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1. Introduction

This study examines the application of fragility curves as a tool for designing underground shelters resilient
to both distant and close-range explosions. Fragility curves serve as an effective method for identifying
structural characteristics and resistance, crucial due to the relative vulnerability of structures to explosions
across various organizations. To design the structure and obtain its fragility curve under such blasts, ABAQUS
finite element software was utilized. The results indicate that fragility curves effectively determine the
resistance and vulnerability of underground structures under explosion conditions. Notably, if an explosion
occurs more than 12 meters from the structure's center, the likelihood of structural failure is approximately
5% or less; however, this probability increases significantly with proximity to the structure reaching about
60% at a distance of 8 meters and exceeds 98% at the central surface point. The findings highlight that soil-
structure interaction plays a pivotal role in mitigating blast-induced damage. Furthermore, it is demonstrated
that the proposed fragility model can be employed as a tool for assessing other underground structures'
vulnerability; comparisons with previous studies show that this approach offers higher accuracy in estimating
potential damage probabilities.

2. Methodology

This study investigates the structural resilience of underground shelters subjected to blast loads at various
distances, using fragility curves as a key assessment tool. The methodology consists of three primary steps:
model creation, simulation, and analysis. The steps are described in detail below.

2.1. Model creation

The underground shelter was modeled using finite element analysis software, ABAQUS, to simulate real-
world structural behavior under blast conditions. The shelter design was based on typical underground bunker
dimensions and construction materials, including reinforced concrete for structural integrity. The surrounding
soil was also modeled to accurately reflect soil-structure interaction during blast events. Both the shelter and
soil were assigned material properties such as density, Young’'s modulus, Poisson’s ratio, and strength
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characteristics, sourced from relevant engineering databases and literature. The shelter was designed to resist
varying degrees of blast pressure, ranging from near-field to far-field explosion scenarios.

2.2. Blast simulation

Blast loads were simulated using predefined pressure-time histories derived from explosion models in
ABAQUS. These blast loads were applied at multiple distances from the underground shelter to capture the
effects of both near and distant explosions. To ensure accuracy, the simulation incorporated nonlinear dynamic
analysis, accounting for the rapid application of loads and the subsequent structural response. The interaction
between the underground shelter and surrounding soil was modeled using a coupled Eulerian-Lagrangian
(CEL) approach, allowing for the consideration of large deformations in the soil and potential damage to the
shelter.

2.3. Fragility curve development

Once the blast simulations were completed, the results were used to develop fragility curves for the
underground shelter. Fragility curves express the probability of structural failure as a function of increasing
blast load intensity. Data from multiple simulations, including stress, strain, and displacement values, were
extracted and analyzed. The failure criteria were based on key structural performance indicators, such as
cracking, yielding, and total collapse. These indicators were then used to assign failure probabilities to specific
blast intensities and distances. Statistical analysis was conducted to fit a lognormal distribution to the failure
data, creating fragility curves that represent the likelihood of failure at different blast loads.
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Fig. 1. Developed fragility curve of the underground structure

3. Results and discussion

The results from the simulations conducted in this study offer valuable insights into the performance of
underground shelters subjected to blast loads at varying distances. This section presents a detailed analysis of
the structural behavior of the shelter under different blast conditions, followed by a discussion on the derived
fragility curves and their implications for the design of resilient underground structures. Key trends, failure
mechanisms, and the implications of material properties and structural configuration are discussed. The
results also highlight critical vulnerabilities in the shelter’s design and propose potential improvements based
on the findings.

3.1. Structural response to blast Loads

The initial simulations focused on understanding the shelter’s structural response to varying blast
intensities. These responses were categorized based on the proximity of the blast to the shelter namely, near-
field, mid-field, and far-field explosion scenarios. In the near-field scenario, where the explosion was close to
the shelter, the structure experienced extreme loading conditions, leading to significant deformations. The
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outer walls of the shelter showed the highest stress concentrations, with cracking and yielding observed in the
reinforced concrete. The soil surrounding the shelter also deformed significantly, which contributed to
additional pressure on the shelter walls, especially in regions where the soil-structure interaction was
strongest.

