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Thin-walled composite cylindrical shells with internal restraint exhibit instability behavior highly sensitive to
geometric imperfections, interface restraint, and boundary conditions. Unlike idealized shells governed by a
single critical buckling load, such systems may experience transitions in governing instability mechanisms during
service, evolving from load-controlled buckling to imperfection- or boundary-controlled failure. Experimental,
numerical, and analytical evidence shows that degradation of interface restraint, stiffness incompatibility, and
time-dependent material behavior alter shell-level stability, leading to imperfection amplification, loss of com-
posite action, and displacement-controlled response. These mechanism transitions explain delayed instability
and localized failure observed even when conventional buckling-based design criteria are satisfied. This review
presents a mechanism-based reinterpretation of instability in internally restrained thin-walled composite shells,
identifies key factors governing instability mechanism transitions, and examines their implications for existing
buckling-based design frameworks. By interpreting failure as a transition between instability mechanisms rather
than exceedance of a critical load, this study provides a mechanics-based perspective on the long-term stability of

imperfect composite cylindrical shells.

1. Introduction

Thin-walled cylindrical shells subjected to external pressure exhibit
instability behavior that is highly sensitive to geometric imperfections
and boundary conditions, particularly during long-term service. While
the present study primarily focuses on instability under external pres-
sure, liner instability may also occur in pressure pipelines, where in-
ternal pressure and combined loading conditions can influence stability
through different mechanisms. Internal restraint forms a composite cy-
lindrical shell governed by stiffness compatibility and interface re-
straint. Reinforced concrete pipes rehabilitated with CIPP linings
provide a typical example of such systems [1-5]. In this study, the term
“composite shell” refers to the pipe-liner system as a whole, while
“liner” specifically denotes the CIPP inner layer.

Cured-in-place pipe (CIPP) systems can be regarded as a represen-
tative form of internally restrained thin-walled composite cylindrical
shells, with governing instability mechanisms defined at the shell level.
Owing to liner-host interaction and interfacial restraint, such composite

* Corresponding author.

shells exhibit structural responses and failure modes fundamentally
different from those of standalone shells. Their behavior is governed by
stiffness compatibility and interface conditions, leading to enhanced
circumferential stiffness in flexible systems (e.g., corrugated polymeric
pipes[6]) and pronounced stress redistribution in rigid systems (e.g.,
reinforced concrete pipes [7]).

Existing studies on CIPP-formed composite shell systems have
mainly focused on buckling stability, liner material properties, and
composite structural response. However, delayed buckling, leakage, and
localized rupture are frequently reported in practice despite compliance
with prevailing design standards, indicating a clear discrepancy be-
tween observed service-time failures and conventional buckling-based
predictions. Experimental and numerical studies demonstrate that geo-
metric imperfections, interface conditions, and residual host-shell
confinement significantly influence the stability and failure behavior of
the composite shell system[8-11], including modifications to buckling
modes and load redistribution[12,13]. Nevertheless, how interface re-
straint and composite action jointly govern transitions in dominant
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instability mechanisms during service remains insufficiently understood
[14-16].

CIPP liners are typically composed of resin-based composite mate-
rials whose mechanical properties evolve during long-term service due
to creep, stress relaxation, and environmental exposure [17,18]. The
coupling between time-dependent material degradation and initial
geometric imperfections progressively alters instability response, chal-
lenging design approaches based solely on short-term properties or a
single long-term reduction factor.

This study develops a failure-oriented framework to interpret insta-
bility in CIPP-formed composite shells. Failure is defined as a transition
between load-controlled, imperfection-controlled, and boundary-
controlled regimes, governed by interface restraint and evolving im-
perfections. As illustrated in Fig. 1, the framework categorizes instability
behavior into two regimes: imperfection-controlled (Regime 1) and
boundary-controlled (Regime 2). The transition between these regimes
is governed by key parameters such as the D/t ratio and interface con-
ditions, providing a mechanistic basis for understanding failures asso-
ciated with unmodeled transitions in internally restrained thin-walled
shells.

The transitions between instability regimes can be further inter-
preted in a semi-quantitative manner through the relative dominance of
key dimensionless parameters, including the diameter-to-thickness ratio
(D/t), normalized imperfection amplitude (A/t), interface stiffness ratio,
and boundary-induced displacement level. These parameters jointly
determine whether the structural response is governed primarily by
external load, geometric imperfections, or imposed boundary
deformation.
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In this framework, load-controlled behavior serves as the idealized
reference state, whereas service-time instability is interpreted through
transitions toward imperfection-controlled and boundary-controlled
regimes.

