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Abstract: The offshore rocket recovery tower is an essential
infrastructure for reusable space transportation. To address
the lack of design methods and quantitative performance
evaluation approaches for prestressed cable-stayed bracing
systems under asymmetric and complex loading, this study
develops an asymmetric two-stage prestressed cable-stayed
bracing system for a large-scale offshore recovery tower
with a height of 67 m and plan dimensions of 54 m X 70 m.
Dual-platform finite element models were established in
MIDAS Gen and SAP2000, and 292 full-condition load
combinations were analyzed using a nonlinear step-by-step
inheritance algorithm. In parallel, a refined Abaqus solid
model was employed to verify the core load-bearing joint lo-
cally. Prestressing reduced the maximum X-direction defor-
mation under transportation conditions from 263.2 to
222. 1 mm, yielding safety margins of 14. 6% and 17. 5% in
the X- and Y-directions, respectively. The stresses in the
main structural members were markedly improved—the
Q460 truss and beam elements satisfied the allowable-stress
limits, whereas the Q355 truss elements remained only
slightly above the limit. The local maximum von Mises
stress at the inner pulley block joint reached 891. 9 MPa, in-
dicating a risk of local yielding. These results demonstrate
that the asymmetric prestressed cable-stayed bracing system
can effectively enhance the global stiffness and force-
transfer performance of large-scale offshore recovery tow-
ers, and that the full-process analytical framework estab-
lished in this study provides a theoretical basis and engineer-
ing reference for the design and performance evaluation of
analogous offshore aerospace support structures.
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Reusable launch vehicle technology is the critical path-
way to achieving low-cost, high-frequency space
transportation. Offshore vertical recovery has become an
important development direction for reusable rocket re-
covery technology due to its advantages of flexible
launch latitude, high landing zone safety, and wide mis-
sion adaptability''’. Since SpaceX’s Falcon 9 rocket suc-
cessfully achieved offshore platform recovery, research
on rocket recovery technology has advanced rapidly
worldwide.

Existing studies have primarily focused on rocket air-
frame flight control and trajectory optimization, such as
wind field disturbance estimation and attitude control dur-
ing recovery'?’, trajectory optimization and guidance al-
gorithms for the powered descent phase'**’, and buffer-
capture mechanism design for heavy-load recovery[s'ﬂ.
Meanwhile, the structural response of offshore operating
platforms has gradually attracted attention. Ashish et al. "
conducted parametric studies on the structural response
of deep-sea rocket launch platforms across multiple sea
states, revealing the dynamic response laws of platforms
under the coupled effects of wind, waves, and thrust.
Pang et al. "*! analyzed the impact response characteris-
tics of sea-based launch platforms through experiments
and numerical simulations. Wang et al. "> established a
dynamic gap evaluation method between rockets and
launch frames to address safety issues in sea-based rocket
launches under extreme sea states. These studies provide
important references for the design of infrastructure for
offshore rocket recovery.

In ocean engineering, the prestressed cable-stayed sys-
tem, a novel rigid-flexible coupling structural form, de-
velops reverse pre-stiffness through the active tensioning
of prestressed cables. It has been successfully applied
across multiple fields because it can effectively optimize
structural internal force distribution, enhance overall
stiffness, and suppress structural deformation. In founda-
tion engineering, Adegbulugbe et al. "’
impact response of prestressed concrete piles in marine
environments, verifying that prestressing improves bear-
ing capacity and corrosion resistance. Li et al. ‘'’ theo-
retically predicted the corrosion life of loaded prestressed
piles in marine environments, revealing how prestressing
inhibits chloride-ion diffusion. In offshore wind power
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structures, Jin et al. ') proposed prestressed concrete-
filled double-skin steel tube columns suitable for offshore
wind turbines, systematically analyzed their tension-com-
pression hysteretic behavior, and verified that prestress-
ing enhances component bearing capacity. Li et al. ''*’
conducted an optimization design for prestressed hybrid
support structures of offshore wind turbines, reducing
structural costs while improving overturning resistance.
Zhou et al. '™ proposed a prestressed ultrahigh-perfor-
mance concrete-steel hybrid tower for 15 MW offshore
wind turbines, verifying its mechanical performance un-
der extreme sea states. In long-span cross-sea bridges,
Fang et al. ''*) studied the wind-induced vibration control
of cable-stayed bridges in strong marine wind environ-
ments and verified the vibration-suppression effect of
cable-stayed systems. Recent studies have further ex-
tended the analysis of cable-stayed systems toward re-
fined dynamic response and deformation control. Wang
et al. ' established analytical expressions for the
vertical-bending and torsional modal frequencies of a
two-cable-supported flexible photovoltaic bracket and re-
vealed how the structural frequencies evolve with cable
force, cable spacing, and sag effects, highlighting the
important role of cable force regulation in the dynamic
performance of cable-supported systems. Wang et al. 17
proposed a calculation method for the longitudinal end
motion of long-span railway suspension bridges consider-
ing the longitudinal nonlinear resistance of stiffening
girders, and showed that the cable-girder relative dis-
placement and the forces in key connecting members are
highly sensitive to nonlinear restraint conditions.

