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Although slip-lining is the most common rehabilitation technique, few research studies have been conducted on the behavior of
rehabilitated reinforced concrete pipes (RCPs). Experiments were conducted on a RCP rehabilitated with a grouted corrugated steel
pipe (CSP). The RCP rehabilitated by the CSP showed an increase in both load-carrying capacity and stiffness. The grout played
an important role in distributing the loads when the RCP was deteriorated, whereas the load shared by the CSP represented only
a small part. When the CSP was closely fitted to the RCP at the invert, the load was shared between the PCP and CSP and the
CSP carried most of the load when the RCP was fully deteriorated. The slip-lined pipe acted as a “pipe within a pipe” system. A
load-sharing theory was proposed in this study and provides estimates of the load-carrying capacity of the slip-lined pipes.

1. Introduction

Currently, a culvert crisis exists in China because struc-
tures built many years ago are reaching the end of their
intended service lives; many culverts cannot be removed and
reconstructed because of economic constraints. Not only is
the reconstruction cost prohibitive but the resulting social
impacts and traffic disruption are also unacceptable. To over-
come this problem, a new technique has been developed, i.e.,
slip-lining, which involves inserting a liner into an existing
reinforced concrete (RC) culvert and grouting the space
between the pipes [1]. This technique has been increasingly
applied in engineering [2]; a variety of pipe materials can be
used for the liner, such as corrugated steel pipes (CSPs) and
high-density polyethylene (HDPE) pipes [3, 4].

The most popular technology in China consists of insert-
ing a CSP into an existing RC culvert because the CSP
has a higher load-carrying capacity and stiffness than the
HDPE pipes. However, few research studies have investigated
reinforced concrete pipes (RCPs) rehabilitated with grouted
CSPs. Previous research has been conducted to investigate
the performance of a water main or a corrugated steel
culvert rehabilitated by an HDPE pipe. Zhao and Daigle [5]

used a cast-iron pipe rehabilitated with a liner to conduct a
two-point loading experiment and found that the existing
pipe, grout, and liner acted independently; an approach
was proposed to estimate the service life of a slip-lined
pipe. McAlpine [6] used a rehabilitated concrete sewer to
investigate a slip-lined pipe and found that a compositemodel
could be used to estimate the effect of the enhancement.
SnapTite [7] was developed for use with an HDPE liner; it
was determined that the compressive strength of the grout
was not important, whereas the density and viscosity of the
groutwere two primary design considerations. Smith et al. [8]
investigated the compressive strength of the grout and found
that a higher compressive strength resulted in a higher load-
carrying capacity of the rehabilitated pipe. Moore and Garcia
[9] investigated two deteriorated corrugated steel pipelines
repaired with spray-on cementitious liners and found that
both full interaction andpartial interaction occurred between
the pipes; it was determined that a liner design should not rely
on the assumption of a bond between the two components
[10]. Simpson et al. [11] investigated a corrugated steel culvert
rehabilitated with a grouted HDPE pipe and found that
the rehabilitated culvert was stiffer, the negative arching
of the soil had increased, and the higher strength of the
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grout resulted in a higher load-carrying capacity of the pipe.
Simpson et al. [12] investigated rehabilitated RCPs and found
that the existing pipe carried most of the load, the grout and
RCP were bonded, and the ultimate load-carrying capacity
of the pipes depended on the bearing capacity of the unpaved
ground surface. Tetreault et al. [13] investigated a corrugated
steel horizontal ellipse rehabilitated using the paved invert
technique and concluded that the level of corrosion had
no impact on the structural behavior and that paving the
invert improved the structural performance. Li et al. [14]
investigated the RCPs rehabilitated with four different liners
and concluded that all the liners improved the load-carrying
capacity of the RCPs, and a load-sharing theorywas proposed
to estimate the load-carrying capacity of the rehabilitated
pipes.

However, there are no guidelines for designing an RC
culvert rehabilitated with a grouted CSP and, in order to
ensure that this design is conservative, engineers have always
treated the CSP as a new culvert. This inappropriate design
method does not consider the contribution of the existing
RC culvert, resulting in a waste of resources and money.
Generally, when an existingRC culvert hasmany longitudinal
cracks, it has to be reinforced or repaired. In this condition,
the existing RC culvert still has a residual capacity and
the conditions of “fully” and “partially” deteriorated are
based on two completely different evaluation criteria for
existing RC culverts [15]; a partially deteriorated culvert
can still endure external loads depending on the confining
pressure of the surrounding soil [16]. In addition, culverts
that are not deteriorated may also have to be reinforced
to meet the requirements of upgrading the load-carrying
capacity. In China, highways are divided into five grades:
expressways, grade I, grade II, grade III, and grade IV.
Expressways and grade I highways are usually regarded
as high-grade highways, whereas grade II, grade III, and
grade IV highways are regarded as low-grade highways. The
differences between high-grade and low-grade highways are
the traffic volume and design loads; if a low-grade highway
is converted to a high-grade highway, the load-carrying
capacity of the culvert also needs to be increased to the
corresponding grade. In this case, the reinforced structural
system becomes a composite system of an “un-deteriorated
culvert” and a slip-liner. Therefore, it is inappropriate to
design a slip-liner as a new culvert and there is an urgent
need to investigate the performance of the rehabilitated RC
culvert.

