels correspond to intact pipes (0%), moderately
corroded pipes (50%), and severely deteriorated pipes approaching
structural failure (90%). The PVC liners had an inside diameter of
254 mm, a wall thickness of 3 mm, and a length of 455 mm.

2.4 Grout

A low-viscosity grout was used for sliplining. The grout was
able to flow through the space between the steel pipe and the liner
easily. The mix of this grout included 254 kg/m3 cement, 384 kg/m3

fly ash, and 492 kg/m3 water. The unconfined compression tests
were conducted on the grout specimens using theASTM C39/C39M
(2004) standard to determine their average 7-day compressive
strength of 2.7 MPa.

The compressive strength of the grout was evaluated at 7 days
instead of 28 days because rehabilitated pipes are typically subjected
to traffic loads shortly after installation.This evaluation offers critical
insights into the early-age performance of the grouted system,
which is crucial for practical applications. Furthermore, due to the
project’s scope and timeline, the study prioritized 7-day strength
testing to deliver timely and relevant findings. Future studies could
investigate the long-term strength development to complement this
early-stage analysis.

2.5 Measurements

The applied load was measured using an S-shape load cell with
a load capacity of 22.3 kN mounted above the footing. A pressure
gauge was used to control the hydraulic pressure applied to the

footing.The settlement of the footing and the vertical and horizontal
diameter changes of the liner were measured using two types of
displacement transducers (DTs)with displacement limits of 100 mm
and 50 mm, respectively. Pressure cells were used tomeasure vertical
and lateral earth pressures.

A Totalcomp TS-B10-10K-SS S-beam load cell was used in this
study to measure the applied load. The DTs employed were strain
gauge-type sensors manufactured by Tokyo Sokki Kenkyujo Co.,
Ltd., Japan. Additionally, the pressure cells used to measure the
vertical and lateral earth pressures were model KDG-PA/KDH-PA
soil pressure gauges manufactured by TML, Japan.

2.6 Test configuration

Figure 3 shows the cross-section of the test setup including the
locations of the footing, the load cell, the displacement transducers
(DTs), and the pressure cells. The pipe was buried at a depth of
300 mm (from the surface to the top of the pipe) in each model
test. A rigid plate was used to apply the load on the surface of the
backfill. Two series of tests were conducted in this part of the study.
The first series of tests, Series A, was conducted on the simulated
corroded steel pipes without a liner as shown in Figure 3A. In these
tests, the steel pipes had 0%, 50%, and 90% cutout, where the 0%
cutout represents an intact steel pipe. In the second series of tests,
Series B, three tests were carried out on sliplined steel pipes with 0%,
50%, and 90% cutout as shown in Figure 3B. In these tests, the liners
were placed on the invert of the steel pipes. After each footing plate
loading test, the pipe was exhumed from the soil for a parallel-plate
loading test.

2.7 Model preparation

Each model was constructed in four lifts with a lift thickness of
150 mm in addition to a 150-mm-thick bedding layer underneath
the pipe. After placement of each lift of the sand, it was compacted
to a relative density of 75% using a mass-volume control method.
Before placement of the steel pipe, the PVC liner was inserted into
the pipe. Both ends of the steel pipe were sealed using foam to
minimize the leakage of grout. After placement of the pipe, sand
was placed around the pipe up to its springlines and the pressure
cells were installed. Figure 4 shows the steel pipe, the liner, and two
pressure cells. Additional sand was placed up to the pipe crown. To
pour the grout into the annulus between the steel pipe and the liner,
a 40-mm-diameter hole was drilled into the crown of the steel pipe
and a PVC pipe of 40 mm in diameter and 0.4 m long was connected
to the hole as a drop tube. After the installation of the tube, the last
two lifts of sand were placed and compacted above the crown up to
the surface.

After the model construction, the grouting process was started
and completed in two stages to mitigate the buoyant force of the
grout. The first stage of grouting reached the haunch level while the
second stage of grouting filled the rest of the annulus. Figure 5 shows
pouring of the grout into the annulus through a drop tube. During
grouting, some grout leaked out through the cutout area and pipe
ends into the bedding sand. The dotted line in Figure 6 shows the
area where the grout leaked in the bedding sand. The volumes of
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FIGURE 3
Test configurations: (A) Series A, unlined steel pipe and (B) Series B, sliplined steel pipe.

the grout used for the pipes with 0%, 50%, and 90% cutout were
0.011, 0.013, and 0.015 m3. Upon the completion of two grouting
stages, the model was left for 7 days for the grout in the annulus to
set and cure.

