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Abstract

Radially bolted cylindrical–cylindrical shell joints are critical load-bearing components in
aerospace vehicles. These joints experience complex thermo–mechanical environments
during flight, where aerodynamic heating and mechanical loads jointly induce nonlinear
deformation and stiffness variation through evolving interfacial contact states. To elucidate
these mechanisms, this study develops a sequentially coupled thermo–mechanical finite-
element framework to analyze the stiffness evolution of RBCCSJs under transient heating
and combined mechanical loads (tension, compression, and bending). The results show that
the global stiffness evolves through distinct contact-controlled stages (sticking → microslip
→ macroslip → mechanical bearing), producing pronounced nonlinear stiffness troughs
spanning over two orders of magnitude. Under tension and bending, stiffness peaks
during full sticking and decreases with slip, whereas under compression, it recovers earlier
due to its end-face-bearing formation. Transient heating introduces two competing effects,
thermal-expansion-induced frictional stiffening during short-term heating and temperature-
dependent material softening during sustained exposure, leading to a 19.2–34% reduction
in stiffness under steady thermal conditions. These findings clarify the dominant role of
contact-state evolution and thermo–mechanical coupling in joint behavior and provide a
quantitative analytical basis for enhancing the stiffness reliability and design optimization
of aerospace bolted assemblies operating in transient thermal environments.

Keywords: radially bolted joints; cylindrical shells; thermo-mechanical coupling; stiffness
variation; finite element analysis; aerospace structures

1. Introduction
In aerospace structures, the main body of a vehicle is typically assembled from multiple

slender cylindrical shells joined end-to-end [1–3]. Among various connection types, bolted
joints are widely used at interstage interfaces due to their ease of assembly and disassembly,
high reliability, and excellent sealing performance [4,5]. According to the orientation of the
fastener axis relative to the vehicle’s longitudinal axis, these joints can be classified into
axial-type [6–11] and radial-type configurations [12–14]. Axial-type joints, such as bolted
flange connections, feature fastener axes parallel to the body axis, while radially bolted
cylindrical–cylindrical shell joints (RBCCSJs) adopt a lap-type geometry, where fasteners
are oriented perpendicular to the vehicle axis.

Under actual flight conditions, aerospace structures are subjected to complex mechani-
cal environments, including axial tensile/compressive forces induced by engine thrust and
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bending moments generated during maneuvering. These external loads induce frictional
slip, variable contact stiffness, and stick–slip transitions at the interfaces between shell
segments, producing strongly nonlinear structural behavior that significantly affects the
global stiffness characteristics of the assembly [15–18]. In addition, during high-speed or
hypersonic flight, the structure experiences severe aerodynamic heating, and the interstage
joints operate in elevated-temperature environments. When the external heat flux pene-
trates the thermal protection layer, the internal “cold-wall” structure is directly exposed
to elevated temperatures, leading to time-dependent material degradation such as the
reduction in the elastic modulus and variation in the thermal expansion coefficient [19,20].
Simultaneously, bolt preload relaxation, contact-surface expansion, and frictional state
evolution further alter the mechanical response, reducing joint stiffness and, in extreme
cases, leading to joint failure [21–24]. Consequently, for high-speed aerospace vehicles,
the coupling of thermal and mechanical loads profoundly affects interstage connection
performance, directly impacting structural safety and reliability.

Extensive research has been conducted on the stiffness characteristics of radially
bolted joint structures at room temperature, revealing multiple factors influencing their
mechanical performance. Li et al. [12,25] combined analytical and numerical approaches
to investigate the load distribution of such joints under axial, bending, and shear loads,
accounting for interfacial friction, and discussed the effects of bolt preload, friction coef-
ficient, and countersink angle on their mechanical behavior. Zhang et al. [13] employed
finite-element simulations to examine the stiffness behavior of radial joints with assembly
clearance, demonstrating trilinear axial stiffness and linear lateral stiffness, and further
proposed a simplified trilinear equivalent dynamic model based on these characteristics.
Mohapatra et al. [14,26–28] developed a spring–mass-based modeling framework to con-
struct a predictive stiffness model for radially bolted joints, achieving accurate stiffness
estimations under varying preloads and external loads.

While the mechanical behavior of axial bolted flange joints at elevated temperatures
has been extensively studied [29–32], research on radially bolted joint structures, the
focus of this work, remains limited. Only a few studies have addressed the influence of
thermal environments on the mechanical performance of bolted joints. Jaglinski et al. [33,34]
observed significant preload loss in bolts subjected to prolonged high-temperature exposure
due to creep and relaxation, and proposed a constitutive model for predicting preload decay.
Kettler et al. [35] performed long-term temperature cycling tests combined with simulations,
revealing the retention of residual stress through bolt creep. Coman et al. [36,37] integrated
strain-gauge measurements with finite-element analysis to study the thermal effects on
single-bolt lap joints, accurately predicting their nonlinear elastic behavior. Sasikumar
et al. [38] numerically simulated the thermo–mechanical response of composite lap joints
considering bolt preload, thermal steps, and static tension, and discussed the evolution of
contact states during different loading stages.

Despite these advancements, the stiffness-degradation mechanisms of radially bolted
socket–spigot joints under coupled thermo–mechanical loading remain insufficiently un-
derstood. In particular, the transient heat-transfer process, which typically occurs from
the exterior aerodynamic surface to the interior structure in real aerospace interstage con-
nections, has not yet been thoroughly modeled or analyzed. To address this gap, the
present study develops a high-fidelity finite-element model of a radially bolted cylindrical–
cylindrical shell joint incorporating external transient heat-transfer effects. The model
is used to systematically investigate the evolution of tensile, compressive, and bending
stiffness under coupled transient thermo–mechanical loading, to elucidate the underlying
mechanisms of stiffness variation, and to provide a theoretical and engineering foundation
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for the design and reliability optimization of aerospace interstage connections operating in
complex thermal–mechanical environments.