In summary, existing research has made significant
progress in rocket airframe control, offshore platform dy-
namic response, and prestressing applications in conven-
tional marine structures. However, clear research gaps
remain for the special case of large-scale offshore rocket
recovery towers. First, most studies focus on rocket
flight control or the overall response of offshore plat-
forms, whereas systematic investigations into the struc-
tural design and performance evaluation of dedicated
large recovery towers that provide capture, buffering,
and positioning support during recovery are still lacking.
Second, most studies on prestressed cable-stayed sys-
tems address structures with symmetric layouts and regu-
lar loading. Traditional symmetric systems, which rely
on uniformly distributed cables and unified tension-con-
trol strategies, cannot accommodate the asymmetric ge-
ometry and complex asymmetric loading of large off-
shore recovery towers. Accordingly, the design prin-
ciples and force-transfer mechanisms of asymmetrically
arranged two-stage prestressed cable-stayed bracing sys-
tems, as well as the quantitative effects of prestressing
on the mechanical performance of such structures, re-
main to be clarified.

To address these research gaps and engineering de-
mands, this study considers a large-scale offshore rocket
recovery tower with a height of 67 m and a span of
54 m X 70 m. The structure adopts an asymmetrically ar-
ranged two-stage prestressed cable-stayed bracing system
and represents a new steel structural system deployed in
the offshore rocket recovery scenario. Unlike conven-
tional land-based steel structures on fixed foundations, it
must withstand the coupled effects of ship-motion-in-
duced inertial forces during offshore transportation,
rocket capture impact loads during operation, and multi-
directional wind loads under extreme sea states, thereby
imposing stringent requirements on stiffness, strength,
and impact resistance. Dual-platform finite element mod-
els (FEMs) were established in MIDAS Gen and
SAP2000, and a nonlinear step-by-step inheritance algo-
rithm was used to accurately introduce the prestress field
and to evaluate the stiffness, strength, and stability of
the structure under 292 full-condition load combinations.
On this basis, the inner pulley block, which is the core
load-bearing joint along the structural load transfer path,
was analyzed using a refined Abaqus solid model to de-
termine its stress distribution, deformation characteris-
tics, and plastic development. By integrating these pro-
cedures, this study establishes a full-process analytical
framework comprising the dual-model verification of the
global system, refined simulation of the key joint, and
performance optimization, thereby enabling a multidi-
mensional performance evaluation of large-scale offshore
recovery towers from the overall system to the local joint
scale. The resulting methodology provides a theoretical
basis and engineering reference for the design and perfor-
mance evaluation of analogous offshore aerospace sup-
port structures.

1 Engineering Overview and Research Methods

1.1 Structural system overview

The offshore rocket recovery tower investigated in this
study is a prestressed cable-stayed mega steel frame de-
signed for a real offshore rocket recovery mission and is
therefore subject to explicit functional constraints. Its di-
mensions are governed jointly by the size of the recovery
vessel, the requirements for rocket capture and buffer-
ing, and the net operating clearance within the tower,
thereby satisfying the spatial demands of rocket passage,
capture, and buffering operations while accommodating
the height-positioning requirements of the recovery pro-
cess. The main structure has a height of 67 m and plan di-
mensions of 54 m X 70 m. The primary load-bearing
frame consists of a 54 m X 54 m upper cross beam, a 54
m X 70 m lower cross beam, and 67 m high inclined col-
umns with an inclination angle of 4°. The main structure
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adopts a composite section comprising trusses and steel
plate shear walls, together with 16 stay cables to form a
spatially stable load-bearing system. These include eight
180 mm-diameter cables connected to the lower cross
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beam, four 180 mm-diameter cables connected to the
structural supports, and four 120 mm-diameter restraint
cables along the ship-length direction. The recovery
tower system and cable arrangement are shown in Fig. 1.
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Fig. 1 Recovery tower system and cable arrangement. (a) Two 120 mm-diameter cables on the ship length side; (b) Two
180 mm-diameter cables connected to the lower cross beam on the ship width side; (¢) Two 180 mm-diameter cables connected to