A volume control method was employed to ensure the grout
completely filled the annular space between the liner and the steel
pipe. The volume of the gap was calculated prior to grouting, and
an equivalent volume of grout was prepared. The grouting process
was carefully monitored to ensure uniform filling. After curing, the

pipeswere exhumed and visually inspected to verify the effectiveness
of the grout placement.

2.8 Footing loading

At 7 days after grouting, the soil surface was subjected to a
static footing load. The load was applied in equal increments up
to 140 kPa and then unloaded to zero. At each load increment, the
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FIGURE 4
Placed steel pipe and liner.

FIGURE 5
Pouring grout into the annulus through a drop tube.

plate settlement, the pipe deformations, and the pressures in the soil
were measured by the sensors. These data were used to evaluate the
performance of unlined and lined pipes at different degrees of cutout
and the benefit of sliplining to the pipes buried in the soil. After
the footing loading test, the pipe was exhumed from the soil for the
parallel-plate loading test.

3 Parallel-plate loading tests

3.1 Test apparatus

The universal testing machine with a load capacity of 530 kN
was used to apply vertical loads on the exhumed rehabilitated steel
pipes. To ensure uniform load distribution and avoid localized
deformation in the corrugations during the parallel plate loading
tests, rigid plates matching the length of the pipes were utilized.

FIGURE 6
Leaked grout: (A) 0% cutout, (B) 50% cutout, and (C) 90% cutout.

This setup ensured consistent load application along the entire
length of the pipes. Post-test inspections of the sliplined and
unlined pipes confirmed that no localized deformation occurred
in the corrugations, further validating the effectiveness of this
test approach.
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FIGURE 7
Test configurations.

3.2 Measurements

The applied load was measured using an S-shape load cell with a
load capacity of 40 kN.The vertical and horizontal diameter changes
of the steel pipes and the linersweremeasured using two types ofDTs
with displacement limits of 100 and 50 mm.

3.3 Test configuration

Figure 7 shows the schematic cross-section of the test setup
including the locations of the load cell and DT. On the top of the
pipe, a rigid plate was used to apply the load to the pipe. A series of
tests were conducted on the exhumed rehabilitated steel pipes. The
exhumed steel pipes had 0%, 50%, and 90% cutout. Moreover, the
liners in these tests were placed on the invert of the steel pipes.

4 Test results and discussion

4.1 Footing loading tests

4.1.1 Footing settlement
The settlement of the footing at the center after each applied

pressure was measured by the DT. Figure 8A shows the pressure-
settlement curves of the footing on the backfill with the unlined
steel pipes with 0%, 50%, and 90% cutout. The results show that
the models with the pipes having 50% and 90% cutout had larger
settlements than the model with the steel pipe without any cutout
(0% cutout). When the applied pressure was lower than 125 kPa,
the model with the pipe with 90% cutout behaved stiffer than that
with 50% cutout. This phenomenon resulted from the fact the pipe
with 90% cutout behaved like an arch (Rahmaninezhad et al., 2019).
However, after 125 kPa, the model with the pipe with 50% cutout
had smaller settlement than that with 90% cutout. Under the applied
pressure of 140 kPa, the footing settlement in the models with the
unlined steel pipes with 0%, 50%, and 90% cutout were 19, 33, and
35 mm, respectively.

Figure 8B shows the pressure-settlement curves of the footing
in the models with the sliplined steel pipes with 0%, 50%, and 90%
cutout. The result shows that the model with the sliplined steel pipe
with a lower degree of cutout had a lower load capacity than that
with a higher degree of the cutout. This phenomenon likely resulted
from the grout that leaked out into the bedding sand. The leaked
grout made the bedding sand under the pipes with 90% and 50%
cutout stronger than that under the pipe with 0% cutout. Moreover,
because of the arching behavior of the pipe with 90% cutout, the
model with this pipe behaved stiffer than that with the steel pipe
with 50% cutout.

