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Industrial towers used in petrochemical and energy facilities are highly
vulnerable to accidental vapor cloud explosions, yet their transient structural
responses remain insufficiently understood. This study develops a detailed finite
element framework to examine the deformation, stress evolution, and stability of a
vertical vacuum deaeration tower subjected to explosive shock waves. A three-
dimensional nonlinear model was constructed in ANSYS using shell and solid
elements to capture both global and local behaviors. Explosion loading was
characterized by triangular overpressure pulses following ASCE 41088 and
GB/T50779-2022 guidelines, with two representative scenarios considered: a
moderate far-field case (14.6 kPa) and a severe near-field case (30 kPa). The
simulations reveal that deformation is dominated by displacement of the upper head,
whereas maximum stress consistently concentrates at the skirt base. Increasing blast
intensity leads to sharp growth in both displacement and von Mises stress, with near-
yield conditions observed under the severe scenario. Parametric analyses further
demonstrate that numerical damping effectively reduces peak responses, and
buckling evaluations identify local ovalization at the skirt as the initial instability
mode. Bolt stresses remain within allowable limits across all cases. Overall, the
findings highlight the skirt region as the structural weak point and underscore the
necessity of localized reinforcement strategies. The proposed methodology offers a
reliable tool for safety assessment and provides practical guidance for blast-resistant
design of industrial towers.

Keywords: Finite element analysis; Vapor cloud explosion; Industrial tower;
Dynamic response; Buckling behavior; Blast resistance.

1. Introduction
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Towers are widely employed in petrochemical, energy, and related industries as
essential process equipment. Owing to their slender geometry and continuous
operation under demanding conditions, these structures are particularly susceptible to
extreme accidental events. Among such hazards, vapor cloud explosions represent
one of the most destructive scenarios, capable of producing high-intensity pressure
waves within milliseconds [1], [2]. Once a tower is exposed to these transient loads,
severe deformation, instability, or even catastrophic collapse may occur, posing
significant threats to personnel safety and industrial assets. Therefore, understanding
the dynamic behavior of towers under blast loading is a prerequisite for improving
protective design and ensuring safe plant operation.

With advances in computational mechanics, the finite element method (FEM) has
become a primary tool for investigating structural response to explosions [3].
Compared with experimental testing, FEM simulations provide time-dependent
distributions of stress and deformation at a fraction of the cost and risk [4]. Previous
studies have addressed explosion effects on various structural forms, including
buildings, tanks, and containment vessels. Bradford and Culbertson emphasized the
need for designing petrochemical facilities to withstand accidental blasts [1], while
Forbes highlighted protective strategies for industrial equipment [2]. More recently,
Rosin et al. examined cylindrical steel tanks subjected to triangular blast loads [4],
and Chinese researchers such as Chen Kai and Chen Bin analyzed container
responses under oil and gas explosion environments [5], [6]. These contributions
have advanced the field; however, most have focused on generalized resistance or on
simple structural forms such as plates and tanks, with limited attention paid to the
unique geometry and mechanical behavior of tall towers.

Distinct challenges remain in predicting the failure mechanisms of towers under
vapor cloud explosions. The short-duration, high-intensity pressure pulses generate
localized stress concentrations and complex buckling modes, particularly at
connections and skirt regions [7], [8]. Moreover, existing studies often adopt
simplified loading or material models, which may overlook critical nonlinearities.
Consequently, a comprehensive finite element investigation that incorporates
geometric and material nonlinear effects, realistic blast wave characterization, and
failure mode evaluation is still lacking.

This work addresses these gaps by establishing a detailed nonlinear finite element
model of a vacuum deaeration tower and subjecting it to blast loads consistent with
ASCE 41088 [7] and GB/T50779-2022 standards [11]. Two explosion intensities are
considered to represent moderate far-field and severe near-field scenarios.