2. Analytical Model and Finite Element Modeling
2.1. Analytical Model Description

This study investigates the evolution of connection stiffness in a typical radially
bolted cylindrical-cylindrical shell joint (RBCCSJ) under combined transient thermal and
mechanical loading, and elucidates the underlying mechanisms. Figure 1 illustrates a
representative RBCCSJ commonly used in aerospace vehicles. The joint employs a socket–
spigot configuration, in which the wall thicknesses of both the inner cylindrical shell (ICS)
and outer cylindrical shell (OCS) are locally increased to enhance stiffness and improve
load-transfer capability. Structural integrity is ensured by countersunk-head bolts engaging
with anchor nuts to provide reliable preload and alignment.

Figure 1. Representative RBCCSJ under thermo-mechanical coupling conditions.

Following standard engineering practice, the feedback effect of internal stress–strain
on transient heat transfer is neglected, and a sequentially coupled thermo-mechanical
analysis methodology is adopted. The analysis follows three steps: (i) a transient thermal
analysis is first performed to obtain the temporal evolution of the temperature field; (ii)
the temperature distribution within the specified heat transfer interval is mapped onto
the static analysis model as a thermal load boundary condition; and (iii) under prescribed
mechanical loading, the structural response and the evolution of connection stiffness in the
RBCCSJ are evaluated. The details are shown in Figure 2.
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Figure 2. Sequential coupled thermo-mechanical analysis process for RBCCSJ.

The specific geometric and dimensions of the analytical model is illustrated in Figure 3.
The cylindrical shells have an outer diameter of 300 mm and a nominal wall thickness
of 2 mm, with the wall thickness in the connection region locally increased to 5 mm.
Fastening is by standard M6 countersunk-head bolts (120◦ head angle) and anchor nuts.
The hole diameter for the bolts is 6.6 mm. The bolts and nuts utilize AISI 304 stainless steel,
whereas the cylindrical shell is constructed from 6061 aluminum alloy. The elastic–plastic
properties of these materials are modeled using a bilinear constitutive relationship, as
shown in Figure 4. The specific mechanical and thermal material properties are listed in
Tables 1 and 2, respectively.

Figure 3. Geometric configuration and dimensions of the RBCCSJ.
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Figure 4. Bilinear constitutive model.

Table 1. Material mechanical property parameters.

Component Material
Young’s

Modulus
(MPa)

Poisson’s
Ratio

Density
(t/mm3)

Tensile
Strength

(MPa)

Yield
Strength

(MPa)

Elongation
(%)

Cylindrical
shell AL 6061

68,900 (25 ◦C)
67,200 (50 ◦C)

64,800 (100 ◦C)
62,000 (150 ◦C)
58,600 (200 ◦C)

0.33 2.8 × 10−9

310 (25 ◦C)
290 (100 ◦C)
230 (150 ◦C)
130 (200 ◦C)

276 (25 ◦C)
262 (100 ◦C)
214 (150 ◦C)
103 (200 ◦C)

17 (25 ◦C)
18 (100 ◦C)
20 (150 ◦C)
28 (200 ◦C)

Bolts and
nuts AISI 304

195,000 (25 ◦C)
192,000 (50 ◦C)

190,000 (100 ◦C)
186,000 (150 ◦C)
183,000 (200 ◦C)

0.29 7.85 × 10−9

600 (25 ◦C)
565 (100 ◦C)
545 (150 ◦C)
530 (200 ◦C)

290 (25 ◦C)
255 (100 ◦C)
240 (150 ◦C)
225 (200 ◦C)

40 (25 ◦C)
42 (100 ◦C)
45 (150 ◦C)
50 (200 ◦C)

Table 2. Material thermal property parameters.

Component Material Specific Heat Capacity
(mJ/(t·K))

Thermal Conductivity
(mW/(mm·K))

Coefficient of Thermal Expansion
(K−1)

Cylindrical shell AL 6061

8.97 × 108 (25 ◦C)
9.02 × 108 (50 ◦C)

9.21 × 108 (100 ◦C)
9.46 × 108 (150 ◦C)
9.73 × 108 (200 ◦C)

167 (25 ◦C)
173 (50 ◦C)

177 (100 ◦C)
180 (150 ◦C)
186 (200 ◦C)

2.36 × 10−5 (25 ◦C)
2.41 × 10−5 (50 ◦C)

2.48 × 10−5 (100 ◦C)
2.54 × 10−5 (150 ◦C)
2.61 × 10−5 (200 ◦C)

Bolts and nuts AISI 304

5.02 × 108 (25 ◦C)
5.05 × 108 (50 ◦C)

5.15 × 108 (100 ◦C)
5.25 × 108 (150 ◦C)
5.35 × 108 (200 ◦C)

15 (25 ◦C)
15.4 (50 ◦C)

16.1 (100 ◦C)
16.7 (150 ◦C)
17.3 (200 ◦C)

1.65 × 10−5 (25 ◦C)
1.68 × 10−5 (50 ◦C)
1.72 × 10−5 (100 ◦C)
1.76 × 10−5 (150 ◦C)
1.80 × 10−5 (200 ◦C)

2.2. Finite Element Modeling

A three-dimensional high-fidelity finite element model of the above analytical model
is established in ABAQUS/CAE 2022 (Figure 5). To simplify the modeling process and
improve computational efficiency, the detailed threads of screws and nuts are omitted.
All structural components are discretized using hexahedral elements: DC3D8 (8-node
thermal bricks) for the heat-transfer analysis and C3D8I (8-node bricks with incompatible
modes) for the structural analysis (to prevent hourglass modes). The mesh is refined
around the bolts and holes to capture stress concentrations and local deformation. When
meshing the surfaces of a contact pair, matching the nodes one-to-one can significantly
improve convergence. A mesh convergence study confirms the final mesh (498,590 elements,
613,896 nodes) is adequate (Table 3).
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Figure 5. FE model of the RBCCSJ.

Table 3. Parameters of finite element model.