the support on the ship width side

The stay cables adopt a two-stage prestressed tension-
ing control scheme, with design tension forces of 180 t
for the 180 mm cables and 100 t for the 120 mm cables.
Through active prestressing, the stay cables and steel
frame form a rigid-flexible coupled load-bearing mecha-
nism that enables the precise regulation of structural stiff-
ness and internal force distribution and helps balance mul-
tidirectional stiffness requirements against impact resis-
tance demands for a large-span tower on a floating off-
shore foundation. When the upper cross beam is sub-
jected to a 1 075 kN vertical exhaust-flame impact load,
the load is transferred to the inclined columns through the
double-layer truss, and lateral restraint is provided by the
paired cables along the ship-width direction. Under the
750 kN capture load on the lower cross beam, the cantile-
vered steel plate shear walls act together with the single-
layer truss, while the stay-cable tension directly balances
the horizontal load. The 4° inclined columns optimize
the transfer paths of vertical and horizontal loads, en-
abling asymmetric loads to be transmitted efficiently to
the foundation through a cable-column axial force path
and substantially reducing the bending-moment demand
in the structural members.

1.2 Design criteria and load cases

The tower structure has a design safety level of Grade
I and a design service life of 20 years. The design and
analysis strictly follow the current national codes, includ-
ing the GB 50068—2018 Unified Standard for Reliability
Design of Building Structures, the GB 50017—2017
Standard for Design of Steel Structures, and the JGJ
257—2012 Technical Specification for Cable Structures.

This study evaluates the main members using the
allowable-stress method. In accordance with the project-
specific safety requirements, the allowable-stress limits
were determined from the steel yield strength using a
safety factor of 2. 0. These limits implicitly account for
stability effects: the main structure is a mega-truss sys-
tem with relatively short effective lengths of the beam-
column members, resulting in relatively large stability
coefficients. Additional stability checks were performed
for the key controlling members to ensure that their stabil-
ity stresses meet the code requirements.

The main structure is fabricated from Q355 and Q460
steels, with allowable stresses of 240 and 310 MPa, re-
spectively. Considering the full-service lifecycle of the
tower, the coupled effects of dead load, prestress, wind
load, sea-state-induced inertial forces, rocket exhaust-
flame impact load, capture load, and buffer load were
considered. Sea States 4 (transverse 0. 50g, longitudinal
0.20g, vertical 0.30g) , 5 (0.90g, 0.35g, 0.45g) ,
and 7 (1.50g, 0.45g, 0. 45g) were converted into 32 in-
ertial force combinations, and a mass-to-nodal-load dy-
namic conversion method was used to apply the 132 t buf-
fer load. These sea states were selected based on mea-
sured marine environmental parameters in waters com-
monly used for offshore rocket launch and recovery in
China, together with full-process safety control require-
ments for reusable rocket offshore recovery missions.
Sea State 4 corresponds to the maximum operating sea
state for rocket recovery operations, Sea State 5 to the
maximum sea state during offshore transportation, and
Sea State 7 to the extreme survival sea state over the full
lifecycle, thereby covering the key loading scenarios
from transportation and operation to extreme survival.
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The exhaust-flame impact load was increased by 0-17%
relative to the theoretically calculated resultant force to
account for load uncertainty and safety margins, and was
applied as nodal loads at the corresponding locations.

Load combinations followed a three-level control strat-
egy. The fundamental combination was used for strength
checks, with partial factors of 1. 3 for dead load, 1.5 for
capture and service loads, and 1.5 for wind load. The
characteristic combination was used for stiffness checks,
with a partial factor of 1. 0 for all permanent and variable
loads and 0. 6 for wind load. The special combination
was used for transportation conditions, superimposed
with stabilizing wire-rope loads, with a partial factor of
1. 0. On this basis, the loading process was divided into
five operational stages—parking, transportation, pre-
capture, capture, and post-capture—which were further
subdivided into ten calculation categories. Except for the
parking condition, the remaining nine categories each
considered four wind directions and eight inertial force di-
rections, giving 4 X 8 = 32 load combinations per cat-
egory; the parking condition considered only four wind
directions. Accordingly, the nonlinear step-by-step
analysis included a total of 4 + 9 X 32 = 292 load combi-
nations. The stiffness criteria were defined as a maxi-
mum global deformation of 260 mm under transportation
conditions and a maximum mid-span relative deforma-
tion of 44 mm for the upper cross beam. The strength cri-
terion was that member stresses should not exceed the
corresponding allowable-stress limits.