Against this background, a series of experiments were
conducted on RC pipes rehabilitated with a grouted CSP in
this study. The objectives of this research were to determine:(1) the load-carrying capacity of the RCP, (2) the load-
carrying capacity of the RCP reinforcedwith the groutedCSP,(3) the strain state of the cross-section, and (4) the load-
sharing mechanism of the slip-lined pipe. The results of the
experiment are presented and discussed. Additionally, the
calculation formula of the load-carrying capacity under the
ultimate limit state is presented. Finally, salient conclusions
from the experiments are presented.

2. Laboratory Tests

2.1. Pipe Specimens. In order to investigate the load-sharing
mechanism of the slip-lined RCPs, two specimens were used
in this experiment, including (1) an RCP and (2) a RCP
rehabilitated with a grouted CSP (RGC hereafter). The RCPs
were purchased fromapipemanufacturer andhad an internal
diameter of 1200mmand awall thickness of 120mm.Double-
layer cold-stretched steel bars (𝜑6, HRB400) were arranged
in the RCP at a spacing of 50mm. The strength grade of
the RCPs was C60, which represents a compressive strength
of 59.73 ± 2.77MPa and an elastic modulus of 36GPa. The
strength grade of the steel bars was HRB400 cold-stretched
steel bar with a tensile strength of 575 ± 9MPa and an elastic
modulus of 210GPa. The corrugation amplitude of the CSP
was 55mm with a period of 200mm with an intact wall
thickness of 3mm.The designation of the CSP is Q235 and it
had aminimumyield strength of 235MPa, aminimum tensile
strength of 370MPa, and an elastic modulus of 210GPa.
All pipes were 1000mm long. The schematic of the loading
frame is shown in Figure 1 and the specimens used in this
experiment are shown in Figure 2.

2.2. Grouts. Many materials can be used for the grout, such
as foamed cement banking, cement mortar, fine aggregate
concrete, and ordinary concrete. Considering that China
usually uses concrete and many engineering practices have
confirmed this point [17–19], C40 concrete was used for the
grout; it had a compressive strength of 49.93 ± 4MPa and an
elastic modulus of 32.5 GPa. The grout rings of the RGC had
a minimum thickness of 50mm (from the crest of the CSP to
the inner surface of the RCP) and a maximum thickness of
105mm (from the trough of the CSP to the inner surface of
the RCP) (see Figure 1).

2.3. Instrumentation. Four string potentiometers with an
accuracy of 0.1mm were used to measure the vertical and
horizontal diameter changes. Two string potentiometers were
installed inside the rehabilitated pipe at the crown and invert
and the other two were installed outside of the rehabilitated
pipe at the springlines. Because the RCP, grout, and CSP are
in close contact with each other at the crown and invert,
the diameter changes of the three pipe materials should be
equal; in addition, the base plates were installed outside the
pipe, making it impossible to install the string potentiometers
outside of the pipe. Therefore, the string potentiometers
were installed inside the rehabilitated pipe. However, if the
RCP, grout, and CSP were to separate from each other
at the springlines, the diameter change of the RCP would
be larger than that of the other components; considering
the most unfavorable situation, the string potentiometers
were, therefore, installed outside of the rehabilitated pipe to
monitor the diameter change of the RCP.

Strain gauges were used to monitor the strains of the
RCPs (strain gauge type: BQ120-60AA-P300) and the CSP
(strain gauge type: BE120-3AA-P300). All strain gauges were
attached circumferentially at the crown, invert, springlines,
and shoulders (at eight equally spaced points of the pipe) and
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Figure 1: The schematic of the loading frame: (a) longitudinal section; (b) cross-section; (c) section A-A; (d) details for distributing girder
and base plate.
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Figure 2: Specimens used in the two-point loading setup: (a) RCP; (b) RGC.
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the RCP was attached circumferentially to both the interior
and exterior extreme faces of the RCP wall (each section was
affixedwith 3 strain gauges and a total of 48 strain gaugeswere
used).TheRGC consisted of three pipematerials (RCP, grout,
and CSP) and the strain gauges were attached to the RCP
and CSP; the installation method of the strain gauges on the
RCP was the same as before, whereas the strain gauges were
attached circumferentially on the interior extreme faces of the
CSP (each sectionwas affixedwith 3 strain gauges on the crest
and 3 on the trough and a total of 48 strain gauges were used).
The 1/4 bridge connection method was used for the strain
gauges and temperature compensation gauges, including a
concrete strain gauge and a steel strain gauge, were used to
prevent the effects of the temperature changes.