Component Element Number Node Number Element Size (mm) Jacobian Ratio

Outer cylindrical shell 78,912 106,488 0.13–2.24 0.36–1
Inner cylindrical shell 116,126 148,680 0.1–2.03 0.76–1

Bolt & Anchor nut 25,296 29,894 0.06–1.54 0.52–1
Total 498,590 613,896 0.06–2.24 0.36–1

According to the actual assembly and interaction conditions, contacts are defined be-
tween: (1) bolt-outer cylindrical shell (OCS), (2) bolt-inner cylindrical shell (ICS), (3) anchor
nut-ICS, and (4) ISC-OCS, as shown in Figure 5. In the heat transfer analysis, the outward-to-
inward heat conduction is modeled by applying a thermal contact conductance hc (W/m2

K) at interfaces. The value of hc can be determined using an empirical relation that depends
on the interfacial contact pressure [39]:{

hA−A
c = 17574P0.94

hA−S
c = 5453P0.94 (1)

where hA−A
c and hA−S

c represent the thermal contact conductance at the aluminum–
aluminum interface, and at the aluminum–stainless steel interface, respectively, P represents
the apparent contact pressure (MPa).

In the static structural analysis model, all contact interactions are defined as surface-
to-surface, employing ‘hard’ normal behavior and ‘Coulomb friction’ tangential contact
behavior (with a friction coefficient of µ = 0.2, adopted from empirical experience [2]). The
contact constraints are enforced using a penalty function method.

In addition, the RBCCSJ has 12-fold cyclic symmetry, so under axial loading, a 1/12-
segment finite element model with periodic boundary conditions is used (Figure 6). Under
bending, this symmetry is broken, and the full finite element model is required.
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Figure 6. Finite element model of the 1/12 local RBCCSJ.

2.3. Thermo-Mechanical Coupling Analysis Procedure

Following the sequentially coupled thermo-mechanical analysis method described in
Section 2.1, the process begins with a transient heat-transfer analysis. The aerodynamic
heating transmitted through the vehicle’s thermal protection layer to the structural surface
is assumed to reach 200 ◦C (note: the cold-wall design temperature of aluminum alloy is
generally 200 ◦C). The global initial structural temperature is set to 25 ◦C, and a boundary
temperature of 200 ◦C is applied to the external surface. The resulting temperature field
evolution with time is obtained from this step.

Subsequently, the static stiffness analysis is performed in three steps: Step 1—Bolt
preload application: The tightening torque is set to 10 N·m, providing a safety margin rela-
tive to the known failure torque of 13 N·m for the M6 screws. According to internationally
recognized design principles [40], this torque corresponds to an axial preload of 6500 N.
A global initial temperature of 25 ◦C is also assigned in this step. Step 2—Thermal field
application: The bolt load is then fixed at its current length. The transient temperature
field corresponding to the selected heat-transfer time is introduced through the prede-
fined field module, thereby applying the thermal load. Free-free boundary conditions are
imposed to simulate the unconstrained thermal expansion state of the vehicle structure
during flight. Step 3—Mechanical loading: Mechanical loads are applied at the coupling
points on the structural loading surface. A continuous distribution coupling is used to
avoid artificial thermal deformation constraints induced by coupling. In the bending sim-
ulation, the global model is employed, with fixed boundary conditions imposed on the
structural support surface. In contrast, the 1/12 local model is used for the tension and
the compression simulation, where axial displacement constraints are applied to the same
surface and periodic boundary conditions are enforced on the cut section. The complete
flowchart of the thermo-mechanical coupling analysis, along with all boundary condition
settings, is presented in Figure 7. It should also be emphasized that nonlinear effects are
fully considered throughout the entire analysis procedure.

https://doi.org/10.3390/aerospace13010049
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Figure 7. Flowchart of thermal–mechanical coupling analysis and boundary condition settings.

3. Analysis of Heat Transfer in the RBCCSJ Under Aerodynamic Heating
A transient heat-transfer analysis is performed with a uniform temperature boundary

on the external surface. Figure 8 shows the structure’s average temperature vs. time, with
insets of the temperature field at representative times. The structure heats rapidly at first,
then slowly approaches equilibrium. Three stages are identified:

Stage I—Rapid heat transfer stage (t < 10 s): The RBCCSJ undergo a sharp rise in
average structural temperature, climbing from 25 ◦C to about 180 ◦C. This corresponds to
an average heating rate of roughly 15.5 ◦C/s, nearly an order of magnitude faster than in
subsequent stages. The inset temperature contours show that the OCS heats up much faster
than the ICS and fasteners, producing a pronounced temperature difference (∆T) between
the components (∆T ≈ 104.2 ◦C at 2 s). By 10 s, the shells nearly equilibrate (≈197.5 ◦C),

https://doi.org/10.3390/aerospace13010049
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while the bolts remain ≈ 149.5 ◦C cooler. Surface heating and near-surface conduction
dominate this stage.

Stage II—Transition stage (10 s ≤ t < 60 s): The average temperature increases gradu-
ally from ~180 ◦C to 200 ◦C, corresponding to a slower mean heating rate of approximately
0.4 ◦C/s. The slope of the curve shows clear exponential-type decay, consistent with Fourier
heat conduction toward thermal equilibrium; the heat conduction along the bolt shank
becomes an increasingly important pathway. The ∆T drops from 48 ◦C at 10 s to 0 ◦C at 60 s.

Stage III—Steady-state stage (t ≥ 60 s): The structure reaches thermal steady state
at ~200 ◦C. The temperature is uniform across the OCS, inner shell, and bolts, with no
significant ∆T.

Figure 8. Evolution of the average temperature field of the RBCCSJ during heat transfer.

Based on these results, five representative thermal states are selected for subsequent
structural stiffness analysis (Table 4). Each state provides a steady thermal field (the
instantaneous temperature distribution from the thermal simulation) that is imposed
as the thermal preload for mechanical analyses to determine tensile, compressive, and
bending stiffness.

Table 4. Representative thermal conditions for stiffness analysis of the RBCCSJ.