1.3 Finite element model construction and verifica-
tion
1.3.1 Dual-platform finite element model con-
struction

Structural design and independent verification models
were established in MIDAS Gen and SAP2000, respec-
tively, for dual-platform cross-validation. The elastic
modulus of both Q355 and Q460 steels was taken as 206
GPa, with a Poisson’ s ratio of 0.3, whereas the pre-
stressed stay cables were assigned an elastic modulus of
190 GPa and a Poisson’ s ratio of 0. 3. Truss members
and beam-column members were represented by beam el-
ements; joints were treated as rigid, with end bending re-
straints retained to allow full transmission of the axial
force, shear force, and bending moment. Steel plate
shear walls and node plates were modeled using shell ele-
ments. The prestressed stay cables were represented by
tension-only cable elements with end bending restraints
released, and prestress was introduced through the initial
cable force. The boundary conditions were defined as
fixed supports at the base to represent the welded rigid
connection between the tower and the offshore operating
platform and thus capture their cooperative load-bearing
behavior.

In wind load calculation, a wind shielding coefficient
reflecting the structural ventilation characteristics is intro-
duced and dynamically adjusted according to the actual
structural configuration and wind direction at different
parts of the structure to achieve an accurate simulation of
wind loads.

1.3.2 Nonlinear
rithm

To capture the pronounced geometric nonlinearity of
the cable-stayed system and the time-dependent loading
sequence, a nonlinear step-by-step inheritance algorithm
was adopted (Fig. 2) for the refined simulation of pre-
stress introduction and multi-condition loading. The cal-
culation process is as follows:

step-by-step inheritance algo-
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Fig. 2 Technical flowchart of the nonlinear combination and
step-by-step inheritance algorithm

An initial FEM incorporating geometry, material prop-
erties, and boundary conditions was first established, af-
ter which self-weight and equipment dead loads were ap-
plied to obtain the baseline stress state. Prestress was
then introduced using a two-stage tensioning scheme,
with design tension forces of 180 t for the 180 mm-diam-
eter cables and 100 t for the 120 mm-diameter cables. In
the MIDAS Gen model, the initial cable forces were ad-
justed manually through iterative tuning to achieve accu-

rate prestress application, whereas in the SAP2000
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model, prestress was introduced using a target-force it-
eration procedure to establish the prestressed equilibrium
state that served as the initial stress condition for subse-
quent live-load analysis. In the live-load stage, variable
actions, including exhaust-flame impact, wind load, and
inertial forces, were combined using the fundamental
and characteristic combinations for strength and stiffness
evaluation, respectively. For the 292 load combina-
tions, a multi-step nonlinear analysis sequence was fur-
ther established to capture nonlinear accumulation
through stiffness-matrix inheritance. Taking a representa-
tive capture condition as an example, a three-stage load-
ing sequence was adopted: Stage 1 applied 1. 3 times the
dead load to establish the initial stress field; Stage 2 in-
troduced 1. O times the buffer load and exhaust-flame im-
pact load; and Stage 3 superimposed 1.5 times the wind
load and multidirectional inertial force combinations.

During the calculation process, the consistency of load
transfer paths is strictly maintained. Through cross-com-
parison of the calculation results from the two platforms,
it is verified that the model satisfies the requirements of
relevant codes in terms of reaction force balance, modal
characteristics, and deformation coordination.
1.3.3 Dual-model consistency verification

To ensure the reliability of the FEMs and the accuracy

of the calculation results, consistency verification was
conducted between the MIDAS Gen design model and
the SAP2000 recalculation model from two dimensions:
base reaction forces and dynamic characteristics.

The comparison results of the total base reaction forces
of the two models under dead load and each single load
case are presented in Table 1. The results show that the
error of the Z-direction reaction force under dead load
conditions is less than 0. 1%, and the difference in iner-
tial force loads is controlled within 2%. Under wind
load, buffer load, capture load, exhaust-flame impact
load, and other conditions, the total base reaction forces
of the two models are completely consistent, verifying
the accuracy of the model geometry, boundary condi-
tions, and load application.

Eigenvalue modal analysis was performed on both
models. The results show that the first five mode shapes
of the structure are consistent. The comparison of the
first-order mode shapes is shown in Fig. 3. The first-or-
der modal periods are 1.042 8 (MIDAS Gen) and
1.024 2 s (SAP2000) , with a period deviation of only
1. 8%. The period deviations of the first five modes are
all within 3%, and the dynamic characteristic matching
degree of the structure reaches more than 97%, further
verifying the rationality and reliability of the FEMs.