2. Finite Element Simulation

The investigated structure is a vertical vacuum deaeration tower designed
according to ASME Section VIII, Division 1 [10]. A three-dimensional model was
developed using ANSYS SpaceClaim. To improve computational efficiency while
retaining structural fidelity, secondary details such as small chamfers, weld beads,
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and minor penetrations were omitted [3]. The overall configuration consists of the
cylindrical ~ shell, hemispherical heads, skirt, and foundation ring.
The finite element mesh was generated with a hybrid strategy. The cylindrical shell,
hemispherical heads, and skirt were modeled with Shell281 elements, while bolts
were represented with Solid186 elements [3]. Boundary conditions were prescribed
by fully constraining the skirt base, and contact interfaces were defined to simulate
realistic load transfer.

Figure 1. Finite element mesh of the vacuum deaeration tower: (a) global model,
(b) refined mesh at skirt region.

The finite element mesh of the tower model was carefully generated to balance
accuracy and computational efficiency. Global mesh density was adopted for the
cylindrical shell and heads, while local refinement was applied near bolt holes and
skirt transitions to capture stress concentrations. Figure 2 illustrates the overall mesh
distribution and a close-up view around the skirt connection, confirming that the
model can represent both global deformation and localized effects.

[mm]

Figure 2. Time history of top displacement under explosion loading, showing
peak response and subsequent oscillatory behavior.
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To evaluate the transient dynamic behavior, the tower was subjected to triangular
blast pulses defined by ASCE 41088 and GB/T50779-2022. Figure 3 presents the
time history of the top displacement under explosion loading. The results indicate that
the maximum displacement occurs shortly after load application, followed by
oscillations due to structural vibration and energy dissipation. These patterns provide
important insights into dynamic response characteristics and potential failure modes.

Explosion loading was modeled according to ASCE 41088 [7] and GB/T50779-
2022 [11]. The pressure-time history was approximated by triangular pulses, and
reflection coefficients were calculated using the method of Newmark [13]. Structural
performance was assessed using ductility ratio and support rotation angle as
evaluation metrics [7].

3. Results and Discussion

Transient simulations confirmed that deformation concentrated at the tower head
while stresses localized at the skirt [12], [14]. Under moderate blast loading (14.6
kPa), results showed displacements and stresses remained within safe limits [15].
Under severe blast loading (30 kPa), stresses in the skirt region approached yield and
buckling analysis revealed local ovalization as the critical failure mode, consistent
with observations in cylindrical tank studies [4], [18].

The inclusion of damping demonstrated significant mitigation effects under
severe blast loads, in line with previous findings on energy dissipation [9]. Bolted
connections remained within allowable stress limits, confirming that global shell
instability, rather than fastener failure, governs the vulnerability [16], [17].

4. Conclusions and Future Work

This study applied nonlinear finite element simulations to investigate the
dynamic performance of a vacuum deaeration tower exposed to vapor cloud
explosion loads. Key findings include,

1) The skirt-to-shell transition zone is the most vulnerable region, showing
consistent stress concentration [4], [18].

Under moderate blasts (14.6 kPa), displacements and stresses remain below
critical thresholds, consistent with ASCE 41088 [7].

Severe blasts (30 kPa) cause near-yield stress and marginal stability, in line with
prior studies [5], [6].

Energy dissipation mechanisms proved effective under severe conditions [9].

Bolted connections remained safe, indicating that global shell response dominates
failure risks [16], [17].