Heat Transfer Time Average Structural Temperature Purpose of Analysis

0 s 25 ◦C Baseline stiffness characteristics
2 s 136 ◦C Initial rapid heat transfer

4 s 155.6 ◦C Ongoing through-thickness
conduction

10 s 180 ◦C Near equilibrium of shells
60 s 200 ◦C Fully stabilized temperature field

4. Mechanism Analysis of the Effects of Transient Thermo-Mechanical
Coupling on Structural Connection Stiffness
4.1. Tensile Stiffness Mechanism

Based on the ultimate overload of 6 g (six times the gravitational acceleration) that
actual aerospace vehicles may experience during flight, a linearly and uniformly increasing
tensile load, up to 36 kN, is applied to the RBCCSJ. The tensile stiffness is defined as the ratio

https://doi.org/10.3390/aerospace13010049
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of the load increment—taken as 1% of the maximum applied load—to the corresponding
axial displacement increment:

KT
j =

FT
j −0

uT
j −0

, j = 1

KT
j =

FT
j −FT

j−1

uT
j −uT

j−1
, j = 2, 3, . . . , n

(2)

where FT
j and uT

j denote the applied tensile load and the corresponding axial deformation

of the coupling point at the j-th load increment, respectively; KT
j is the tensile stiffness of

the structure.

4.1.1. Under Ambient Temperature Conditions

Figure 9 illustrates the evolution of the structural tensile stiffness, component contact
state, and axial deformation and stress distributions of the RBCCSJ under coupled axial
tension and ambient temperature (25 ◦C) as the applied load increases. The tensile stiffness
response shows a nonlinear evolution with increasing load, and can be divided into four
characteristic stages (Figure 9a). Representative contact-state snapshots corresponding to
the initial, intermediate, and final conditions of each stage are shown in Figure 9b. Here,
‘O–B’, ‘I–O’, ‘I–A’, ‘T–B’, and ‘C–B’ denote the contacts between the OCS and bolt, ICS and
OCS, ICS and anchor nut, ICS through-hole wall and bolt, and ICS countersunk-hole wall
and bolt, respectively. For convenience of representation, only half of the ‘O-B’ and ‘I–O’
contact surfaces are displayed, considering the structural symmetry. The axial deformation
and stress distributions corresponding to the six identified stiffness transition points are
presented in Figure 9c, where the OCS is half-cut for clarity. The detailed descriptions of
each stage are as follows:

Stage I (Sticking stage): At low tensile loads (0–≈9.36 kN), the RBCCSJ exhibit a high
and nearly linear stiffness response, maintaining an average tensile stiffness of approx-
imately 5.13 × 102 kN/mm. During this stage, all primary interfaces (‘O–B’, ‘I–O’, and
‘I–A’) remain in a fully sticking condition, with negligible relative displacement among
components. The axial deformation of the assembly is minimal, and the stress distribution
is dominated by the bolt preload, indicating that the external tensile load is primarily
resisted by interfacial friction and bolt pre-tension. Both the bolt shank and shell walls
undergo uniform elastic deformation without any localized bending or stress concentra-
tion. As a result, the assembly behaves as a single, elastically coupled body, characterized
by a linear load–stiffness relationship. This stage establishes the baseline stiffness of the
structure, representing a fully coupled and friction-constrained state prior to the onset of
interfacial microslip.

Stage II (Microslip stage): As the tensile load increases to approximately 18 kN, the
global stiffness decreases sharply (from about 5.13 × 102 kN/mm to 1.75 × 102 kN/mm),
signifying the onset of interfacial microslip. Localized slip initiates at the ‘I–O’ and ‘C–B’
interfaces, where the contact state gradually transitions from full sticking to partial slip,
while the ‘I–A’ interface remains largely unaffected owing to the continuous compressive
constraint imposed by the bolt preload. As slip zones expand radially, the effective load-
transfer efficiency between the ICS and OCS decreases, leading to a pronounced stiffness
reduction. The stress field exhibits noticeable local variations, with stress concentration ob-
served near the ICS–OCS contact regions, accompanied by evident axial deformation. These
localized kinematic inconsistencies indicate a loss of synchronous deformation between the
ICS and OCS, resulting in partial load redistribution along the contact interfaces.

This stage represents a transition from a fully coupled to a partially decoupled con-
tact state, in which frictional slip becomes the dominant mechanism governing energy
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dissipation and stiffness degradation. As the microslip regions coalesce into larger slip
zones, the degradation rate accelerates, reducing the effective stiffness and initiating the
first nonlinear softening phase of the system. Despite the observed decline, the overall
contact integrity of the joint remains intact, and the structure retains a residual load-bearing
capacity supported by the still-sticking inner interfaces and the sustained bolt preload.

 

Figure 9. Evolution of structural (a) tensile stiffness, (b) contact state, and (c) axial stress (S33)
(MPa)—axial deformation (U3) (mm) behavior of RBCCSJ under coupled axial tension and ambient
temperature.

Stage III (Macroscopic sliding stage): With further loading up to approximately
24.84 kN, complete interfacial sliding develops between the ICS and OCS, marking the
onset of macroscopic interface motion. This stage persists until direct contact occurs be-
tween the bolt shanks and the through-holes of the ICS, establishing a new load-transfer
path and signifying a transition in the dominant mechanism from friction-controlled cou-
pling to mechanically constrained transmission. The global tensile stiffness continues to
decrease sharply (from about 1.75 × 102 kN/mm to 2.82 kN/mm) and the stiffness–load
curve exhibits pronounced nonlinear curvature. This behavior indicates that as frictional
resistance at the sliding interfaces diminishes, the rate of stiffness degradation accelerates
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https://doi.org/10.3390/aerospace13010049


Aerospace 2026, 13, 49 12 of 24

substantially. The degradation rate reaches its maximum during this stage, corresponding
to the most unstable segment of the structural response.

Both the axial stress and deformation fields undergo substantial redistribution. The
stress distribution along the bolts evolves from an initially symmetric pattern to an oblique
orientation of approximately 30◦, while prominent local stress concentrations appear near
the ICS–OCS contact edges. The displacement contours reveal distinct sliding bands, con-
firming the occurrence of large-scale interfacial motion. The progressive loss of coordinated
deformation between the ICS and OCS leads to partial mechanical decoupling, and the load-
bearing mechanism consequently transitions to one dominated by direct contact constraint
between the bolt shanks and the through-holes.