The strain gauges used to monitor the RCP had a gauge
length of 60mm and the strain gauges used to monitor the
steel pipe and the CSP had a gauge length of 3mm.The gauge
resistance was 120Ω± 0.3% with a gauge factor of 2.11 ± 1%.

2.4. Loading. A slip-lined RCP is a buried structure that is
surrounded by soil and soil arching greatly influences the
distribution of the surface load of a buried RCP. Additionally,
because of the confining pressure of the soil, it is difficult to
calculate the internal force, which complicates the analysis
of a slip-lined RCP. This study, however, enables a better
understanding of the load-sharing mechanism of the slip-
lined RCP. A two-point loading experiment was used in this
study because the internal force of the pipe under a two-
point load can be calculated using a theoretical method and
it is convenient to compare the theoretical results with the
measured results; this represents an advantage of the two-
point loading approach.

The load was applied to the specimens using a 2500 kN
hydraulic actuator, which was attached to a reaction frame
over the pipe. A distributing girder and two base plates were
used to ensure that the concentrated load could not cause
a deterioration of the specimens or a stress concentration.
The tests were performed under load control with a rate of
15 kN/min before the specimens reached its ultimate state,
and slow displacement controlled should be required after
the specimens were in the softening stage. However, the
objectives of the test were to investigate the rehabilitated
effect, load-carrying capacity, and failure characteristics of
the rehabilitated pipe. The mechanical performance during
the softening stage was not important to this study.Therefore,
the load control scheme was adopted during the whole
loading stage.

2.5. Steps of the Experiment. This experiment consisted of
three steps:

(i) Determine the mechanical behavior of the pre-
rehabilitated pipe, represented by the ultimate load-carrying
capacity, crack distribution, load-diameter change curve, and
strains of the RCP. The objectives of testing an RCP without
slip-lining were to evaluate the reinforcement effect and to
obtain the load-carrying capacity of the prerehabilitated pipe
in order to calculate the load-carrying capacity of the post-
rehabilitated pipes.

(ii) Determine the mechanical behavior of the post-
rehabilitated pipe, i.e., the RCP rehabilitated with the grouted
CSP, using the same parameters as for the pre-rehabilitated
pipe.

(iii) Compare the experimental results of the prerehabili-
tated and postrehabilitated pipes and investigate the effect of
the slip-liner on the load-carrying capacity and stiffness.

(iv) Determine the bonding condition of the CSP, grout,
and the RCP based on the strains and the load-sharing
mechanism of the slip-lined culvert.

3. Experimental Results

Figure 3 shows the results of the applied load versus the
diameter change for the unrehabilitated pipe (RCP) and the
rehabilitated pipe with the CSP (RGC). The vertical and
horizontal diameter changes for each pipe are of similar
magnitude but have opposite directions. It can be seen from
Figure 3 that the CSP increases the load-carrying capacity of
the RCP significantly.

This experiment was used to evaluate the load-carrying
capacity and stiffness of the specimens; the load-carrying
capacities of the pipes at different stage were used to compare
the results. When the specimens were cracking, the RGC
had approximately 3.70 times the load-carrying capacity of
the RCP [370 kN versus 100 kN] and 1.86 times the vertical
diameter change of the RCP [1.7mm versus 0.915mm]. When
the specimens were yielding, the RGC had approximately
3.62 times the load-carrying capacity of the RCP [901 kN
versus 249 kN], 1.68 times the vertical diameter change of the
RCP [16.5mm versus 9.835mm], and 1.70 times the horizontal
diameter change of the RCP [13.3mm versus 7.84mm]. When
the specimens reached their ultimate state, the RGC had
approximately 3.46 times the load-carrying capacity of the
RCP [968 kN versus 280 kN], 0.65 times the vertical diameter
change of the RCP [22.9mm versus 35.425mm], and 0.52
times the horizontal diameter change of the RCP [19.6mm
versus 37.61mm]. The stiffness was also different for these
two specimens as shown in Figure 3. The RCP had initial
stiffness of 109.3 kN/mm and secant stiffness of 7.9 kN/mm at
the ultimate state. The RGC, on the other hand, had much
higher initial stiffness than the RCP [217.6 kN/mm versus
109.3 kN/mm] andmuch higher secant stiffness [42.3 kN/mm
versus 7.9 kN/mm]. From the load-carrying capacity, diam-
eter change, and stiffness enhancement in the two-point
loading tests, it can be inferred that the CSP improved the
load-carrying capacity of the RCP because of a significant
increase in its stiffness and capacity but reduced the ductility
of the rehabilitated pipe (reduction in the ultimate diameter
change).