Table 1 Comparison of total base reaction forces of dual models under different load cases

Total base reaction force/MN

Load case

MIDAS design model

Relative deviation/%
SAP2000 recalculation model

Dead load Z-direction force (self-weight)

Dead load Z-direction force (auxiliary equipment)
X-direction wind load (transportation)
Y-direction wind load (transportation)

X-direction wind load (service)

Y-direction wind load (service)

Buffer load Z-direction force

Capture load Z-direction force
Upper cross beam exhaust-flame impact Z-direction force
Lower cross beam exhaust-flame impact Z-direction force

0.90g X-direction inertial force

0.35g Y-direction inertial force

0.45g Z-direction inertial force

38.860 0 38.8858 <0.1
14.125 4 14.125 4 0
3.7547 3.7547 0
3.869 8 3.8617 <0.2
2.1881 2.1881 0
22319 22271 <0.2
7.8400 7.8400 0
5.2800 5.2800 0
5.6800 5.6800 0
4.048 0 4.048 0 0
47.5917 48.451 1 1.8
18.507 9 18.842 1 1.8
23.7959 24.2256 1.8

Resultant modal
displacement/m

8.004 93E-04
7.277 21E-04

6.549 49E-04
5.821 77E-04
5.094 05E-04
4.366 33E-04
3.638 60E-04
2.910 88E-04
2.183 16E-04
1.455 44E-04
(7),277 21E-05

(a)

Resultant modal
displacement/um

(b)
Fig.3 Comparison of first-order mode shapes. (a) MIDAS design model; (b) SAP2000 recalculation model
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2 Mechanical Performance Analysis of the
Overall Structure

2.1 Stiffness performance evaluation

The stiffness enhancement effect of the prestressed
cable-stayed system was evaluated, and the stiffness ser-
vice reliability of the structure under extreme conditions
was verified, taking the overall deformation limit under
transportation conditions and the mid-span relative defor-

U /mm
2.221 46E+02

B 1.826 22E+02
— 1.430 99E+02
1.035 75E+02
B 6.405 17E+01
] 2.452 81E+01

0

—5.451 90E+01
—9.404 26E+01
—1.335 66E+02
—1.730 90E+02
—2.126 13E+02

(a)

U,/mm
2.145 80E+02
B 1.771 19E+02
1.396 57E+02
1.021 96E+02
o 6.473 53E+01
2.727 42E+01
o
—-4.764 T9E+01
-8.510 90E+01
—1.225 70E+02
-1.600 31E+02
-1.974 92E+02

(d)

mation limit of the upper cross beam as the core stiffness
control indicators.
2.1.1 Deformation control under transportation
conditions

The transportation condition combining Sea State 5
(0. 90g transverse inertial force) and Grade 10 wind load
(0. 50 kN/m?) is the control condition for the overall de-
formation of the structure. The deformation contours and
numerical comparisons of the structure with and without
prestress are shown in Fig. 4 and Table 2, respectively.

U /mm

2.598 96E+02
2.123 40E+02
1.647 85E+02
1.172 30E+02
6.967 42E+01
0

L1~ 543 66E+01
—7.299 20E+01
—1.205 47E+02
—1.681 03E+02
L —2.156 58E+02
—2.632 14E+02

Uy/mm

2.300 50E+02
1.891 51E+02
1.482 52E+02
1.073 52E+02
6.645 30E+01
2.555 36E+01
0

—5.624 S50E+01
—9.714 44E+01
—1.380 44E+02
—1.789 43E+02
—2.198 42E+02

(e) ()

Fig. 4 Structural deformation contours under different transportation conditions. (a) MIDAS model with prestress (X-direction) ;
(b) MIDAS model with prestress (Y-direction) ; (c¢) MIDAS model without prestress (X-direction) ; (d) MIDAS model without
prestress ( Y-direction) ; (e¢) SAP2000 model with prestress (X-direction) ; (f) SAP2000 model with prestress ( Y-direction)

Table 2 Comparison of structural deformations with and without prestress under different transportation conditions

mm

MIDAS model with prestress

Deformation limit
SAP2000 model with prestress

Deformation
Direction
MIDAS model without prestress
X-direction 263.2 222.1
Y-direction 230.0 214.6

227.6 260
215.3 260

The results show that, without prestress, the maxi-
mum X-direction deformation reached 263.2 mm, ex-
ceeding the 260 mm code limit and indicating insufficient
stiffness. After prestressing, the maximum deformations
in the X- and Y-directions decreased to 222. 1 (MIDAS)
and 227.6 mm (SAP2000) , and to 214.6 (MIDAS)
and 215.3 mm (SAP2000) , respectively, all satisfying
the deformation limit. The corresponding safety margins
were 14.6% in the X-direction and 17.5%
Y-direction. The dual-model comparison confirms that

in the

prestressing markedly reduces global deformation and en-
hances overall stiffness. Mechanistically, active cable
tensioning induces an upward force in the main steel

frame opposite to the external lateral loading, thereby
generating reverse pre-stiffness that directly counteracts
the lateral actions arising under transportation and recov-
ery conditions. Concurrently, the system transforms the
unfavorable bending-dominated load path of the original
frame into an efficient axial force transfer mode, with the
cables primarily in tension and the inclined columns pri-
marily in compression. This substantially reduces the
bending moments in the beams and columns, redistrib-
utes internal forces throughout the structure, and trans-
fers loads away from the original high-stress regions to-
ward the cables and columns, thereby reducing overall
deformation while improving the stress distribution of the
main members.
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2.1.2 Relative deformation control of the upper
cross beam

As the core support component for rocket recovery op-
erations, the mid-span relative deformation of the upper
cross beam directly affects the positioning accuracy and
operational safety during recovery, with a design limit of
44 mm. The deformation results of the upper cross beam
calculated by the dual models under the pre-capture con-

dition are shown in Fig. 5.