The main contributions of this review can be summarized as follows:
(1) a mechanism-based reinterpretation of the stability behavior of
internally restrained thin-walled composite cylindrical shells; (2) iden-
tification of interface restraint as a key factor governing stiffness
compatibility, load transfer, and instability evolution; (3) clarification of
delayed instability as a shell-level phenomenon rather than a material-
or component-level failure; and (4) systematic identification of mis-
matches between governing instability mechanisms and assumptions in
prevailing buckling-based design frameworks, explaining why service-
time failures may occur even when code-based criteria are satisfied.

2. Buckling-based design assumptions for internally restrained
thin-walled shells

Buckling-based design methods for internally restrained thin-walled
shells are based on idealized load-controlled instability assumptions,
neglecting the evolving effects of interface restraint, geometric imper-
fections, and boundary conditions during service. While this study fo-
cuses on instability under external pressure, liner behavior in pressure
pipelines may involve different mechanisms due to internal pressure and
combined loading. These design approaches can be interpreted as en-
gineering implementations of classical shell stability theories [19,20].
This section examines the underlying mechanical assumptions of such
approaches, including the free ring model, host-shell confinement, and

Framework for instability mechanism transition in internally restrained thin-
walled composite shells
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Fig. 1. Conceptual framework for the instability mechanism transition in internally restrained thin-walled composite shells, illustrating the shift from imperfection-

controlled (Regime 1) to boundary-controlled (Regime 2) instability modes.



J. Liu et al.

imperfection sensitivity, and evaluates their applicability in relation to
governing instability mechanisms. As shown in Fig. 2, the instability
behavior evolves from load-controlled buckling to confinement- and
imperfection-controlled modes. Geometric imperfections, such as
annular gaps and initial ovality, induce non-uniform deformation and
stress concentration, leading to a transition from global to localized
instability.

Different buckling modes correspond to distinct instability charac-
teristics, spanning from global load-controlled behavior to localized
imperfection-driven response. As loading progresses, interactions be-
tween these mechanisms drive transitions in instability modes, leading
to post-buckling responses ranging from stiffness degradation to local-
ized failure.

2.1. Free ring buckling assumption and associated limitations

The free ring buckling model represents the fundamental shell me-
chanics assumption for analyzing instability of CIPP liners under
external pressure, derived from classical elastic stability theory for thin
circular rings. Under linear elastic and small deformation conditions, the
critical buckling pressure of a geometrically perfect, homogeneous, and
unconstrained ring is given by Eq. (1), serving as an idealized load-
controlled reference solution [21].

e
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where D is the mean pipe diameter (mm); p is Poisson’s ratio; t is the
average shell wall thickness; E is the elastic modulus of the liner material
(MPa); and P, is the critical buckling pressure (MPa).

Due to its simplicity, the free ring model is widely used for pre-
liminary instability assessment of CIPP liners. However, it neglects host-
shell confinement, interface restraint, and imperfection effects. In
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practice, these factors significantly alter instability behavior, leading to
deviations from free ring predictions. Therefore, the model should be
regarded as a lower-bound reference applicable only under ideal load-
controlled conditions.

2.2. Host pipe confinement effects and modifications to buckling models

In CIPP rehabilitation, the liner is typically subjected to radial
confinement from the host shell, which restrains deformation and en-
hances buckling resistance. Glock [22] showed that rigid host-shell
confinement can significantly increase the critical buckling pressure of
a liner, and Aggarwal and Cooper [23] further demonstrated that ideal
confinement substantially enhances buckling stability. This concept was
subsequently incorporated into ASTM F1216 [24] through an empirical
support factor that modifies the free ring buckling pressure by implicitly
assuming effective liner host-shell contact. However, annular gaps and
local defects often weaken confinement in practice, limiting the appli-
cability of such models. While confinement increases apparent buckling
resistance, it does not alter the governing instability mechanism, making
predictions highly sensitive to interface contact conditions.

2.3. Effects of initial imperfections on liner buckling performance

Initial geometric imperfections are widely recognized as critical
factors governing the buckling instability of CIPP liners. El-Sawy [25]
identified typical installation induced imperfections in ultraviolet cured
CIPP liners, including liner ovalization, local curvature reversal caused
by host-shell protrusions, and annular gaps between the liner and the
host shell. Among these, annular gaps are generally the dominant factor,
promoting global ovalization and localized buckling, with critical
pressure highly sensitive to gap size [26-30]. Initial ovality induces
cross sectional stress non uniformity and premature local instability,
reducing buckling capacity [31,32], while additional defects such as
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Fig. 2. Buckling mechanisms of thin-walled composite cylindrical shells formed by CIPP linings under uniform external pressure:(a) free ring controlled buckling;(b)
host-shell confinement controlled buckling;(c) annular gap controlled buckling; and(d) initial ovality controlled buckling. [13].
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wrinkles or wall-thickness variation further exacerbate instability
through localized stress concentrations, motivating the introduction of
imperfection parameters into free ring and Glock based models [33,34].
However, most existing models consider only single imperfections,
whereas combined defects introduce strong nonlinearity and signifi-
cantly reduce prediction accuracy [35].