The crack distribution of the two specimens in the
ultimate state is shown in Figure 4. The crack distribution
reflects the ductility of the specimens from another angle;
e.g., if the cracks are distributed over a wide range with equal
spacing and the maximum width of the crack is small, it
indicates that the specimens have good ductility; otherwise,
the specimens have poor ductility. It can be seen from the
experimental results that the cracks of theRCP are distributed
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over a wide range and the maximum width of the crack is
5mm; the steel bar is not broken, which indicates that the
RCP has good ductility. However, the crack distribution of
the RGC has a smaller range than the RCP and themaximum
crack width is 18mm; the steel bar is broken, which indicates
that the RGC has lower ductility than the RCP.

The crack distribution in the transverse section (shown
in Figure 5) directly reflects the bond condition of the RCP,
grout, and CSP. At the crown and invert of the slip-lined
pipe, there are two shear cracks extending from the edge
of the base plate to the CSP; this result is attributed to the
shear force at the concentrated loading point. Aside from
the shear cracks, short circumferential cracks appeared at the
interface between RCP and grout at the crown and extended
to the shoulder of the pipe. At the springlines, the CSP was
significantly detached from the grout and circumferential
cracks appeared at the interface between the RCP and grout
and extended to the invert of the pipe. In addition, the radial
cracks at the springlines did not extend through the RCPs and
grout but occurred only in the RCP and grout, which means
that both tensile and compressive regions appeared in the
RCP and grout.The distribution of the cracks is an indication
that the RCP, grout, and CSP were not fully bonded.

In order to determine the bond condition of the RCP,
grout, and CSP, the strains were used to determine the bond
condition as a supplementary criterion; i.e., if the RCP, grout,
and CSP are fully bonded, the strains should be distributed
along the height of the section in a straight line. Three strain
gauges were installed in each section at the crown, invert, and
springlines. The average strain values are shown in Figure 6;
it is evident that the actual distribution of the strains does not
really correspond to this situation because the compressive
strains and tensile strains occur alternately along the height
of the section, which means that a slip occurred among the
RCP, grout, and CSP. This conclusion is in agreement with
the conclusion derived from the distribution of the cracks.
These results imply that the three pipes most likely acted
independently.

4. Load-Sharing Mechanism

Smith et al. [8] used a plasticity approach to estimate the load-
carrying capacity of a slip-lined pipe; it was demonstrated that
the moment capacity at the crown and invert was different
from the moment capacity at the springlines and different
methods were used to calculate the moment capacity at
these sections; i.e., the moments caused compression in the
CSP and the grout nearest the liner experienced tension
at the crown and invert. In addition, the grout closest to
the liner (inside of the pipe) was compressed, whereas the
CSP experienced tension; therefore, the cross-section at these
locations acted like an RC section where the pipe represented
the tension reinforcement at the springlines. As such, an RC
approach was used to calculate the plastic moment capacity
as described in the research by Smith et al. [8].This approach
conservatively neglects the presence of the liner and the
beneficial effects of the thrust on the moment capacity.

Based on the experimental results, it can be concluded
that the slip-lined system acted as a “pipe within a pipe

system”; thus, the load-sharingmechanismunder a two-point
loading condition can be determined. Figure 7 shows a sketch
of the pipe ring under a two-point loading condition. The
vertical deflection of the existing pipe, grout, and liner should
be equal. The subscripts 1, 2, and 3 represent the liner, grout,
and existing pipe respectively and the vertical deflections of
each pipe are expressed as [20]

Δ 𝑖 = 𝐹𝑖𝑟
3
𝑖 (𝜋/4 − 2/𝜋)𝐸𝑖𝐼𝑖 𝑖 = 1, 2, 3 (1)

where Δ 𝑖 is the vertical decrease in the diameter of each pipe;𝐹𝑖 is the concentrated load shared by each pipe; 𝑟𝑖 is the mean
radius of each pipe;𝐸𝑖 is themodulus of elasticity; and 𝐼𝑖 is the
moment of inertia of the wall’s cross-section per unit length
of the pipe.

Therefore, the vertical deflections are equal to (Δ 1 = Δ 2 =Δ 3 = Δ) and the following is obtained:

𝐹1𝐸1𝐼1/𝑟31 =
𝐹2𝐸2𝐼2/𝑟32 =

𝐹3𝐸3𝐼3/𝑟33 (2)

The concentrated load shared by each pipe 𝐹𝑖 should
satisfy

3∑
𝑖=1

𝐹𝑖 = 𝐹 or 𝐹1 + 𝐹2 + 𝐹3 = 𝐹 (3)

where 𝐹 is the concentrated load carried by the slip-lined
pipe.