Stage IV (Mechanical load-bearing stage): Beyond ~24.84 kN, the fourth stage begins
when the bolt shanks come into contact with the through-hole walls of the ICS. Upon
initial contact (before special point 5), localized compressive interaction develops between
the bolt shanks and the through-hole surfaces, forming a new mechanical constraint that
effectively limits further axial elongation of the assembly. This contact engagement leads to
a sharp rise in tensile stiffness (from 2.82 kN/mm to about 64.01 kN/mm) and the stiffness-
load curve exhibits a pronounced positive curvature, reflecting enhanced load-bearing
efficiency resulting from direct mechanical constraint and the progressive suppression of
interfacial slip.

The axial displacement contours reveal localized deformation suppression near the
through-hole regions, where steep displacement gradients contrast sharply with the sur-
rounding areas, confirming the load redistribution effect induced by shank–hole compres-
sion. As the tensile load continues to increase, the contact compression zones expand
radially along the through-hole circumference, promoting more uniform stress transfer
between the bolts and the cylindrical shell. The axial stress field displays intensified com-
pressive bands at the contact interfaces, accompanied by a noticeable reduction in tensile
strain concentrations in adjacent shell regions. Once the compressed contact area stabilizes
(after special point 5), the mechanical constraint reaches a steady state and the structural
stiffness ceases to increase, indicating that the deformation response has transitioned from
friction-dominated to geometrically constrained mechanical coupling. However, owing to
the elastoplastic behavior of the material, the structural stiffness decreases linearly with
increasing tensile load. By the end of the tensile phase, the stiffness ultimately reduces to
21.25 kN/mm. This stage marks the re-establishment of a stable load-transfer equilibrium
following macroscopic interface motion.

Overall: The tensile stiffness exhibits a pronounced nonlinear evolution—an ini-
tial high plateau, a steep softening (Stages II–III), and a mechanical constraint recovery
(Stage IV). These stages correspond to successive contact transitions (from full stick to
partial slip to mechanical load-bearing). The overall stiffness variation spans a wide range,
with the magnitude at different characteristic points differing by more than two order of
magnitude (Specifically 536.12 kN/mm), as summarized in Table 5. This pronounced stiff-
ness fluctuation underscores the high sensitivity of the structural response of the RBCCSJ to
the evolving contact conditions and the dominant role of mechanical constraint transitions
in governing its nonlinear tensile behavior.

Table 5. Characteristic tensile stiffness values of the RBCCSJ at representative load stages.

Special Points Tensile Stiffness (kN/mm) Corresponding Load (kN)

1⃝ 503 0.36
2⃝ 513 9.36
3⃝ 175 18
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Table 5. Cont.

Special Points Tensile Stiffness (kN/mm) Corresponding Load (kN)

4⃝ 2.82 24.84
5⃝ 64.01 25.92
6⃝ 21.25 36

4.1.2. Under Different Heat Transfer Temperature Conditions

To further investigate the influence of transient heat transfer on the tensile stiffness
behavior of RBCCSJ, and based on the analytical findings presented in Section 4.1.1, a
series of coupled thermal–mechanical simulations is conducted to examine the evolution
characteristics of structural stiffness under varying heat transfer durations. The analyzed
conditions included transient heat transfer states at 2 s, 4 s, and 10 s, along with a steady-
state thermal condition representing thermal equilibrium. The corresponding tensile
stiffness–load evolution curves under these five thermal environments are illustrated in
Figure 10.

Figure 10. Tensile stiffness-load curves under different heat transfer conditions.

As shown in Figure 10, the tensile stiffness-load relationship of the RBCCSJ exhibits
pronounced variations under different heat transfer durations, revealing a strong coupling
between the thermal and mechanical fields that governs the stiffness evolution.

The four stages of nonlinear stiffness evolution observed under ambient conditions
are also present under different heat transfer durations. However, elevated temperatures
significantly reduce the overall stiffness, causing both the slip phase and the mechanical
constraint phase to occur earlier. Following the mechanical load-bearing stage, a new Stage
V (Full Mechanical Coupling) emerges, as illustrated in Figure 11.

Taking the steady-state thermal condition as an example, Stage V begins when the
bolt shanks engage the countersinks of the OCS, establishing direct mechanical bearing
contact at the shank–countersink interfaces and marking the onset of complete mechanical
coupling within the assembly. Similarly to Stage IV, localized contact compression develops
and progressively intensifies at the interface, with reduced axial displacement within the
countersink region relative to adjacent areas. This mechanical constraint further suppresses
axial elongation, resulting in a pronounced recovery of structural stiffness. The global
tensile stiffness exhibits a second phase of rapid growth, increasing from approximately
14.87 kN/mm to about 102 kN/mm before declining due to material elastoplasticity. The
stiffness–load curve displays an overall positive curvature during this transition, indicating
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that the structure approaches full constraint under the combined action of the bolt-shank
and countersink contacts.

 

Figure 11. Evolution of structural (a) tensile stiffness, (b) contact state, and (c) axial stress (S33)
(MPa)—axial deformation (U3) (mm) behavior of RBCCSJ under coupled axial tension and steady-
state thermal conditions.

The axial stress field reveals concentrated compressive bands along the shank–
countersink interfaces, accompanied by redistributed tensile stresses in the adjacent shell
regions. These local compressive stresses counteract further tensile deformation, thereby
restoring the coordinated load-bearing behavior of the ICS–OCS–bolt assembly. Displace-
ment contours indicate that deformation becomes increasingly uniform as the contact
compression area expands circumferentially and stabilizes.

Stage V thus signifies the establishment of complete mechanical load transfer, where
the structural response transitions from partially constrained deformation to fully engaged
constraint coupling. During subsequent tensile loading, no further interfacial evolution
occurs, and the structural tensile stiffness decreases linearly solely due to the elastoplastic
behavior of the material. Consequently, Stage V represents the final evolutionary state of
the RBCCSJ under monotonic tension.

As shown in Figure 10, compared to the ambient case, the structural tensile stiffness
under all heat transfer conditions shows the most significant reduction in the initial loading
stage (up to ~126 kN/mm lower, ~24.6%). Moreover, temperature gradients induced by
heat conduction notably influence the transition characteristics between stiffness stages,
especially near the onset of Stage IV and Stage V, where the corresponding load differences
reach approximately 10.44 kN relative to the ambient case and 8.28 kN relative to the
steady-state thermal condition, respectively.