Overall, geometric imperfections shift instability from global to
localized or multi-mode behavior, and their coupled effects remain
insufficiently characterized.

2.4. Applicability and limitations of buckling based design methods

Buckling-based design methods for CIPP liners have clear mechani-
cal relevance under external pressure-dominated conditions with good
liner-host contact and are suitable for preliminary stability assessment.
However, these approaches rely on idealized assumptions such as geo-
metric perfection, continuous interface contact, and negligible imper-
fection effects. In practical rehabilitation scenarios involving annular
gaps, initial ovality, or interacting imperfections, the governing buck-
ling mechanisms and instability modes can deviate substantially from
idealized predictions[36,37]. From a design perspective, buckling sta-
bility should therefore be regarded as a necessary but not sufficient
condition for CIPP liner design[20,38]. Under non ideal confinement or
significant imperfections, buckling based criteria alone are inadequate
to characterize the structural response. Instead, the behavior should be
interpreted within a composite structural framework that considers load
sharing and deformation compatibility between the liner and the host
pipe [39,40].

3. Structural performance characterization of CIPP liners and its
design applicability

3.1. Ring stiffness based performance characterization of CIPP liners

Performance-based indices such as ring stiffness implicitly assume
independent liner action and small-deformation behavior, whereas the
governing response of internally restrained composite shells is often
controlled by instability and deformation compatibility. Experimental
studies show that CIPP rehabilitation enhances circumferential defor-
mation resistance, while the effective stiffness contribution of the liner
depends on both material properties and liner host-shell interaction [41,
42]. Interface bonding further influences the measured ring stiffness,
motivating the introduction of reduction factors in engineering evalu-
ations [43]. Nevertheless, ring stiffness based approaches are inherently
limited to pre instability deformation response and are unable to capture
crack development, interface slip, or instability driven failure
mechanisms.

3.2. Strength and load bearing capacity evaluation under independent
liner action

Strength based evaluation methods commonly treat the thin-walled
liner as an independently acting component, although noticeable dis-
crepancies may exist between this assumption and actual load bearing
conditions in rigid flexible composite rehabilitation systems. Within
such frameworks, liner thickness is typically determined based on
circumferential stress, with stresses induced by external loads, temper-
ature effects, and deformation superimposed and checked against ma-
terial strength criteria. Brown et al. [44] proposed strength based failure
equations for CIPP formed shells with pre existing defects under unfa-
vorable loading.

Even under the independent liner assumption, geometric imperfec-
tions remain critical to strength controlled failure. Experimental and
numerical studies by Ampiah et al. [45] showed that wrinkling defects
readily induce localized stress concentrations, leading to significant
reductions in crack load and ultimate load capacity, indicating that
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imperfections govern failure initiation even at the component level [46].

Engineering inspection results further reveal the limitations of
strength based evaluation. Bosseler et al. [47] reported that CIPP liners
with different service ages exhibited through wall defects and leakage
due to installation related deficiencies, while statistical analyses of
samples from multiple European rehabilitation projects indicated pro-
gressive degradation of mechanical performance with service time.

Overall, strength and ultimate limit state based methods can provide
reasonable estimates of material and component level capacity when the
thin-walled shell is treated as an independently acting element. How-
ever, in practical rehabilitation, host shell confinement, interface
interaction, and construction related defects are commonly present,
introducing substantial uncertainty into predictions based on the inde-
pendent action assumption. Consequently, such approaches remain
insufficient to describe system level load transfer and deformation
compatibility, motivating subsequent analyses from a composite shell
instability perspective.

4. Composite load bearing mechanisms and initial capacity
characteristics of CIPP-rehabilitated pipelines

Table 1 synthesizes the major instability and failure modes by linking
observed phenomena with their triggering mechanisms and associated
limitations in prevailing design assumptions.

The composite response is governed by stiffness and deformation
compatibility between the host shell and the liner. Depending on the
material properties of the host shell and the liner, the rehabilitated
system may behave as a rigid system, a flexible system, or different
forms of composite structures, each associated with distinct failure
controlling mechanisms. As illustrated in Fig. 3, different composite
structural types exhibit distinct load-bearing mechanisms. It can be
observed that flexible—flexible systems are dominated by deformation
compatibility, whereas rigid-flexible systems exhibit stress redistribu-
tion and interface-controlled behavior. Composite action is therefore
conditional rather than universal, and the governing failure mechanism
is primarily governed by stiffness compatibility and interface restraint.

Table 1
Structural mechanism-design assumption mismatch framework for thin-walled
composite shells.