If a stiffness factor 𝜑, as 𝐸𝐼/𝑟3, is defined, (2) can be
changed into

𝐹1𝜑1 =
𝐹2𝜑2 =
𝐹3𝜑3 (4)

Equation (4) indicates that the concentrated load 𝐹 is
shared among the pipe materials and that the distribution of
the load depends on the stiffness factor 𝜑.This information is
very useful for a structural analysis. It should be noted that
concrete is a nonelastic material and when it is cracked or
crushed, the term E3I3 is not applicable; therefore, the short-
term or long-term stiffness should be used to consider this
nonlinear behavior. In assessing the load sharing and stresses,
the value of the long-term stiffness for the expected design
life should be used for the expected loads and the value of the
short-term stiffness should be used for loading conditions of a
transient nature.The stiffness of a concrete component can be
calculated using the Code for Design of Concrete Structures
[21]. For this experiment, a short-term stiffness was used to
calculate the load-carrying capacity and the expression is as
follows:

B𝑆 = 𝐸𝑠𝐴 𝑠ℎ20
1.15𝜓 + 0.2 + 6𝛼𝐸𝜌/ (1 + 3.5𝛾𝑓) (5)

𝜓 = 1.1 − 0.65𝑓𝑡𝑘𝜌𝑡𝑒𝜎𝑠𝑞 (6)
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where𝐵𝑠 is the short-term stiffness of the reinforced concrete,
N⋅mm2; 𝐸𝑠 is the elastic modulus of the steel bar, MPa; 𝐴 𝑠
is the area of the tensile steel bar, mm2; ℎ0 is the effective
thickness of the RCP, mm; 𝜓 is the non-uniform coefficient
of the strains; 𝛼𝐸 is the ratio of the elastic modulus of the
steel bar to the elastic modulus of the concrete; 𝜌 is the
reinforcement percentage of the tensile steel bar; 𝑓𝑡𝑘 is the
standard value of the concrete tensile strength, MPa; 𝜌𝑡𝑒 is the
effective reinforcement percentage; 𝜎𝑠𝑞 is the tensile stress of
the steel bar at the crack section, MPa.

At this point, 𝜑3 is changed into the following expression:
𝜑3 = 𝐵𝑠𝑟33 (7)

At the ultimate state, the RCP reaches its ultimate load-
carrying capacity and its stiffness factor declines rapidly;
therefore, the loads shared by the grout andCSPwill increase.
Plastic hinges will appear at the crown, invert, and springlines
and the specimen will experience failure. It should be noted
that once the plastic hinges form, the stiffness of the pipe is
very low and it can hardly carry a load anymore. According
to the Canadian Highway Bridge Design Code [22], when
the plastic hinges form in a CSP structure, the CSP has been
already damaged and elastic methods should be used for the
analysis of these structures. Therefore, the elastic stiffness of
CSP was used in the experiments.

If we substitute (7) and (4) into (3), the load-carrying
capacity of the slip-lined pipe can be calculated using the
following formula:

𝐹 = [1 + 𝐸1𝐼1𝐵𝑠
𝑟33𝑟21 +
𝐸2𝐼2𝐵𝑠
𝑟33𝑟22 ]𝐹3 (8)

where 𝐹3 is the load carried by the RCP; 𝐸1 and 𝐸2 are
the moduli of elasticity of the CSP and grout respectively;𝐼1 and 𝐼2 are the moments of inertia of the CSP and grout
respectively; and 𝑟1, 𝑟2, and 𝑟3 are the mean radii of the
CSP, grout, and RCP, respectively; the moments of inertia
and neutral axis of the grout can be determined by drawing
software (such as auto CAD), and the position of the neutral
axis is the position of the centroid.

When the load-carrying capacity of the RCP is known, (8)
can be used to calculate the rupture load of the rehabilitated
pipe.

The modulus of the concrete or the cement used for the
grout depends on their compressive strength anddensity [23]:

𝐸2 = 0.043𝜌1.52 √𝑓2 (9)

where 𝐸2 is the modulus of elasticity of the grout, MPa; 𝜌2 is
the density of the grout, kg/m3;𝑓2 is the compressive strength
of the grout, MPa.

Therefore, the load-carrying capacity of the rehabilitated
pipe depends on the thickness, density, and compressive
strength of the three pipe rings.

Although the short-term stiffness of the concrete pipes
has been taken into account in the nonlinear behavior of
the RCP and the elastic modulus of the CSP have been

taken into account with regard to the elastic behavior, the
mechanical behavior of the grout has yet to be considered.
It is well known that the grout located between the RCP
and CSP is constrained by the two pipes. The RCP and
CSP result in radial pressure applied to the grout and the
pressure at the crown and invert are higher than that at the
springlines because the three pipes are mutually extruded at
the crown and invert and are separated at the springlines in
this experiment, which is shown in Figure 8(a). The radial
pressure resulting from the RCP and CSP constrain the radial
deformation of the grout.