Under early transient heating (2 s and 4 s), evident temperature gradients develop be-
tween the bolts and the CCSs (Figure 8). The connecting members expand more rapidly than
the bolts, inducing elevated interfacial compression and an axial stress up to +281.8 MPa
within the bolt shanks (Figure 12). Compared with longer heat transfer durations, this
additional compressive constraint enhances interfacial friction, delaying the onset of mi-
croslip and shifting the stiffness-load curve rightward. Consequently, during these initial
transient heating stages, the structure temporarily maintains higher load-bearing capacity
and delayed stiffness degradation.
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Figure 12. Radial stress (S22) cloud diagram of the cross-section of RBCCSJ under different heat
transfer durations before loading (MPa).

After longer heating (10 s transient and steady-state thermal conditions), the tempera-
ture field becomes more uniform, and the mean temperature of both the bolts and CCSs
increases substantially (Figure 8). The aluminum shell softens (elastic modulus, tensile
strength, and yield strength decreases with temperature, Table 1), which dominates the
stiffness reduction. The interface contact pressures drop, reducing frictional load transfer.
As a result, the overall stiffness is lower under prolonged heating.

Physically, the structural stiffness is governed by two competing effects: thermal ex-
pansion mismatch (which boosts friction and stiffness in the short term) versus temperature-
dependent softening (which lowers stiffness over time). The transition from a friction-
dominated regime to a softening-dominated regime explains the temporal stiffness evo-
lution. These thermo-mechanical coupling effects are critical in aerospace structures:
neglecting transient heating can lead to underestimating stiffness loss and potential joint
instability during service.

4.2. Mechanism of Effects on Compressive Stiffness

A compressive load (up to 36 kN) is applied similarly. The incremental compressive
stiffness KC is defined analogously to tension (Equation (3)).

KC
j =

FC
j −0

uC
j −0

, j = 1

KC
j =

FC
j −FC

j−1

uC
j −uC

j−1
, j = 2, 3, . . . , n

(3)

where FC
j and uC

j are the applied compressive load and the corresponding axial deformation

at the j-th load increment, respectively; KC
j is the corresponding compressive stiffness.

4.2.1. Under Ambient Temperature Conditions

The compressive stiffness-load curve, along with representative contact-state, stress,
and deformation distributions, are shown in Figure 13. The overall compressive stiffness re-
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sponse exhibits a distinct nonlinear evolution, which can be divided into four characteristic
stages corresponding to different interfacial load transfer mechanisms.

 

Figure 13. Evolution of structural (a) compressive stiffness, (b) contact state, and (c) axial stress (S33)
(MPa)—axial deformation (U3) (mm) behavior of RBCCSJ under coupled axial compression and
ambient temperature.

Stage I (Sticking stage): For small compression (from 0 kN to approximately 10.08 kN),
the structural response remains nearly linear (≈5.22 × 102 kN/mm). During this stage,
the bolt preload dominates the contact constraint, maintaining full sticking at all main
interfaces (‘O–B’, ‘I–O’, and ‘I–A’). Only minor local compressive deformation occurs at the
end face of ICS, and no significant interfacial slip is detected.

Stage II (Microslip initiation): This stage begins once the applied compressive load sur-
passes 10.08 kN. Localized relative slip first occurs at the ‘I–O’ interface, driven by nonuni-
form stiffness distribution and local stress concentration. As a result, the compressive
stiffness decreases sharply from approximately 5.22 × 102 kN/mm to 1.98 × 102 kN/mm,
marking the transition from a fully bonded to a partially slipping contact state. The corre-
sponding contact-pressure field reveals evident redistribution, particularly near the outer
edge of the ‘I–O’ interface, where the frictional constraint begins to deteriorate.
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Stage III (Macroscopic sliding and contact reconfiguration): Upon exceeding a load
of approximately 18.72 kN, extensive interfacial slipping develops, accompanied by local
compression at the countersunk region of the bolt head. Unlike in the tensile case, the
‘O–B’ interface initially maintains sticking contact, preserving frictional constraint until the
latter half of this stage, when shear-induced slip begins to occur. The overall compressive
stiffness continues to decline, eventually stabilizing near 20.72 kN/mm. Concurrently, the
axial stress field (Figure 11c) reveals that compressive stresses become concentrated in the
upper portion of the bolt shank and the lower surface of the OCS, indicating a shift in the
primary load-transfer path toward the shoulder region.

Stage IV (End-face engagement and stiffness recovery): This stage corresponds to
the progressive compression and engagement of the ICS and OCS end faces. As the load
increases beyond approximately 24.84 kN, the axial gap between the end faces gradually
closes, forming a bearing-type contact region. The compressive load is then shared between
the end-face interface and the bolt shank, while the contact area at the end-face expands pro-
gressively with increasing load. This results in a rapid rise in overall compressive stiffness,
which reaches approximately 1.18 × 103 kN/mm The corresponding deformation contours
clearly illustrate localized compression and engagement of the end regions, confirming the
reconfiguration of the load-bearing mechanism.

In summary, the compressive stiffness evolution reflects a progressive transforma-
tion of the dominant load-transfer mechanism—from preload-controlled elastic coupling
(Stage I) to friction-controlled partial slip (Stage II), macroscopic sliding and load-path
redistribution (Stage III), and finally to bearing-type end-face compression (Stage IV). The
overall compressive stiffness variation spans a wide range, with the magnitudes at different
characteristic points differing by more than two orders of magnitude (specifically, from
approximately 20.72 kN/mm to 1.18 × 103 kN/mm). Compared with the tensile process,
stiffness recovery occurs more rapid and pronounced under compression owing to direct
end-face engagement, which markedly enhances the load-carrying capacity, structural
rigidity, and overall stability of the RBCCSJ.

4.2.2. Under Different Heat Transfer Temperature Conditions

Figure 14 presents the evolution of compressive stiffness with increasing load under
various thermal conditions, including transient heat transfer durations of 2 s, 4 s, and 10 s,
as well as the steady-state thermal condition.