Failure mode Triggering Governing Design blind spot
mechanism structural factor
Delayed Creep amplifies Time dependent Buckling design
buckling initial geometric stiffness based on short-
instability imperfections degradation and term modulus and
imperfection ideal geometry
sensitivity
Loss of Progressive Interface shear Oversimplified
composite degradation of transfer and interface
action interface restraint confinement assumptions in
effectiveness design models
Localized liner Displacement Tensile strain Load-controlled
cracking or incompatibility at concentration design neglects
rupture joints or defects governed by displacement
boundary driven failure
conditions
Interface Cyclic loading and Degradation of Interface behavior
debonding stress relaxation at interface shear implicitly treated
the interface stiffness or ignored
Progressive Viscoelastic creep Time dependent Single long-term

stiffness loss and stress material behavior reduction factor
relaxation of liners insufficient

Failure under Transition from Kinematic Pressure based
extreme load-controlled to incompatibility design neglects
boundary displacement and boundary boundary driven
conditions controlled response  constraint change failure

Premature Wrinkles, thickness Local stress Construction
failuredueto  non uniformity, concentration and defects not
construction incomplete curing reduced effective explicitly included
defects section in models
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under service conditions, Fig. 4 presents representative response char-
acteristics under varying interaction and boundary conditions. It can be
observed that stress distribution, deformation patterns, and
load—displacement responses evolve significantly with changing
confinement and boundary conditions. This indicates that instability
mechanisms are not fixed but transition depending on structural inter-
action and loading conditions.

4.1. Composite structural types and their cooperative load bearing
mechanisms

After CIPP rehabilitation, the liner and host shell form a composite
structural system whose structural response is governed by deformation
compatibility, stiffness interaction, and interface restraint. Depending
on the relative stiffness of the liner and host shell, CIPP formed systems
are commonly classified as flexible-flexible or rigid-flexible composites,
each exhibiting distinct cooperative load bearing mechanisms.

In flexible-flexible systems, experimental and numerical studies
show that CIPP liners primarily enhance the deformation resistance of
flexible host pipes through increased circumferential stiffness and
deformation compatibility, rather than acting as independent load
bearing elements [16,53-55]. Cooperative behavior in these systems is
dominated by deformation compatibility, with the liner redistributing
stresses and limiting excessive deformation under external pressure.

In rigid-flexible systems, the host pipe generally remains the primary
load bearing component, while the CIPP liner provides secondary
strengthening through load sharing and stress redistribution [56-58].
Studies on reinforced concrete pipe CIPP systems further indicate that
tensile cracking of the host pipe and interfacial debonding may develop
concurrently, underscoring the role of interface interaction in control-
ling load transfer and damage evolution [59]. Accordingly, cooperative
load bearing in rigid-flexible composites is governed by stress redistri-
bution and interface mechanics, with the liner acting mainly as a sta-
bilizing element.

Overall, CIPP formed composite shell systems cannot be interpreted
as a simple superposition of stiffness contributions. Their cooperative
capacity depends on structural type and is controlled by interface re-
straint, deformation compatibility, and load transfer paths, while long-
term evolution is further influenced by time dependent material
behavior and interface degradation.

4.2. Effects of interface restraint conditions on cooperative load bearing

In CIPP formed composite shell systems, interface restraint condi-
tions between the liner and the host shell determine whether coopera-
tive load bearing can be activated. Interfacial bonding governs
deformation compatibility and load transfer paths, thereby controlling
composite stiffness and structural response.

Numerical analyses by Y et al. [60] showed that effective bonding
enables deformation compatibility and joint load bearing, whereas
interfacial gaps or degraded restraint promote independent liner
behavior and a non cooperative response. Model tests by Kuliczkowski
and Mogielski [61] further demonstrated pronounced variability in
bonding performance among different host shell materials and estab-
lished quantitative relationships between interface bonding, composite
capacity, and ring stiffness.

By examining the evolution of the interface parameter Ki, Ti et al
[50] indicated that current ASTM design approaches are primarily based
on the conservative assumption of an annular gap. Under conditions of
strong liner host-shell interaction, such as well compacted grouted in-
terfaces, the applicability of these standards becomes limited. To
address this limitation, a non grouted angle o was introduced to repre-
sent partial contact conditions and refine stability evaluation.

P.ND?
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Where EJl is the flexural rigidity (Nlmmz), N denotes the number of
active coils, a is the helix angle (°), and C is the dimensionless correction
factor.

Overall, interface restraint acts as a load bearing “switch” in CIPP
formed composite shell systems, determining whether cooperative
mechanisms can be mobilized and defining the validity of related design
models. Approaches that neglect interface conditions and consider only
the liner or the host shell are therefore insufficient.