Our results demonstrate that sliplining increased the load-
carrying capacities of corrugated steel pipes at different corrosion
levels. This observation aligns with findings by Smith et al. (2015)
and Tetreault et al. (2020), who reported significant improvements
in the stiffness and strength of sliplined pipes. Additionally,
our results indicate that the degree of corrosion impacts the
effectiveness of sliplining,which complementsRahmaninezhad et al.
(2019) and Hudson et al. (2023).

4.1.2 Diameter changes
Figure 9 shows the applied load versus diameter change curves

for the steel pipes. During loading, the distance between the crown
and the invert decreased in the direction of the applied load.
However, the distance between the springlines increased. Figure 9A
shows that the unlined steel pipe with 0% cutout had a higher load
capacity than the pipes with 50% and 90% cutout for Series A tests.
The unlined steel pipes had outside vertical and horizontal diameter
changes that were of approximately equal magnitude but with
opposite signs. When the applied pressure was lower than 115 kPa,
the steel pipe with 90% cutout had less vertical diameter change
than the pipe with 50% cutout. However, above 115 kPa, the pipe
with 50% cutout had smaller vertical diameter changes than the pipe
with 90% cutout while the steel pipe with 90% cutout had smaller
horizontal diameter changes than the pipe with 50% cutout. This
phenomenon resulted from the fact that the pipe with 90% cutout
behaved like an arch with a flat base (Rahmaninezhad et al., 2019).

In Figure 9B shows that the sliplined steel pipe with 50% cutout
had a higher load capacity than the pipes with 0% and 90% cutout.
The sliplined steel pipes had larger vertical diameter changes than
horizontal diameter changes at the same applied load. When the
applied pressure was lower than 90 kPa, the steel pipe with 90%
cutout behaved stiffer than the pipe with 50% cutout. However,
above 90 kPa, the pipe with 50% cutout behaved stiffer than the
pipe with 90% cutout. Figure 9 indicates that sliplining reduced the
diameter changes of the unlined steel pipes. For instance, under the
applied pressure of 130 kPa, the vertical diameter changes of the steel
pipes with 0%, 50%, and 90% cutout after slipliningwere 1.5, 5.6, and
5.3 times, respectively—less than those before sliplining.

Ovality, defined as the relative deformation of the steel
pipe and liner’s cross-section under loading, is a critical
parameter for evaluating the performance of buried liners
(Vazouras et al., 2010; Jalali et al., 2016). While this study
focused on load-carrying capacity and stiffness, ovality was not
measured during the tests. Future studies could incorporate ovality
measurements to provide a more comprehensive understanding of
the liner’s deformation behavior under footing loading.

Frontiers in Built Environment 07 frontiersin.org

https://doi.org/10.3389/fbuil.2025.1532485
https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org


Rahmaninezhad et al. 10.3389/fbuil.2025.1532485

FIGURE 8
Pressure-settlement curves of the footings for the models: (A) with the unlined steel pipes in test Series A and (B) with the sliplined steel pipes in
test Series B.

4.1.3 Vertical pressure
Figure 10 presents the vertical earth pressures induced by

footing loading around the unlined steel pipes for test Series A.
The locations of the earth pressure cells (EPCs) are shown in this
figure. It should be noted that the measured earth pressures are the
additional pressures induced by footing loading and do not include
the pressure due to the soil self-weight. The measured vertical earth
pressures generally increasedwith the increase of the applied footing
pressure for the unlined steel pipes. These results indicate that in
the models with the unlined steel pipes, EPC6 measured higher
pressures than EPC7 at the same applied pressure. The measured
pressures fromEPC1 and EPC6, whichwere placed under and above
the unlined steel pipe with 0% cutout, respectively, were higher
than those with 50% and 90% cutout. Moreover, in these tests, the
measured pressure from EPC6 was higher than that from EPC1.

For example, in the model with the pipe having 0% cutout, the
measured pressure from EPC6 was approximately three times that
from EPC1. However, at the same applied pressure, the measured
pressures from EPC2, EPC5, and EPC7 were approximately equal.
This phenomenon resulted from the fact that the model with the
unlined steel pipe having 0% cutout had higher stiffness than
those having 50% and 90% cutout as shown in Figure 8A. Since
some segments were cut out along the invert of the steel pipes
with 50% and 90% of the material removed to simulate corrosion,
the measured pressure from EPC1 was lower than that from
EPC2. However, in the model with the unlined steel pipe with
0% cutout, the measured pressure from EPC1 was higher than
that from EPC2.