U/mm
1.135 40E+00

0
—2.840 45E+01
—4.317 44E+01
I —5.794 43E+01
B —7.271 43E+01
‘ —8.748 42E+01
—1.022 54E+02
] —1.170 24E+02
B —1.317 94E+02
—1.465 64E+02
—-1.613 34E+02

U,/mm

1.428 82E+02
1.294 8SE+02
1.160 88E+02
1.026 91E+02
8.929 40E+01
7.589 70E+01
6.250 00E+01
4.910 31E+01
3.570 61E+01
2230 91E+01
0

—4.484 88E+00

(d)

Fig. 5 Deformation diagrams of the upper cross beam under
pre-capture conditions. (a) MIDAS model with prestress
(X-direction) ; (b) MIDAS model with prestress (Y-direction) ;
(c) SAP2000 model with prestress (X-direction); (d)
SAP2000 model with prestress (Y-direction)

The calculation results of the MIDAS model show
that, under the pre-capture condition, the mid-span de-
formation of the upper cross beam in the X-direction is
161. 1 mm, the deformations at both ends are 113. 4 and
123.1 mm, and the mid-span relative deformation is
42.85 mm. The mid-span deformation in the Y-direction
is 142.9 mm, the deformations at both ends are 101.5
and 101. 2 mm, and the mid-span relative deformation is
41.55 mm. The calculation results of the SAP2000
model show that, under the pre-capture condition, the
mid-span deformation of the upper cross beam in the
X-direction is 110. 7 mm, the deformations at both ends
are 83.2 and 65. 3 mm, and the mid-span relative defor-
mation is 36.45 mm. Conversely, the mid-span defor-
mation in the Y-direction is 128. 1 mm, the deformations
at both ends are 80.0 and 90. 1 mm, and the mid-span
relative deformation is 43. 05 mm. The specific values of
the mid-span relative deformation of the upper cross
beam are presented in Table 3.

Table 3 Deformation stiffness of the upper cross beam

mm
Deformation Deformation
Direction L.
MIDAS model SAP2000 model limit
X-direction 42.85 36.45 44
Y-direction 41.55 43.05 44

The results show that the mid-span relative deforma-
tion of the upper cross beam obtained from both models
does not exceed the limit of 44 mm, thus satisfying the
stiffness  design Among them, the
X-direction mid-span relative deformation predicted by
the SAP2000 model is approximately 15% lower than
that obtained from the MIDAS model. Although the
Y-direction result is close to the limit, it still satisfies the
design requirement. This difference is mainly attributed
to the differences between the two software packages in
element treatment and nonlinear solution strategies. De-
spite the numerical deviations, the results of both models
satisfy the design limits, thereby confirming the effective
control exerted by the prestressed cable-stayed bracing
system on the deformation of the upper cross beam.
Moreover, the reliability of the models has been cross-
validated through key indicators such as base reactions
and modal periods.

requirements.

2.2 Strength performance evaluation

2.2.1

The maximum stresses of the main members with and
without prestress are summarized in Table 4. For the
truss elements, the reported stress denotes the axial stress
along the member axis, whereas for the beam elements,
it denotes the combined stress under the coupled action of
axial force and biaxial bending moments. These stresses
were obtained from the global FEM and evaluated in

Stress distribution of main components
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accordance with the Standard for the Design of Steel
Structures. Without prestress, the maximum stresses in
the Q355 and Q460 truss elements were 251. 7 and 311. 3
MPa, respectively, both exceeding the corresponding
allowable-stress limits. After prestressing, these values
correspondingly decreased to 244.5 and 296.8 MPa.
The Q460 truss elements thus satisfied the allowable-
stress limit of 310 MPa, whereas the Q355 truss
elements remained slightly above the 240 MPa limit, by
approximately 1.9%. The beam elements exhibited a
similar trend. The maximum stress of the Q355 beam
elements decreased from 253.0 to 239. 0 MPa, thereby
satisfying the design limit, while that of the Q460 beam
elements decreased from 311.5 to 306.5 MPa, below
the allowable-stress limit of 310 MPa.