4.3. Structural response under multiple service loadings

CIPP formed composite shell systems are commonly subjected to
multiple concurrent actions, including soil overburden, traffic loading,
internal water pressure, and foundation deformation, resulting in a
multi field coupled structural response dominated by load interaction
and redistribution.

Traditional buried pipeline design, such as the M-S theory proposed
by Spangler [60], idealizes soil-pipe interaction as an external pressure
dominated problem. While widely used in culvert engineering, this
framework is insufficient to capture load redistribution and interface
effects in rehabilitated composite systems under combined service
actions.

For pipelines with structural defects, Fang et al. [62] showed through
full-scale tests and numerical analysis that traffic loading above mis-
aligned joints can significantly amplify longitudinal bending moments,
while CIPP liners mitigate this amplification by regulating local load
transfer paths. Similarly, Yang et al. [63] demonstrated that soil loading
primarily governs circumferential stress and bending, whereas traffic
loading has a stronger influence on vertical deformation and liner stress,
with internal water pressure playing a secondary role.

Overall, these studies indicate that under multiple service loadings,
the structural response of CIPP formed composite shell systems is highly
condition dependent and cannot be described by single load assump-
tions. Mechanically, multiple service loads redistribute existing load
sharing interactions by modifying stress states and interface response,
rather than introducing new load bearing mechanisms.

5. Long-term service performance and multi-field coupled
response of CIPP rehabilitation systems

Results derived from short-term mechanical performance tests or
instantaneous loading conditions are often insufficient to accurately
represent the actual structural response of CIPP-formed composite shell
systems under long-term service conditions. These time-dependent
material effects govern the evolution of load-sharing mechanisms,
interface restraint efficiency, and structural stability. During prolonged
service, CIPP liners exhibit complex time-dependent behaviors,
including tensile creep, flexural creep, cyclic fatigue, and delayed fail-
ure. As illustrated in Fig. 5, these mechanisms can be systematically
characterized through their corresponding response patterns and failure
modes.

Specifically, Fig. 5(a) shows the typical three-stage tensile creep
behavior, highlighting the transition from stable deformation to accel-
erated failure. Fig. 5(b) demonstrates the progressive damage accumu-
lation under cyclic loading, where stiffness degradation becomes
evident with increasing cycle number. Fig. 5(c) illustrates the time-
dependent flexural deformation, indicating continuous stiffness reduc-
tion under sustained loading. Furthermore, Fig. 5(d) reveals that
imperfection-induced stress localization governs the initiation and
development of instability and failure.

5.1. Time dependent mechanical response during long-term service

The long-term stability of CIPP-formed composite shell systems is
governed not only by their initial mechanical properties but also by
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Fig. 5. Long-term mechanical behavior and failure mechanisms of CIPP liners under different loading conditions: (a) typical tensile creep response showing primary,
secondary, and tertiary stages[64]; (b) fatigue-induced deformation evolution under cyclic loading[65]; (c) flexural creep behavior characterized by time-dependent
deflection[66]; (d) representative instability and failure modes influenced by imperfection levels[20].

time-dependent material behavior. As resin-based composite systems,
CIPP liners exhibit viscoelastic responses under sustained external
pressure or groundwater loading, leading to creep deformation and
progressive stiffness degradation. Experimental studies indicate that,
over a 50-year service life, the effective modulus of certain CIPP material
systems may decrease to well below 50% of the initial value, depending
on material composition and loading conditions [67]. This 50-year
design life assumption is primarily associated with conventional ther-
mosetting resin-based CIPP systems, as adopted in standards such as
ASTM F1216, while its applicability to other liner systems, such as
fiber-reinforced CIPP, may differ depending on their material charac-
teristics. In practical applications, installation defects, environmental
exposure, and interface degradation may further reduce the effective
service life compared with the nominal 50-year design assumption. As a
result, structural performance may continue to evolve even when initial
design requirements are satisfied.

Current design standards typically address creep effects through a
single long-term modulus reduction factor. For example, ASTM F1216
adopts a reduction factor of approximately 0.5 to represent long-term
degradation over a 50-year design life. However, experimental evi-
dence shows that this empirical treatment is insufficient to capture the
wide variability in creep behavior associated with different resin sys-
tems, fiber reinforcements, and loading histories [1,68,69].

From a failure analysis perspective, creep plays a critical role in
delayed instability by amplifying initial geometric imperfections.
Buckling resistance is highly sensitive to defects such as ovality and
annular gaps [70]. During long-term service, creep-induced radial
deformation effectively increases imperfection levels, driving the tran-
sition from load-controlled behavior to delayed instability with reduced
critical pressure. Once creep deformation exceeds a threshold under
sustained external loading, systems initially deemed stable may expe-
rience delayed buckling or snap-through instability [71,72].