In addition, the grout nearest the RCP experienced
compression at the crown and invert, whereas it experienced
tension at the springlines; this is contrary to the situation of
the grout nearest the CSP, which experienced tension at the
crown and invert and compression at the springlines. This
stress state divides the grout into two parts along the neutral
axis of the grout. In each part, tension and compression
occur alternately; i.e., if the grout experiences tension at the
spinglines, it would experience compression at the crown
and invert. Moreover, the RCP and CSP not only constrain
the radial deformation of the grout but also constrain the
circumferential deformation; these constraints will make the
grout carry more loads than that without constraints.

As mentioned earlier, a slip occurred among the RCP,
grout, and CSP and this caused frictions at the contact
surface and the direction of the friction was opposite to
the tensile and compressive stress of the grout. This friction
reduced the compressive stress of the grout and prevented
further expansion of the cracks (see Figure 8(b)), thereby
reducing the stress on the grout. In this case, even though the
grout cracked, the friction prevented the cracks from further
development.This is similar to an imaginary force that resists
the tensile stress at the crack.

The friction appeared to affect the load distribution
among the RCP, grout, and CSP but it is known that it has
little effect on the load-carrying capacity of the RCP and CSP
after careful consideration. At the ultimate state of the slip-
lined pipe, the load-carrying capacity of the slip-lined pipe
is determined by the crown, invert, and springlines; these
positions have the largest internal forces. Once the concrete at
these positions is cracked or the RCP, grout, andCSP separate
from each other, a slip will occur at the contact surface and
the friction at these positions will disappear.The “pipe within
a pipe system” theory is applicable to these positions. The
frictions play a role only near these positions to prevent
further expansion of the cracks.

The RCP and CSP constrain the deformation of the grout
and the friction reduces the stress of the grout, which allows
the grout to act like an elastic body and to exert an imaginary
pull.

Regardless whether the RCP was damaged or not, the
external load (concentrated load F in this experiment) was
borne by the RCP directly, which means that the RCP took
the full external load before and after rehabilitation. Once
the RCP was damaged after rehabilitation, the load shared by
the grout and CSP suddenly increased, resulting in damage.
As a result, the load-carrying capacity of the slip-lined pipe
indirectly depends on the RCP. Therefore, the load-carrying
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Figure 8: Stress graphic of the grout: (a) radial pressure; (b) circumferential friction force.

capacity of the slip-lined pipe should be calculated based on
the RCP (see (8)).

When the load-carrying capacity of the prerehabilitated
pipe is known based on experimental or theoretical methods,
the load-carrying capacity of the slip-lined pipe can be calcu-
lated using (8). As an example, the load-carrying capacity of
the RCP (280 kN) was used as the load-carrying capacity of
the pre-rehabilitated pipe (𝐹3) and (8) was used to calculate
the load-carrying capacity of the RGC: 𝐹𝑐 = 𝐹3 × Σ𝜑𝑖/𝜑3 =280× 14.624/4.184 = 978.6 kN.

Table 1 shows the rigidity factors of the tested pipe and
the calculation results are shown in Table 2. The maximum
difference between the theoretical and the experimental
results is 1.1%. The results also indicate that the plasticity
approach and composite behavior method used by Smith et
al. [8] are likely not appropriate for rehabilitating an RCP
given the behavior demonstrated by these specimens.

5. Load-Sharing among the Three
Pipe Materials

The RGC was used to illustrate the load-sharing among
the three pipe materials. Figures 9–11 actually show the
proportion of the ring stiffness of each pipe to the total
ring stiffness; this proportion is also the proportion of load
sharing. Figure 9 demonstrates the effects of a reduction in
the pipe stiffness of the RCP; the results were obtained by
varying the pipe stiffness of the RCP and keeping all other
parameters constant.

When the pipe stiffness of the RCP was reduced from
0% to 100% (undeteriorated to fully deteriorated), the load
carried by the grout increased rapidly (the portion of the load
carried by the grout ranged from 30% to 80%), whereas the
load carried by the CSP increased only slightly (the portion
of the load carried by the CSP ranged from 7% to 18%).
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Table 1: Stiffness and rigidity factors of the tested pipe.

Type of
pipe ring

Outside
diameter, OD

(mm)

Inner
diameter, ID

(mm)

Thickness, t
(mm)

Modulus
(MPa)

Pipe stiffness
factor, 𝜑 (MPa)

RCP 1440 1200 120 36000 4.184
Grout 1200 1000 50 for CSP∗ 32500 8.54
CSP 1110 1000 — 2.06 × 105 1.90
RGC 1440 1000 220 — 14.624
∗The distance from the outer edge of the CSP (crest of the CSP) to the inner edge of the RCP.

Table 2: Calculation results of the load-carrying capacity.