Figure 11 shows the vertical earth pressures induced by footing
loading around the sliplined steel pipes for Series B tests.The results
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FIGURE 9
Applied load versus vertical and horizontal diameter changes: (A) for test Series A and (B) for test Series B.

indicate that EPC6 in the backfill with the sliplined steel pipes
measured a higher pressure than EPC7 at the same applied pressure.
In the model with the sliplined steel pipe having 0% cutout, the
measured pressures fromEPC1 andEPC6were approximately equal,

as shown in Figure 11A. However, in the models with the sliplined
steel pipe having 50% and 90% cutout, EPC6 measured a higher
pressure than EPC1 at the same applied pressure. In the models
with the sliplined steel pipe having 90% cutout, Figure 11C shows a
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FIGURE 10
Measured vertical pressures around the unlined pipe in test Series A
with: (A) 0%; (B) 50%; and (C) 90% cutout.

reduction on the measured pressure from EPC1 when the applied
pressure was 78 kPa. At the same applied pressure, the measured
pressures from EPC2, EPC5, and EPC7 were approximately equal.

The measured earth pressures induced by footing loading above
the crown of unlined pipes with 0% cutout were higher than those
with 50% and 90% cutout. These findings are consistent with the
trends observed by Simpson et al. (2016) and Peter and Moore
(2019), who reported similar influences of structural deterioration
on stress distribution.

4.1.4 Lateral pressure
Figure 12 shows the lateral earth pressures induced by footing

loading around the unlined steel pipes for test Series A. The results
indicate that the measured lateral pressures in the model with the
unlined steel pipe having 0% cutoutwere higher than thosewith 50%

FIGURE 11
Measured vertical pressures around the sliplined pipes in test Series B
with: (A) 0%; (B) 50%; and (C) 90% cutout.

and 90% cutout. This is because the unlined steel pipe having 0%
cutout was more rigid than other two pipes, it helped transfer more
vertical load to the bottom of the pipe as shown in Figure 10 so that
the lateral pressure was higher in the 0% cutout case. Figure 12 also
shows that EPC3 generally measured higher pressures than EPC4.
This is also because the measured vertical pressures at the bottom
of the pipe were higher than those at the springline of the pipe
as shown in Figure 10.

Figure 13 shows the lateral earth pressures induced by footing
loading around the sliplined steel pipes for test Series B. The
results show that regardless of the percentage of the cutout, the
measured lateral pressures from EPC3 were higher than those from
EPC4. The measured lateral pressures from EPC3 in the models
with the sliplined pipes having 0% and 90% cutout and under
the same applied pressure were approximately equal, as shown in
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FIGURE 12
Measured lateral pressures around the unlined pipes in test Series A
with: (A) 0%; (B) 50%; and (C) 90% cutout.

Figures 12A, B. However, the measured pressures from EPC4 in
the model with the sliplined pipe having 0% cutout were higher
than those having 50% cutout. In the model with the unlined
steel pipe having 90% cutout, when the applied pressure was lower
than 56 kPa, the measured pressures from EPC3 and EPC4 were
approximately equal, as shown in Figure 13C. However, when the
applied pressure was higher than 56 kPa, EPC3 measured higher
pressures than EPC4. Moreover, in the model with the sliplined
steel pipe having 90% cutout, the measured pressures from EPC4
were lower than those in the model with the sliplined steel pipe
having 50% cutout.

For the sliplined pipes, the strengthening effects of the grout
and the enhanced load distribution capacity contributed to higher
lateral pressures at EPC3 compared to EPC4, regardless of the cutout
percentage. The pipe with 0% cutout exhibited higher pressures

FIGURE 13
Measured lateral pressures around the sliplined pipes in test Series B
with: (A) 0%; (B) 50%; and (C) 90% cutout.

at EPC4 relative to the 50% cutout pipe, likely due to the grout-
induced strengthening of the bedding sand beneath the larger
cutout areas. The 90% cutout pipe displayed arching behavior
under lower applied pressures, redistributing stresses and reducing
pressures near EPC4. At higher pressures, the strengthened bedding
sand transferred greater lateral stresses to EPC3. These findings
underscore the importance of both the degree of pipe deterioration
and the structural benefits introduced by sliplining in modifying
lateral pressure distributions.