In addition, time dependent stress relaxation and environmentally
induced plasticization can further reduce the effective restraining ca-
pacity of composite shell systems and promote interfacial degradation

during service [73,74]. Consequently, evaluations based solely on initial
properties or a single reduction factor are inadequate for assessing the
long-term stability and failure risk of CIPP formed composite shell sys-
tems under realistic underground conditions.

The creep-induced amplification of imperfections can be explained
within a viscoelastic framework. Classical models, such as the Kel-
vin-Voigt and Burgers models, describe time-dependent deformation
and stiffness degradation under sustained loading.

From a stability perspective, stiffness reduction leads to a decrease in
buckling resistance, consistent with time-dependent stability (creep
buckling), where the critical condition evolves with time [75,76]. This
process continuously amplifies initial imperfections and increases
instability sensitivity. This coupling between viscoelastic deformation
and buckling response provides a mechanistic basis for imperfection
growth in internally restrained thin-walled shells [77].

5.2. Structural response under extreme conditions and multi-field
coupling

Under realistic service environments, CIPP formed composite shell
systems may be subjected to extreme or non routine boundary condi-
tions in addition to multiple concurrent actions such as soil overburden,
groundwater pressure, traffic loading, internal pressure, and ground
deformation. Under these conditions, structural response often departs
from linear superposition assumptions and becomes governed by
displacement and restraint controlled mechanisms, limiting the appli-
cability of traditional load based models. Unlike the general multi-load
scenarios discussed in Section 4.3, the emphasis here is on extreme
boundary changes that trigger nonlinear reconfiguration of load bearing
paths.

Field monitoring and numerical studies show that environmental
coupling can significantly amplify structural response even when
external load magnitude remains unchanged. Hu et al. [78,79] demon-
strated that abrupt temperature drops during extreme cold wave events
markedly increase pipeline stress, which is further amplified by traffic
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loading, particularly for shallow burial and at joint locations.

More fundamentally, recent studies indicate that under extreme
conditions the governing response is controlled by boundary induced
displacement rather than load amplification. Moore [80] showed that
axial joint opening caused by ground deformation, as well as joint
rotation and shear displacement, can shift liner behavior from a
load-controlled regime to a boundary-controlled regime, with defor-
mation capacity strongly dependent on initial joint gaps and restraint
conditions. In such cases, tensile strain at critical locations often governs
failure when exceeding typical limits for polymer-based liners (on the
order of 1-3%). Similar displacement driven mechanisms have been
observed for joint rotation, cracking, and offset misalignment, where
localized tensile strain concentrations govern failure under combined
traffic loading and ground deformation, motivating the use of local
tensile limit states as controlling criteria [81,82].

In complex geological settings, extreme events such as fault dislo-
cation further alter pipe-soil interaction boundaries and drive CIPP
formed composite shell systems into strongly nonlinear response re-
gimes. Numerical analyses by Zhai et al. [83] showed that fault induced
displacement leads to coupled deformation and stress redistribution
within the liner host-shell system, significantly increasing the suscepti-
bility to buckling and localized instability, causing early attainment of
local damage thresholds, typically associated with critical strain or
curvature limits beyond which localized cracking or instability initiates

ASTM F1216

Empirical-analytical
approach
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[84,85].

Overall, extreme and multi-field coupled conditions, particularly
those involving joint deformation (axial opening, rotation, and shear)
and geological hazards such as fault movement, commonly induce a
transition from load-controlled behavior to displacement- and restraint-
controlled response in CIPP-formed composite shell systems. This tran-
sition is characterized by localized response amplification and load path
reconfiguration. It is typically reflected in measurable indicators such as
strain concentration, displacement localization (e.g., millimeter-level
joint opening), and nonlinear load-displacement response, indicating
the onset of instability beyond conventional load-based criteria.

These indicators provide a practical basis for identifying the onset
and progression of instability under extreme boundary and multi-field
coupled conditions.

6. Mechanics-assumption mismatch in current design
frameworks

6.1. Buckling-based design assumptions and their mechanical implications

Current design frameworks for internally lined cylindrical shells are
characterized by a fundamental mismatch between assumed load-
controlled stability models and the mechanism-governed instability
behavior observed under imperfect restraint and evolving boundary
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Fig. 6. Comparison of design logic and underlying mechanical assumptions in different international standards for internally restrained thin-walled composite

cylindrical shells, highlighting differences in stability evaluation approaches.
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conditions. Representative standards include ASTM F1216, DWA-A
143-2 (Germany) [86], EN ISO 11296-4 (Europe) [87], WRc SRM
(UK) [88], and CJJ/T 210 (China) [89]. These standards reflect different
regional interpretations of composite shell structural response. As
illustrated in Fig. 6, different design standards are based on distinct
mechanical assumptions, which may conflict with the governing insta-
bility mechanisms under service conditions.