Table 4 Comparison of maximum stresses of main components
MPa

Maximum stress

Allowable

Component type imi
p yp stress limit

Design model ~ Design model

with prestress ~ without prestress

Q355 truss element 244.5 251.7 240
Q460 truss element 296.8 311.3 310
Q355 beam element 239.0 253.0 240
Q460 beam element 306.5 311.5 310
Q355 plate element 723.1 662.1 240
Q460 plate element 672.6 693.9 310

Prestressing introduces pre-bending moments in the
frame beams and columns opposite to those induced by
the service loads, thereby offsetting part of the bending-
moment peaks under extreme conditions. More impor-
tantly, the prestressed system changes the unfavorable
bending-dominated force-transfer mode into an efficient
mode characterized by cable tension, column axial com-
pression, and only small residual bending moments.
This fundamental redistribution of internal forces lowers
the maximum stress level of the main members.

2.2.2 Local stress concentration analysis

The calculations indicate pronounced stress concentra-
tion in the structural plate elements. The local maximum
stress of the Q355 plate elements reached 723. 1 MPa,
whereas that of the Q460 plate elements reached 693. 9
MPa, both far exceeding the corresponding allowable-
stress limits. This local stress increase is primarily associ-
ated with local regions such as the cable-end anchorage
plates and beam-column transition joints. Prestress intro-
duces additional local internal forces at these locations,
thereby increasing the local stress level. In addition, the
plate element stresses obtained from the global beam-
shell model inevitably contain numerical distortion, be-
cause the global model cannot accurately resolve the de-
tailed stress distribution in the joints. These local stress
concentrations were therefore re-examined by subsequent

refined solid element analysis. Because the affected
zones are highly localized, they do not compromise the
global mechanical performance of the structure. The
high-stress regions are concentrated near connections,
section transitions, and support zones, reflecting local
stress concentrations caused by the geometric complexity
of the joints.

The overall bar-shell model cannot accurately capture
the stress distribution and plasticity evolution of detailed
joint structures. Therefore, refined numerical simulation
using solid elements is required to clarify the real force-
bearing state of core joints, evaluate their service safety,
and propose targeted optimization and reinforcement
measures.

3 Refined Numerical Simulation of the Inner
Pulley Block Key Joint

The inner pulley block (fixed pulley joint of the lower
stable buffer circuit) is the core force-bearing joint on the
load transfer path of the tower structure. It directly bears
the vertical tension and horizontal resultant force of the
steel wire ropes, and is the key force-bearing component
under extreme conditions such as buffering and capture.
Its mechanical performance significantly affects the ser-
vice safety of the overall structure. Aiming at the stress
concentration problem in the joint area of the overall
model, this section establishes a refined solid element
model using Abaqus to conduct joint mechanical perfor-
mance analysis and safety verification.

3.1 Construction of refined FEM for the joint

Based on the actual joint geometry, a 1:1 refined solid
model was established to reproduce the detailed configu-
rations of the fixed pulley seat, connecting plates and
stiffeners. The position of the joint in the overall struc-
ture and the solid model are shown in Fig. 6. The mate-
rial parameters were kept consistent with those of the
global model. Q690 high-strength steel was represented
using an ideal elastic-plastic constitutive law, with an
elastic modulus of 210 GPa and a Poisson’s ratio of 0. 3.
The purpose of adopting the ideal elastic-plastic model
was to determine whether the joint yields under the de-
sign load and thereby reveal potential safety hazards.

(a) (b)
Fig. 6 Schematic diagram of the inner pulley block key joint.

(a) Position of the fixed pulley joint in the overall structure;
(b) Solid model of the joint
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The control loads of the joint are taken from the results
of the most unfavorable load case combination in the
overall structural analysis: the fixed pulley seat is sub-
jected to a vertical single-rope tension of 18.75 t and a
horizontal rope resultant force of 65 t. The load is ap-
plied using the multi-point constraint method, which uni-
formly applies the concentrated load to the acting surface
of the pulley seat through a reference point, ensuring that
the load transfer mode is consistent with the actual
force-bearing state. The boundary conditions adopt fixed
constraints on the connection end faces between the joint
and the main truss according to the actual constraint form
of the joint in the overall structure, restoring the real
boundary state of the joint. The mesh generation adopts a
hybrid element scheme dominated by hexahedral ele-
ments and supplemented by tetrahedral elements. The
mesh is refined in stress concentration areas such as the
pulley seat and connecting plates, and the overall mesh
size is controlled between 20 and 100 mm. The reference
point setting, boundary condition setting, and mesh gen-
eration of the inner pulley block key joint are shown in
Fig. 7.