In the mid-field scenario, the shelter still experienced notable stresses, though these were reduced
compared to the near-field case. Here, structural deformation was less severe, but localized failures, such as
the spalling of concrete and minor cracking, were still present. In the far-field scenario, the blast effects were
further mitigated by the surrounding soil, and the shelter remained largely intact, experiencing only minor
vibrations and displacements. No significant structural damage was observed at these distances,
demonstrating that the shelter is more resilient to distant blasts.

3.2. Fragility curves: probability of failure

The development of fragility curves played a central role in quantifying the probability of failure at different
blast intensities. These curves provide a probabilistic measure of the shelter's ability to resist blast loads and
serve as a key tool in assessing the overall resilience of the structure.

The fragility curves were generated by plotting the probability of failure against blast intensity, measured
in terms of pressure. The curves revealed that the likelihood of failure increased significantly as the blast
intensity approached the near-field scenario. For blasts occurring within close proximity to the shelter, the
probability of failure exceeded 90%, indicating that the structure was highly vulnerable to near-field blasts.
The high probability of failure in these cases is attributed to the overwhelming forces exerted on the structure,
which surpassed the yield strength of the reinforced concrete and caused major cracking and potential collapse.

In the mid-field blast scenarios, the fragility curves indicated a moderate probability of failure, typically
ranging from 30% to 60%, depending on the specific blast intensity and material properties of the shelter. The
primary failure modes in these scenarios included cracking of the outer walls and minor structural damage
that, while significant, did not lead to complete collapse. The shelter's reinforced concrete appeared to
withstand most mid-field blast loads without catastrophic failure, suggesting that with some design
modifications, the structure could be further fortified to resist these types of blasts.

In the far-field scenarios, the fragility curves showed a low probability of failure, typically below 10%, even
at the highest blast intensities considered. This finding highlights the inherent strength of the underground
shelter when subjected to distant blasts, with the surrounding soil effectively dissipating much of the blast
energy before it reached the structure. The low likelihood of failure in far-field scenarios suggests that the
current shelter design is sufficient for protecting against distant explosions, though improvements could be
made to further decrease vulnerability in extreme cases.

3.3. Key trends and failure mechanisms

The analysis of simulation data revealed several key trends regarding the shelter's performance under
different blast conditions. One of the most significant findings was the role of soil-structure interaction in
mitigating blast effects. In all scenarios, the soil played a critical role in absorbing and redistributing blast
energy, particularly in the far-field and mid-field explosions. The denser the surrounding soil, the more
effectively it dampened the blast wave, reducing the forces transmitted to the shelter. However, in near-field
blasts, the rapid deformation of the soil adjacent to the shelter added to the overall load, exacerbating structural
damage.

Another important observation was the distribution of stress within the shelter. The corners and edges of
the shelter’s walls consistently exhibited the highest stress concentrations, making them the most vulnerable
to cracking and failure. This finding suggests that reinforcing these critical areas could significantly improve
the structure’s ability to withstand higher blast loads. Additionally, the shelter’s roof was found to be more
susceptible to damage than the walls, particularly in near-field scenarios, due to its exposure to both direct
blast forces and the upward thrust of deformed soil.

The failure mechanisms observed in the simulations were primarily related to the yielding of the reinforced
concrete and cracking, particularly in high-stress regions. In cases where the blast loads exceeded the yield
strength of the concrete, the structure experienced irreversible damage, leading to partial or complete collapse
in severe cases. The spalling of concrete, where surface layers of material broke away due to intense pressure,
was also noted as a common failure mode, especially in mid-field and near-field scenarios. These findings
underscore the importance of using high-strength materials and optimizing reinforcement placement in future
shelter designs.
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3.4. Influence of material properties

The material properties of both the shelter and the surrounding soil had a profound impact on the overall
structural performance. Simulations showed that shelters constructed with higher-grade concrete and
reinforced with more resilient materials, such as steel with a higher yield strength, exhibited a lower
probability of failure across all blast scenarios. In contrast, shelters built with lower-grade materials were more
susceptible to cracking and collapse, particularly in the near-field and mid-field blast scenarios.