Type of pipe ring Fc (Calculated) (kN) Ft (Tested) (kN) |(Fc-Ft)/Ft|%
RCP — 280 —
RGC 978.6 968 1.1

This illustrates that the grout plays an important role in
distributing the load and the CSP only carries a small part
of the load. When the RCP reached its ultimate state, the
stiffness of the RCP decreased drastically and the load shared
by the RCP was smaller than that of the grout. As mentioned
before, the grout was constrained by the RCP and CSP and
even though the RCP fully deteriorated, the constraint did
not disappear but only weakened. Due to this constraint, the
grout carriedmost of the load in the pipewithin a pipe system
without steel bars.

This conclusion is correct only when the existing pipe,
grout, and liner are concentric. Otherwise, the results are very
different.

In practical engineering, it is difficult to achieve a true
concentric configuration of the three pipe materials in slip-
lining construction and sometimes the pipes are eccentric;
e.g., the CSP is always placed directly inside the RCP and
the invert of the CSP is connected to the inner wall of the
RCP. In this condition, the CSP is closely fitted to the RCP at
the invert and the load is shared among the RCP and CSP,
whereas the load is shared among the three pipe materials
at the springlines and crown of the slip-lined pipe because
the grout has a certain thickness at these positions. Overall,
the load-carrying capacity of an eccentric slip-lined pipe
depends on the load-carrying capacity of the thinnest section,
which should be located where the CSP is closely fitted to the
RCP (mostly at the invert). Figure 10 demonstrates the load-
sharing between the RCP and the CSP at the invert (the grout
should be ignored).

It can be seen that the RCP carried most of the load until
it reached the ultimate state (the portion of the load carried
by the existing pipe ranged from 90% to 70%); the CSP only
carried a small portion of the load (the portion of the load
carried by the liner ranged from 10% to 30%). When the RCP
reached its ultimate state, the stiffness of the pipe decreased
drastically and the portion of the load carried by the RCP
ranged from 70% to 0%, whereas the CSP carried most of the
load (the portion of the load carried by the CSP ranged from
30% to 100%).

Equation (9) shows that themodulus of the grout depends
on the compressive strength and density, which influences
the stiffness of the grout ring. The effect of the strength of
the grout on the load sharing is shown in Figure 11; the
results are obtained by varying the strength of the grout while
holding all other parameters constant. The RCP reached
its ultimate state. The load-sharing proportion of the grout
increased from 0% to 58% with an increase in the grout
strength from 0MPa to 35000MPa, and the load-sharing
proportion of the RCP decreased from 69% to 29%, and
the load-sharing proportion of the CSP decreased from 31%
to 13%. In summary, the grout strength has an important
influence on the load-carrying capacity of the slip-lined pipe.

It should be noted that, once the RCP is fully deteriorated
and cannot continue to carry a load, the load shared by the
grout and CSP will increase so that the grout and CSP will
probably fail to withstand such a large load and damage; as a
result, the slip-lined pipe will also be damaged.

6. Limitation of Current Research and
Suggestions for Future Research

In this paper, the performance of an RCP rehabilitated with
a CSP was presented and a method to estimate of the load-
carrying capacity of the slip-lined pipe was proposed. The
experiments were conducted under two-point loading, which
does not reflect the actual working conditions of the pipe.
Under actual working conditions, the RCPs are buried in
the soil and an interaction occurs between the surrounding
soil and the RCPs; this changes the stress state of the RCPs.
Moreover, the soil will diffuse the vehicle loads, which will
change the loads acting on theRCP to uniform loads. As such,
the surrounding soil should be considered in future research.

Due to the limitation of the laboratory space, the spec-
imens were short, and the aspect ratio of the specimens
was not representative of pipelines, in which the possible
eccentricity between the top and the reaction bottom force
can produce a different stress configuration in the pipe, as
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well as the interaction with the soil. This should be overcome
in future researches, and the specimens which can represent
real pipelines should be used to investigate the mechanical
performance of the slip-lined pipes.

The influence of the compressive strength of the grout
on the load-carrying capacity and stiffness should be also
investigated because, in this study, we used a theoretical
analysis to deduce that the compressive strength of the grout
will affect the load-carrying capacity and stiffness of the
slip-lined pipes; this requires verification. Additionally, the
influence of the different deterioration levels of a buried RC

culvert on the load-carrying capacity and stiffness also needs
to be investigated because engineers will only rehabilitate
an existing RC culvert after a deterioration occurred in an
actual engineering situation and an existing RC culvert has
a different residual capacity, which will influence the load-
carrying capacity and stiffness of the slip-lined pipes.

The friction and constraints provided by RCP and CSP
make the grout can carry more loads. As it was known,
if the grout ring is not located between the RCP and the
CSP, it will lose its load-carry capacity once it cracks due
to lack of friction and constraints. In theoretical analysis,
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friction and constraints were considered to be the reasons
why grout can carry loads, but their values and distributions
were not determined, which should also be investigated in
future researches.