ASTM F1216, the most widely applied CIPP design guideline
worldwide, is fundamentally based on Timoshenko’s external pressure
buckling theory, in which the liner is idealized as an independently
acting thin-walled circular ring [90]. Although empirical modification
factors (e.g., the enhancement factor K) are introduced to account for
host-shell restraint, the framework remains essentially a load controlled
buckling model, with interface effects treated in a simplified or implicit
manner. In contrast, the German DWA-A 143-2 standard adopts a more
mechanics oriented framework by classifying rehabilitation systems into
three structural states (State I-III), representing progressive degradation
of host-pipe capacity. By modeling the liner, host shell, and surrounding
soil as a coupled nonlinear system, DWA-A 143-2 evaluates stability
under non uniform lateral pressure using a semi analytical approach.
This framework is more consistent with composite shell interaction
mechanisms discussed in Section 4, particularly with respect to
confinement and load redistribution.

The European standard system, pioneered by the UK WRc and
further developed in EN ISO 11296, emphasizes risk based defect clas-
sification and limit state design. In this framework, load effects and
material resistance are treated separately using partial safety factors,
enabling a more refined treatment of complex load combinations.
Compared with the single global safety factor adopted in ASTM-based
methods, this approach provides greater flexibility in addressing non
uniform loading and degradation scenarios.

The Chinese standard CJJ/T 210 adopts a dual track framework, in
which industry standards guide structural design while national stan-
dards regulate material performance. Although its analytical structure
partially follows ASTM based formulations, conservative parameter
calibration and semi empirical correction models derived from extensive
field measurements provide practical adaptability under complex ser-
vice conditions, such as high groundwater levels, soft soil strata, and
large diameter shell systems.

Table 2 summarizes the key differences among major international
standards in terms of their core mechanical models and treatment of
defects, long-term degradation, and applicability.

Collectively, these standards indicate an evolution in CIPP design
philosophy from liner strength verification toward assessment of com-
posite shell stability. However, they remain conservative in delineating
the applicability between liner independent behavior and pipe-liner
cooperative action. This conservatism primarily stems from simplified
interface assumptions and the absence of explicit criteria for activating
composite action, which explains why instability and localized failures
are observed even when code based criteria are satisfied.

6.2. Consequences of mechanism—assumption mismatch under service
conditions

In addressing the condition of a “fully deteriorated host pipe,” cur-
rent international standards generally adopt the independent load
bearing assumption [91]. Under this assumption, once the host shell is
considered to have lost its structural integrity, it is treated merely as a
load transfer medium, and the liner is required to independently resist
the full earth and water pressures as well as surface live loads. However,
this mechanical simplification is markedly disconnected from the actual
response of pipe-liner composite shell systems and tends to inadequately
represent the failure mechanisms of rehabilitated structures.

As discussed in Section 4, even when the host shell exhibits extensive
cracking or localized collapse, its physical role as a confining shell is not
completely lost. Experimental and numerical studies have demonstrated

Thin-Walled Structures 228 (2026) 115124

Table 2
Comparison of major international CIPP design standards in terms of mechanical
models and key design parameters.

Aspect ASTM DWA-A EN ISO GB /T 210
F1216 143-2 112964 (China)
(USA) (Germany) (Europe)

Theoretical Semi- Semi- Design Graded

basis empirical analytical approach evaluation

analytical approach incorporating method based
method considering limit state on analytical
based on pipe-soil-liner  concepts models
external interaction
pressure
buckling
theory

Defects Equivalent Explicit Comprehensive Reference to
defect consideration geometric ovality and
parameter of annular defect construction
mainly gaps and correction tolerances
based on asymmetric factors
ovality deformation

Long-term Empirical Time Test-based Arrhenius

reduction creep dependent extrapolation based
reduction model based according to EN  extrapolation
factor on material 761 correction
(CL) classification

Applicability ~ Primarily Applicable to Emphasis on Applicable to
focused on various non whole life-cycle both
circular circular risk structural and
pipes sections non structural

rehabilitation

that the lateral restraint provided by the host shell can effectively limit
the radial instability displacement of the liner, resulting in a signifi-
cantly higher critical buckling pressure compared with the case of an
independently loaded liner [92]. However, current standards commonly
simplify the liner-host shell interface as a fully frictionless or unre-
strained decoupled condition, which to some extent diminishes the
representation of the overall structural response of the composite
system.

The excessive conservatism of this assumption leads to two major
adverse consequences. First, for large diameter shell systems, the theo-
retically calculated liner thickness often results in substantial con-
struction difficulty and disproportionately high costs[93]. Second, the
critical contribution of interface bonding quality to the overall structural
stability is largely neglected [94]. Therefore, future revisions of design
standards should introduce concepts such as an interface cooperation
coefficient or a confinement enhancement factor to quantitatively account
for the actual contribution of residual host-shell stiffness and interface
friction to load bearing capacity.