(a) (b)
Fig. 7 Reference point setting, boundary condition setting,
and mesh generation of the inner pulley block key joint. (a)
Reference point and boundary condition settings; (b) Mesh
generation

3.2 Analysis of joint mechanical performance results

The finite element results for von Mises stress, dis-
placement, and equivalent plastic strain are shown in
Fig. 8. For the present solid model, yielding was evalu-
ated using the von Mises criterion; accordingly, the term
“stress” in this subsection refers to von Mises equivalent
stress under a multiaxial stress state. The stress distribu-
tion shows pronounced concentration at the intersection
between the pin hole of the pulley seat and the connect-
ing plate, where the local maximum von Mises stress
reaches 891.9 MPa. This value represents a local nu-
merical peak within the mesh-refined zone and does not
indicate the stress state over a large material volume. In-
stead, it demonstrates severe local stress concentration,
with the local region exceeding the 690 MPa yield
strength of Q690 steel. Outside the local hotspot, most
areas of the joint remain below 690 MPa, indicating that

plastic development is limited in extent and manifests
mainly as local yielding. The deformation field is rela-
tively smooth, with a maximum displacement of 2. 54
mm occurring at the load application point on the pulley
seat, suggesting that the overall joint stiffness satisfies
the service requirements and will not significantly impair
the global structural deformation or the operating state of
the steel wire ropes. The plastic strain distribution is
broadly consistent with the stress field. The maximum
equivalent plastic strain is 4. 824 x 107 for the joint as a
whole and 6. 138 X 107 in the local high-stress region,
further confirming local plastic yielding and the need for
targeted reinforcement.
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Fig. 8 Finite element calculation results. (a) Stress distribu-

tion; (b) Displacement distribution; (c) Plastic strain of the
overall structure; (d) Plastic strain of the local structure

4 Conclusions

Using a large-scale offshore rocket recovery tower
with a height of 67 m and a span of 54 m X 70 m as the
case study, this study developed an asymmetric two-
stage prestressed cable-stayed bracing system and con-
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ducted global structural analysis and key joint verifica-
tion for 292 load cases using dual-platform FEMs and a
nonlinear step-by-step inheritance algorithm. The main
conclusions are as follows:

(1) The asymmetric two-stage prestressed cable-
stayed bracing system markedly improves the global stiff-
ness of the structure. Under the transportation control
condition, combining Sea State 5 and Grade 10 wind
load, the X-direction deformation of the structure without
prestress exceeded the allowable limit. After prestress-
ing, the maximum X- and Y-direction deformations were
reduced to 222. 1 and 214. 6 mm, respectively, both sat-
isfying the 260 mm limit and providing safety margins of
14. 6% and 17. 5%, respectively. Prestressed cables gen-
erate reverse pre-stiffness and reconstruct the internal
force-transfer path, thereby enabling rigid-flexible coop-
erative action between the stay cables and the steel
frame.

(2) The prestressed system substantially improves the
force state of the main structural members. After pre-
stressing, the maximum stresses of the Q355 and Q460
truss elements decreased to 244.5 and 296. 8 MPa, re-
spectively, whereas those of the Q355 and Q460 beam el-
ements decreased to 239.0 and 306.5 MPa, respec-
tively. Accordingly, the Q460 truss and beam elements
satisfy the allowable-stress limits, while the Q355 truss
elements are significantly improved but remain slightly
above the limit,
through cable force optimization and local reinforcement
is still required.

(3) The global and refined models together reveal the

indicating that further adjustment

law of local stress concentration in the structure. Connec-
tions, section-transition zones, and regions adjacent to
the supports are the principal high-stress areas in the
beam-shell model. The refined solid analysis further
shows that, under the most unfavorable load combina-
tion, the inner pulley block joint reaches a local maxi-
mum von Mises stress of 8§891.9 MPa and a maximum
equivalent plastic strain of 6.138 x 107, indicating a
risk of local yielding.

(4) The dual-platform nonlinear step-by-step inheri-
tance procedure adopted in this study can effectively cap-
ture the nonlinear cumulative effects of this class of rigid-
flexible coupled structures under multiple loading sce-
narios. Cross-validation shows that the discrepancy in
base reactions between the two models is less than 0. 1%
and that the deviations in the first five modal periods are
within 3%, demonstrating that the method is suitable for
the design analysis and performance assessment of analo-
gous offshore aerospace support structures.
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TN A RZEE R EXREE RIS R PRI A 5T T

RE, RELE, TE°

(1L AAFMRERSEARB R, T 100076;2. A& K FITHEEBREE LR ELEAFHIMHETLETRE, d% 211189)

WE: A LXAT R RATEL AR ZM TR, AR ZEEENHRLLTH
HEAERY TR g R AR Rk i R AU AR TR AE 7 i 69 IR, VA 2 67 m %5 54 m x 70 m 89 K A i B ek
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