Figure 14. Compression stiffness–load curves under different heat transfer conditions.

As shown in Figure 14, the compressive stiffness–load relationships exhibit significant
sensitivity to the thermal environment. The overall trend resembles that under ambient
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conditions but shows distinct thermal coupling effects. The aluminum shell softens at
elevated temperatures (Table 1), notably weakening the compressive stiffness during
the sticking stage (prior to slip) across all heat transfer conditions. Quantitatively, the
compressive stiffness in stage I under steady-state conditions decreases from approximately
522 kN/mm (at 25 ◦C) to about 422 kN/mm (at the steady thermal state), corresponding to
a ~19.2% reduction. This reduction leads to an earlier onset of the slip phases (Stages II and
III) and end-face contact, shifting the overall stiffness–load curve to the left.

In the early transient heating phase (2 s and 4 s), pronounced temperature gradients
exist between the bolts and the surrounding connecting structures. The faster thermal
expansion of the aluminum alloy structures relative to the steel bolts produces compressive
interfacial thermal stresses, which in turn enhance local frictional resistance. This effect
temporarily suppresses interfacial slip and delays the onset of macroscopic interface motion,
thereby pronouncing the leftward shift in the stiffness-load curve (requiring approximately
8.28 kN higher load to reach special point 4 compared to steady-state conditions).

At the later loading stages (Stage IV), the competing effects of temperature-dependent
modulus degradation and thermally induced interfacial pre-compression become evident.
The former reduces the structure’s intrinsic load-bearing capacity, while the latter increases
the initial contact pressure at the end faces and shank interfaces. These two mechanisms
counterbalance one another, causing the differences in compressive stiffness under various
heat transfer conditions to progressively diminish with increasing compressive load.

In essence, the transient thermal–mechanical coupling induces a dual mechanism:
(1) short-term frictional strengthening caused by thermal expansion mismatch and
(2) long-term stiffness degradation driven by material softening. The balance between
these effects determines the compressive stiffness evolution of the bolted connection under
thermal loading. Such a mechanism has critical implications for aerospace structural de-
sign, indicating that transient aerodynamic heating can temporarily delay the reduction in
structural stiffness before eventual material softening ultimately dominates the response.

4.3. Mechanism of Effects on Bending Stiffness

According to the ultimate overload and the structural dimensions of the cylindrical
shells, a bending moment (up to 5 kN·m) is linearly and uniformly applied, and the rotation
at the coupling point is measured. Bending stiffness KB is defined by

KB
j =

MB
j −0

θB
j −0

, j = 1

KB
j =

MB
j −MB

j−1

θB
j −θB

j−1
, j = 2, 3, . . . , n

(4)

where MB
j and θB

j are the applied moment load and the corresponding deflection angle
at the j-th load increment, respectively, and all load increment is defined as 1% of the
maximum applied bending moment; KB

j is the corresponding bending stiffness.

4.3.1. Under Ambient Temperature Conditions

Figure 15 illustrates the axial displacement and stress distributions of the RBCCSJ
under bending moment loading. The applied moment induces tension in half of the
structure and compression in the other half, effectively dividing the assembly into tensile
and compressive zones. Consequently, the overall bending stiffness is governed by the
coupled response of the tensile stiffness in the upper region and the compressive stiffness
in the lower region. The corresponding evolution of bending stiffness with increasing
load is presented in Figures 16 and 17, which reveal that the structural response can be
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divided into four distinct stages, each characterized by different interfacial contact and
load-transfer mechanisms.

 

Figure 15. Axial displacement (U3) (mm) and axial stress (S33) fields (MPa) of the RBCCSJ
under bending.

Figure 16. Evolution of structural bending stiffness and contact state of RBCCSJ under coupled
bending moment and ambient temperature (Stage I–III).
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Figure 17. Evolution of structural bending stiffness and contact state of RBCCSJ under coupled
bending moment and ambient temperature (Stage IV).

Stage I (Sticking stage): At the onset of bending, the structure undergoes localized
elastic deformation as the applied moment gradually overcomes the initial bolt preload.
Throughout this stage, The interfaces between the OCS and ICS (I–O), the OCS and bolt
head (O–B), and the ICS and anchor nut (I–A) remain fully sticking, preserving complete
interfacial coupling. Consequently, the bending stiffness remains high and nearly constant,
with a value of approximately 4.47 × 103 kN·m/rad, representing the initial linear-elastic
response regime of the structure.

Stage II (Microslip stage): As the bending moment increases to approximately
0.75 kN·m, the stiffness–bending moment curve exhibits a sharp downward transition,
decreasing from about 4.47 × 103 kN·m/rad to 1.61 × 103 kN·m/rad. Localized microslip
initiates at the I–O interface and gradually evolves into complete interfacial slip. Simulta-
neously, localized sliding develops at the O–B and I–A interfaces within the tensile region.
The progressive loss of interfacial frictional restraint leads to the redistribution of the bolt
preload and a reduction in load-transfer efficiency across the joint interfaces. In contrast,
the O–B and I–A interfaces within the compressive region remain fully sticking, main-
taining contact integrity and providing partial restraint that mitigates excessive bending
deformation. Consequently, this stage is characterized by asymmetric deformation be-
tween the tensile and compressive zones, resulting in a pronounced reduction in overall
bending stiffness.