Future research should include strain-rate sensitive constitutive laws such as
Cowper—Symonds or Johnson—Cook [8], [17], and account for thermal softening,
progressive damage, and multi-physics effects for improved predictive accuracy.
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YUCJEHHBIA AHAJIU3 HATIPSIKEHUHM U ®OPM PA3PYIIIEHUS B
BEPTUKAJIBHBIX BAIIEHHBIX KOHCTPYKIIUAX, BBI3BAHHBIX
B3PbBIBOM

Shuping Guo , Xiangyang Li , Ling Yuan ,
Qiuyu Zhu, Xinaer Mandaiye

Ilpomviuinennvle  Oauinu,  UCNOb3YeMble  HA — HeOMEXUMUYECKUX U
IHEpPeeMmu4eckux 00beKmax, Ype38uluaiHo YA36UMblL Neped CAYHAUHbIMU 63DbleaAMU
napo8o30YUIHbIX 001AK08, 0OHAKO UX KPAMKOBPEMEHHble OUHAMUYECKUE OMKIUKU 00
cux nop u3yyewvl HedocmamouyHno. B oanmnom uccnedosamuu paspabomana
0emanu3upoBaHHas KOHEYHO-JIeMeHMHAsl MoO0elb Oai auaiusa oegopmayuu,
960JIIOYUU HANPAIHCEHUL U YCMOUYUBOCIU 8EPMUKATILHOU BAKYYMHOU 0eadpayuoHHOU
OawiHu, N00BepPeHYMOU  B8030€UCmBUI0  VOAPHLIX BOIH 83pbléd. 1péxmepHas
HeluHeuHas mooenv oviia nocmpoena 8 ANSYS ¢ ucnonvzosanuem 0060104eyHbIX U
MBepOOMENbHBIX DIIEMEHMO8 OJisl Y4éma Kak 2100aibH020, MAaK U JOKANbHO20
nogedenus KoHcmpykyuu. Haepyska om 63pviea Mmooenuposanace 8 8uoe
MPEY20ibHbIX — UMHYILCO8  U30BIMOYHO20 — OABleHUs 8  COOMBEMCMBUU  CO
cmanoapmamu ASCE 41088 u GB/T50779-2022, npu smom paccmampusanucsb 08d
cyeHapusi: ymepeHuvlil (Oanrvhee 6o3oeticmeue, 14,6 klla) u cunvnwvii (Oauskoe
sozoeticmaue, 30 «xlla). Pezyromamvl mooeruposanusi nokazaiu, 4mo OCHOBHAS
oeopmayus npoucxooum 3a cuém cmewjeHus 8epxueu yacmu OAWHU, 8 MO 8peMs
KaK MAKCUMAIbHbLE HANPANCEHUSL CIAOUTLHO KOHYEHMPUPYIOMCSL Y OCHOBAHUSL I0OKUL.
C ysenuuenuem uHmMeHCUBHOCIU 83Pbl8A HAOII0OAEMC sl Pe3KUll pOCM KaK CMeujeHull,
max u HanpsoiceHut no Muzecy, npu smom 6 ciayyae CUIbHO20 CYeHapus
oocmueaomces 3Havenus, ouzKkue K npedeny mekydecmu. Ilapamempuveckuii anaiusz
NOKA3anl, Ymo UucleHHoe oOemnguposanue dQheKmusHo CcHudxicaem nUKosvie
peaxkyuu, a OyeHKa YCMOUYUBOCMU BblA8ULA JIOKAILHYIO O0BALHOCIb HOKU KAK
HauanbHuIl pedcum nomepu ycmouuugocmu. Hanpscenuss 8 601mosvix coeouHeHusx
ocmasanucy 6 OONYCMUMbIX npedenax 6o 6cex cyeHapusax.  Ilpeonoowcennas
Memoouka npedcmasgisiem  coOOU  HAOEMCHbIL — UHCMPYMEeHm Ol OYeHKU
be3onachocmu u 0aém NPAKMudeckue peKoMeHOayuu Hno NpoeKmupO8aHUIo
NPOMBIULIEHHBIX OAULEH, YCIOUYUBBIX K 83DbIGHBIM HACPY3KAM.
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KiroueBbie cji0Ba: KOHEYHO-IJIEMEHTHBIA AHAJINA3, B3PBIB IAPOBO3IYLIHOTO
o0Jyiaka, MPOMBIIUICHHAs OaliHs, JTUHAMUYECKUWA OTKJIMK, MOTEpPs YCTONYHMBOCTH,
B3PBIBOYCTOWYUBOCTD.