4.2 Parallel plate loading tests

Figure 14 shows the applied load versus the vertical and
horizontal outside diameter changes of the exhumed pipes that were
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FIGURE 14
Applied load versus vertical and horizontal outside diameter changes.

measured by DTs installed outside the sliplined pipes. The results
indicate that the sliplined pipes with 50% and 90% cutout behaved
stiffer than the pipe with 0% cutout. Also, the vertical diameter
changes of the sliplined pipes with 50% and 90% cutout were similar.
However, the sliplined pipe with 50% cutout had smaller horizontal
diameter changes than thatwith 90% cutout at the same applied load.
The sliplined steel pipes with 0% and 50% cutout had vertical outside
diameter changes of larger magnitude and opposite sign than the
horizontal diameter changes.However, the pipewith 90% cutout had
smaller vertical outside diameter changes than horizontal outside
diameter changes. Figure 14 indicates that sliplining increased the
load-carrying capacity of the unlined steel pipes. For instance, at
5% vertical diameter change, the load-carrying capacities of the steel
pipes with 0%, 50%, and 90% cutout were increased by 1.4, 2.9, and
2.6 times, respectively.

The parallel plate tests in this study differ from the previouswork
(Rahmaninezhad et al., 2019) in two key aspects: (1) the grout used
here had a significantly higher 7-day compressive strength (2.7 MPa)
compared to the low-strength grout (249 kPa) used previously, and
(2) the grout was introduced into the space between the steel
pipe and the liner when the pipe was placed horizontally in the
soil while the grout was introduced when the pipe was placed
vertically in air in the previous study. As a result, the lined pipes
in this study had stiffer responses than those in the previous study
(Rahmaninezhad et al., 2019).

5 Conclusion

This paper presents footing loading tests on unlined and
sliplined steel pipes with different degrees of corrosion in soil and

parallel-plate loading tests of exhumed pipes in air. The following
conclusions can be made from this study:

The models with the unlined pipes having 50% and 90%
cutout had larger settlement than the model with the steel
pipe having 0% cutout. Under the lower applied pressures,
the model with the unlined pipe having 90% cutout had
smaller settlement and vertical diameter changes than those
having 50% cutout. The unlined steel pipe with 90% cutout
had smaller horizontal diameter changes than the pipe with
50% cutout.

The model with the sliplined steel pipe having a smaller
percentage of cutout had a lower load capacity and higher footing
settlement than that having a larger percentage of the cutout
because the leaked grout made the bedding sand stronger under
the pipe with a larger percentage of cutout stronger than that
with a smaller percentage of cutout. Due to the arch behavior
of the pipe with 90% cutout, the model with this pipe had
higher stiffness than the steel pipe with 50% cutout. Under
the lower applied pressures, the sliplined steel pipe with 90%
cutout had higher stiffness than the unlined pipes with 50% and
90% cutout.

The results indicate that sliplining increased the load-carrying
capacities of the unlined steel pipes by 1.4, 2.9, and 2.6 times for pipes
with 0%, 50%, and 90% cutout, respectively, under a 5% vertical
diameter change conditioner an applied pressure of 130 kPa, the
vertical diameter changes of the sliplined pipes were reduced by
factors of 1.5, 5.6, and 5.3 for pipes with 0%, 50%, and 90% cutout
compared to the unlined pipes.

The settlement for unlined steel pipes under a pressure
of 140 kPa was measured as 19 mm, 33 mm, and 35 mm
for pipes with 0%, 50%, and 90% cutout, respectively.
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Themeasured earth pressures induced by footing loading above
the crown of the unlined pipe with 0% cutout were higher than those
with 50% and 90% cutout.

The measured vertical pressures under the invert and above the
crown of the sliplined steel pipe with 0% cutout were approximately
equal. However, the measured vertical pressures above the crown
of the sliplined steel pipes with 50% and 90% cutout were higher
pressures than those under the invert.

The measured lateral pressures in the backfill with the unlined
steel pipes having 0% cutout were higher than those having larger
percentages of cutout. The measured lateral pressures at the level of
the invert of the sliplined pipes were higher than those at the level of
the springline.

In the parallel-plate loading tests on the exhumed pipes, the
sliplined pipes with 50% and 90% cutout behaved stiffer than the
sliplined pipe with 0% cutout. The vertical diameter changes of the
sliplined pipes with 50% and 90% cutout were similar. Sliplining
increased the load-carrying capacities of the unlined steel pipes.
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