Stage III (Macroslip stage): As the bending moment increases to approximately
1.45 kN·m, extensive macroslip develops across all major contact interfaces. Within the
compressive zone, localized contact loss initiates near the outer-edge regions, further
weakening the interfacial constraint. The frictional load-transfer capacity deteriorates
rapidly, leading to a substantial reduction in overall bending stiffness, which reaches a
minimum value of approximately 0.18 × 103 kN·m/rad. At this stage, the dominant
deformation mechanism transitions from interfacial friction control to bolt–through-hole
engagement, signifying a shift from distributed frictional coupling to discrete bearing and
shank compression as the primary load-transfer mode.
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Stage IV (Through-hole engagement and face contact stage): At higher bending mo-
ments exceeding approximately 1.9 kN·m, additional contact mechanisms are progressively
activated. The bolts in the tensile zone begin to engage with the through-hole walls of the
ICS, while in the compressive zone, the ICS and OCS establish direct face contact. These
new contact states significantly restrict further deformation, resulting in a rapid increase
in overall structural stiffness. At special point G, the simultaneous formation of two new
contact pairs results in the greatest enhancement of the structural bending stiffness within
this stage, reaching approximately 1.89 × 103 kN·m/rad. The sequential engagement of
bolts with the through-hole walls produces discrete stiffness jumps, whereas the progres-
sive expansion of face contact within the compressive zone leads to gradual stabilization of
the stiffness response. Once all bolt–hole and face contacts reach equilibrium, the bending
stiffness no longer increases. Instead, it declines steadily as the zones of material yielding
progressively expand within the structure, marking the establishment of full mechanical
coupling under bending loads.

In summary, the bending stiffness evolution of the RBCCSJ exhibits a distinct multi-
stage nonlinear behavior, governed by sequential transitions in interfacial contact con-
ditions. The structural stiffness initially remains high during the sticking stage, then
decreases sharply through microslip and macroslip before recovering as bolt-through-hole
and face contact become dominant, and finally enters a phase of sustained decline as the
material enters the elasto-plastic stage. The overall stiffness variation spans nearly one
order of magnitude (from ~0.18 × 103 to 4.47 × 103 kN·m/rad). This nonlinear evolution
underscores the critical role of interfacial contact reconfiguration in governing the bending
response of bolted cylindrical shell joints and provides valuable insight for predicting
stiffness reliability in aerospace structural design under complex bending loads.

4.3.2. Under Different Heat Transfer Temperature Conditions

Figure 18 compares the bending stiffness–moment relationships of the RBCCSJ un-
der various transient and steady-state thermal conditions. The overall bending evolution
during Stages I–III closely mirrors the tensile and compressive behaviors discussed earlier.
Specifically, the thermal softening of the material at elevated temperatures (as listed in
Table 1) leads to a monotonic decrease in overall bending stiffness with increasing heat
transfer duration. Quantitatively, the maximum bending stiffness under ambient temper-
ature exceeds that under the steady thermal state by approximately 34%. This promotes
earlier slip and shifts the stiffness–load curve to the left. Meanwhile, thermally induced
stresses enhance interfacial friction between the I–O members, temporarily suppressing
interfacial slip and delaying the onset of stage transitions. This phenomenon mitigates
the leftward shift in the stiffness–moment curve, most evident at the 2 s and 4 s transient
states. As heat transfer progresses and the temperature field becomes more uniform (at
10 s transient and steady-state conditions), the enhanced friction effect diminishes, and the
stiffness–moment response converges toward that of the steady-state condition.

From a physical standpoint, this thermo-mechanical coupling behavior reflects the
competition between two opposing mechanisms: (1) thermal-stress-induced frictional
stiffening, which dominates during the early transient heating stages, and (2) temperature-
dependent material softening, which becomes dominant during prolonged thermal ex-
posure. The transition between these mechanisms delineates the temporal evolution of
bending stiffness degradation in thermally loaded bolted cylindrical structures. These
findings provide important insights into the deformation control, thermal resilience, and
stiffness reliability of radially bolted assemblies operating under transient aerodynamic
heating environments.
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Figure 18. Bending stiffness–load curves under different heat transfer conditions.

5. Conclusions
This study employed a high-fidelity, sequentially coupled thermo–mechanical finite-

element framework to investigate the stiffness-evolution mechanisms of a representative
radially bolted cylindrical–cylindrical shell structure under combined transient heating
and mechanical loads (tension, compression, and bending). The principal conclusions are
summarized as follows:

(1) Sequential contact transitions (from full sticking → microslip → macroslip →
mechanical bearing) govern the nonlinear stiffness evolution under tensile, compressive,
and bending loads. These transitions produce pronounced segmented nonlinear responses,
manifested as distinct “stiffness valleys”. Under tension and bending, the maximum
stiffness occurs in the fully sticking stage, whereas under compression it appears when
the structural components achieve complete end-face bearing. The minimum stiffness in
all cases corresponds to full interfacial slip, and the overall stiffness variation exceeds two
orders of magnitude (maximum differences: ≈510.18 kN/mm for tension, ≈501.28 kN/mm
for compression, ≈4.29 × 103 kN·m/rad for bending). This reflects the dominance of
interfacial slip and bearing re-engagement in controlling load transfer.

(2) The mechanisms of stiffness reduction and recovery differ across loading modes.
Stiffness degradation arises primarily from the loss of frictional restraint as external loads
overcome the bolt-preload-induced interface friction. Recovery mechanisms, however, are
distinct: under tension, stiffness is restored through bolt-shank and countersink engage-
ment; under compression through end-face-bearing formation; and under bending through
the combined activation of bolt–hole contact in the tensile zone and face compression in
the compressive zone.

(3) Transient aerodynamic heating modifies stiffness evolution through two competing
thermo–mechanical effects: (a) thermal expansion mismatch, which transiently increases
interfacial compressive pressure and friction, resulting in short-term stiffening and delayed
slip onset; and (b) temperature-dependent material softening, which decreases structural
stiffness during prolonged heating. Quantitatively, this study reveals reductions of up to
24.6% in early-stage tensile stiffness, 19.2% in sticking stage compressive stiffness, and 34%
in maximum bending stiffness under steady thermal conditions compared with ambient
temperature. These results highlight the sensitive interplay between frictional stiffening
and material softening during transient thermal exposure.
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(4) Overall, the RBCCSJ exhibit highly nonlinear and temperature-sensitive stiffness be-
havior governed by evolving contact conditions. For aerospace vehicle structures subjected
to transient heating and variable mechanical loads, neglecting these thermo–mechanical
contact effects can lead to significant errors in stiffness prediction, dynamical characteri-
zation, and structural reliability assessment. Integrating contact evolution and transient
thermal effects into structural design, modeling, and certification workflows will sub-
stantially enhance the fidelity of stiffness evaluation and improve the safety margins of
aerospace structures.
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