TIK MYHAPAJIBIK KYPBLIBIMIAPJA KAPBLIBICTAH
TYBIHAANTBIH KEPHEYJIEP MEH BY3bLITY TYPJEPIHIH CAH/IBIK
TAJJIAYBI

Shuping Guo , Xiangyang Li , Ling Yuan ,
Qiuyu Zhu, Xinaer Mandaiye

Mynaii-xumus dHcone dHepeemuka CanaiapblHoa KOJIOAHBLIAMbIH OHEPKICINMIK
MYHapanap 0y-aya KoCnaiapulHulH Ke30elUCoK HCapblIblCmapblHa eme 0cajl, anlanuod
ON1apOblH  KblCKA Mep3iMOi  KYPbLIBIMObIK ~pPeakyusiiapvl i  0e  HCemKLiKmi
3epmmenmezen. byn sepmmeyoe sncapwinvic moaKblHOapbiHblY acepine Yulblpa2an mixk
8AKYYMObL 0easpayusiblKk MYHAPAHBIY 0epOoOpMayUusiCblH, KepHeYOiH MapalyblH HCIHe
MYPAKMolIbl2blH  3epmmey  VUliH — e2xceli-me2dicelii  coyvl  dnemeHmmik  (finite
element) mooenv  23ipnenoi. Yw  onmuemoi  Oeiicvizvik  moodeib  ANSYS
bagoapramacvlHoa KabwblKuaIbl HCaHe KONeMOIK dieMeHmmepoi naudalany apKblibl
aHcacanovl, OYn 2ANAMOBIK HCIHE HCEPINiKMI MIHe3-KYIbIKMbl KAMmMYy2a MYMKIHOIK
bepoi.  JKapwvuwic  owcykmemeci  ASCE 41088  owcone  GB/T50779-2022
CMAaHOapmmapvbina CaUuKec YulOYpoluimosl apmulk KblCbIM UMNYIbCMEP] MmypiHoe
cunammanowl. Exi cyenapuii kapacmuipoliosl: opmawia (avic epic, 14,6 xlla) scone
Kywmi (ocaxvin opic, 30 klla). Mooenvoey namuodicenepi uezizei oegopmayus
MYHAPAHBIY HCORAPbL  OOJICIHIH bIELICYbIMEH AHLIKMALAMBIHLIH, A1l €H JHCOAPbl
KepHeynep apoaublM 100Ka He2i3iH0e WoblplaHamulHblH Kepcemmi. JKapwinvic
KAPKbIHOBLLILIZLL  apMKAH —CaublH  bleblcy MeH Muzec oOouviHwa KepHeynepoiH
aumapivikmai ocyi 0aukaniovl, al Kywmi cyeHapuul Ke3iHoe Mamepuaiobly dgy
wezine Jlcakvlh MaHOep mipkendi. Ilapamempnix manoay camowvix Oemngupaeyoin
NUKOBAsL peaKyusiHbl MUimMoi a3aumamviHblH KOPCemmi, ai OpHLIKMbLILIKMbL 0A2ANAY
H00Ka AUMASbIHOARbL HCEPIINIKMI CONAKMAHYObl OACMANKbl MYPAKCHI30bIK PEHCUMI
peminoe aHviKkmaovl. Bonmmapoazvl kepreynep oOapnvix oicazoaiiiapoa pykKcam
emineen wekmepoe Kaniobl. YCbIHbLIZAH 20icmeme Kayincizoikmi 6azanay YuliH
CeHIMOI KYpan 001bln maodwiiadbl JHCIHE IHCAPLLILICKA MO3IMOI OHEPKICINMIK
MYHapanapowl 2#cobanay OOUblHUA RPAKMUKANBIK HYCKAYAbIK YCbIHAOWL.
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