The consistency between design assumptions and the underlying
instability mechanisms is further examined. Although existing standards
(e.g., ASTM, DWA, and EN) provide practical design frameworks, their
underlying assumptions do not fully align with the mechanisms identi-
fied in this study. ASTM-based methods are predominantly empirical,
relying on simplified reduction factors without explicitly capturing the
evolution of instability modes or the coupling between creep and
buckling. In contrast, the DWA guidelines partially incorporate geo-
metric imperfections and soil-structure interaction, making them more
consistent with imperfection-controlled instability (Regime 1), yet they
still neglect time-dependent stiffness degradation. The EN standards
adopt a conservative, safety-factor-based approach, but do not explicitly
address transitions between instability regimes. Consequently, these
differences may lead to inconsistencies in design predictions, particu-
larly when the governing instability mechanism shifts, as some as-
sumptions may not fully capture, or may even conflict with, the time-
dependent and imperfection-sensitive nature of the instability
behavior identified in this study, underscoring the need for mechanism-
based design approaches.
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From a practical engineering perspective, the limitations of existing
design standards indicate that the applicability of different approaches
should be evaluated based on the governing instability mechanism.
Buckling-based methods are appropriate when the response remains
load-controlled and liner-host contact is effective. In contrast, for sys-
tems with pronounced imperfections or annular gaps, imperfection
sensitivity should be explicitly considered. Under conditions involving
joint opening or ground deformation, where boundary-induced
displacement governs the response, displacement- or strain-based
criteria are more appropriate than global pressure-based checks.

Although the present review focuses on instability under external
pressure, liner instability in pressure pipelines may also arise under in-
ternal pressure and combined loading conditions. Extending the present
mechanism-based framework to pressure pipeline applications therefore
represents an important direction for future research.

7. Conclusions and future research directions
7.1. Main conclusions

This study provides a mechanics-based interpretation of instability in
internally lined composite cylindrical shells, highlighting the roles of
composite action, interface restraint, and time-dependent material
behavior.

(1) The structural response of composite shell systems is fundamen-
tally governed by the activation of shell-liner interaction through
interface restraint. Loss of interface shear transfer disrupts
cooperative behavior and shifts the system toward independent
liner action, promoting instability or localized failure.

Delayed instability originates from creep-driven amplification of
geometric imperfections, which progressively reduces stability
margins and may trigger buckling or snap-through under loads
well below short-term critical levels.

Design approaches based on independent liner assumptions are
intrinsically insufficient, as they neglect the conditional nature of
composite action and interface degradation, thereby failing to
capture instability mechanisms that develop during service.
Under multi-field and extreme conditions, failure is governed by
boundary- and displacement-controlled mechanisms rather than
load-based criteria, with localized deformation incompatibility
dominating the structural response.

(2)

3

(C))

Overall, stability assessment based solely on a single critical buckling
load is inadequate for internally restrained composite cylindrical shells.
These findings indicate that future design approaches should incorpo-
rate mechanism-based criteria that explicitly account for interface
conditions, imperfection effects, and boundary-induced deformation.

7.2. Failure oriented research perspectives

From a thin-walled shell failure perspective, several mechanisms
controlling service-time instability in internally lined composite shells
remain insufficiently understood under realistic underground
conditions.

(1) Most existing studies focus on load-controlled instability under
limited ground deformation. However, under displacement-
dominated scenarios such as seismic ground movement, fault
offset, or soil liquefaction, failure is governed by kinematic in-
compatibility and interface degradation rather than load magni-
tude. The wunderlying mechanisms, including interface
debonding, localized instability, and brittle rupture under large
imposed displacements, require further systematic investigation.

(2) Constitutive descriptions of CIPP liners are predominantly
derived from short-term or single-field conditions and are
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insufficient to capture delayed instability observed in service.
Failure-oriented models that explicitly link time-dependent ma-
terial degradation, creep-induced deformation, and imperfection
amplification to stability loss remain underdeveloped.
(3) Although field monitoring techniques increasingly provide
spatially resolved response data, translating non-uniform damage
and interface degradation into mechanics-based indicators of
impending instability remains challenging. Future efforts should
focus on establishing measurable response parameters that
correlate with the initiation and evolution of localized shell
instability.
Emerging resin systems and low-energy curing technologies
introduce additional uncertainty in long-term stiffness retention
and imperfection sensitivity. Their implications for creep-driven
degradation and delayed instability should be evaluated from a
shell-level stability perspective rather than solely through mate-
rial property characterization.

4

In addition, instability behavior of liners in pressure pipelines, where
internal pressure and cyclic loading may introduce distinct governing
mechanisms, warrants further investigation.
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