The number of specimens was very small; only an RCP
and an RGC were used in this experiment, totally inadequate
to state general conclusions. The conclusions of this paper
were only based on the results of this experiment, and more
specimens should be used to verify the generality of the
conclusions in the future.

7. Conclusions

The current investigation was undertaken to examine the
performance of an RCP rehabilitated with grouted CSP. Two
specimens of RCP and RGC were tested in a two-point
loading experiment across the vertical diameter of the pipes.
The following key conclusions are drawn from this work:(1)The load-carrying capacity and stiffness of RGC were
3.46 times and 5.35 times greater than the RCP respectively.
The CSP significantly increased the load-carrying capacity
and stiffness of the RCP but reduced its ductility.(2) When the CSPs is used to rehabilitate the RCPs, the
CSP should not be treated as a new pipe for the structural
analysis but the load-carrying capacity of the RCP and grout
should also be considered. The load-carrying capacity of the
rehabilitated pipe depends on the total stiffness factors (𝜑)
and the load-carrying capacity of the RCP. Once the RCP
is damaged after rehabilitation, the loads distributed by the
grout and CSP will suddenly increase so that they cannot
withstand a large load and damage will occur.(3) Based on both the experimental observations and the
strain distribution, the slip-lined pipe acted as “a pipe within
a pipe system”. A “load-sharing” theory was proposed in this
study and (8) provides estimates of the load-carrying capacity
of the slip-lined pipes to within 1.1%. At this time, the short-
term or long-term stiffness should be used to calculate the
stiffness factor of the RCP.(4) The radial pressures and circumferential frictions
exerted by the RCP and CSP constrained the deformations of
the grout, which resulted in an acceptable stress state of the
grout, allowing it to carry a larger load.(5)The grout played an important role in distributing the
load when the RCP was deteriorated and the liner shared
only a small part of the load. However, when the three pipe
materials were eccentric, theCSPwas closely fitted to the RCP
at the invert. In this condition, the load was shared between
the RCP and the CSP. When the RCP was fully deteriorated,
the CSP carried most of the load and, in this condition, it
should be treated as a new culvert.

Notations

RCP: Reinforced concrete pipe
RGC: Reinforced concrete pipe rehabilitated

with a corrugated steel pipeΔ 𝑖: Vertical decrease in the diameter of each
pipe

Δ 1: Vertical decrease in the diameter of the
CSPΔ 2: Vertical decrease in the diameter of the
groutΔ 3: Vertical decrease in the diameter of the
RCP𝐹𝑖: Concentrated load shared by each pipe𝐹1: Concentrated load shared by the CSP𝐹2: Concentrated load shared by the grout𝐹3: Concentrated load shared by the RCP𝑟𝑖: Mean radius of each pipe𝑟1: Mean radii of the CSP𝑟2: Mean radii of the grou𝑟3: Mean radii of the RCP𝐸𝑖: Modulus of elasticity of each pipe𝐸1: Modulus of elasticity of the CSP𝐸2: Modulus of elasticity of the grout𝐸3: Modulus of elasticity of the RCP𝐼𝑖: Moment of inertia of the wall’s
cross-section per unit length of the pipe𝐼1: Moment of inertia of the CSP𝐼2: Moment of inertia of the grout𝐼3: Moment of inertia of the grout RCP𝐹: Concentrated load carried by the
slip-lined pipe

𝜑: Stiffness factor, as 𝐸𝐼/𝑟3
𝜑1: Stiffness factor of the CSP, as 𝐸1𝐼1/𝑟13𝜑2: Stiffness factor of the grout, as 𝐸2𝐼2/𝑟23𝜑3: Stiffness factor of the RCP, as 𝐵𝑠/𝑟33𝐵𝑠: Short-term stiffness of the reinforced

concrete, N⋅mm2𝐸𝑠: Elastic modulus of the steel bar, MPa𝐴 𝑠: Area of the tensile steel bar, mm2ℎ0: Effective thickness of the RCP, mm𝜓: Non-uniform coefficient of the strains𝛼𝐸: Ratio of the elastic modulus of the steel
bar to the elastic modulus of the concrete𝜌: Reinforcement percentage of the tensile
steel bar𝑓𝑡𝑘: Standard value of the concrete tensile
strength, MPa𝜌𝑡𝑒: Effective reinforcement percentage𝜎𝑠𝑞: Tensile stress of the steel bar at the crack
section, Mpa𝜌2: Density of the grout, kg/m3𝑓2: Compressive strength of the grout, MPa𝐹𝑐: Calculated load-carrying capacity of the
slip-lined pipe𝐹𝑡: Tested load-carrying capacity of the pipe

1: CSP
2: Grout
3: RCP.
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