The type of soil surrounding the shelter also influenced the structural response. Dense soils, such as clay
and compacted sand, were more effective at dampening blast waves than loose or saturated soils. In
simulations where the shelter was surrounded by loose soil, the blast energy was transferred more directly to
the structure, increasing the probability of failure. This suggests that, in addition to enhancing the shelter’s
material properties, improving the compaction and composition of the surrounding soil could further reduce
the risk of failure during blast events.

3.5. Implications for shelter design

The results of this study have important implications for the design of underground shelters intended to
withstand blast loads. First, the findings highlight the need to reinforce critical areas of the shelter, such as the
corners, edges, and roof, where stress concentrations are highest. By optimizing the placement of
reinforcements and using higher-strength materials, shelters can be made more resilient to both near-field and
mid-field blasts.

Second, the importance of soil-structure interaction in mitigating blast effects cannot be overstated.
Designers should carefully consider the type and density of soil surrounding the shelter, as this plays a crucial
role in dissipating blast energy. Where possible, steps should be taken to improve the quality of the
surrounding soil, either by compacting it or replacing loose material with denser alternatives.

Finally, the fragility curves generated in this study provide a valuable tool for assessing the likelihood of
shelter failure at different blast intensities. These curves can be used to guide future shelter designs, allowing
engineers to target specific blast load thresholds and design shelters that meet these performance criteria.

3.6. Recommendations for future work

While the results of this study provide a comprehensive understanding of the structural performance of
underground shelters under blast loads, there are several areas where future research could build upon these
findings. First, further simulations could explore the effects of varying blast shapes and durations, as these
factors can significantly influence the structural response. Additionally, incorporating advanced materials, such
as fiber-reinforced concrete or composites, could offer insights into how these materials perform under
extreme loading conditions.

Another area of potential research is the role of internal structural components, such as support beams and
columns, in enhancing the shelter’s resilience. Investigating the performance of different reinforcement
configurations could lead to more efficient and cost-effective shelter designs. Finally, experimental validation
of the simulation results through physical blast tests would provide further confidence in the findings and help
refine the fragility curves for practical applications.

4. Conclusions

This study provides a comprehensive analysis of the structural performance of underground shelters
subjected to blast loads, highlighting key findings and implications for future design practices. Through detailed
simulations of different blast scenarios, it was observed that the proximity of the explosion significantly
influences the shelter's structural integrity. Near-field blasts exert extreme pressures that can lead to
substantial damage, while mid-field and far-field blasts present progressively reduced risks. The development
of fragility curves has proven essential in quantifying the probability of failure and understanding the impact
of varying blast intensities on shelter performance.

The results underscore the importance of reinforcing critical structural elements, such as walls and roofs,
to mitigate damage from intense blast loads. Additionally, the study emphasizes the vital role of soil-structure
interaction in enhancing the shelter's resilience. Dense surrounding soil effectively dissipates blast energy,
thereby reducing the force transmitted to the shelter and improving overall performance.

Material properties also emerged as a crucial factor, with higher-grade concrete and more resilient
reinforcements contributing to lower failure probabilities. The findings suggest that future designs should
prioritize the use of high-strength materials and optimize soil conditions to maximize blast resistance.



121 ol 26-15  cin gy dllio (1404 yliwwo}) 4 ojlouis S5 wle oy Lo 9 o)l jos cwrdigeo &y g ™

RN

S0 9 590 by lrdil bl 1 (FulSl gy oo Gub (S o3l (21 )b

2 . 1* . w
99,090 (§I0x0 Q‘)-Qr’ ¢ ‘S,L.Jo,..n GaJa.a.m.\.......:

© Lo alol olR23ls ¢ cosckigen 00SElS (SilSo s 05,5 ,bobiul t
Oll3T ke s oKl ki o 0USSlS (SIS ol o gmiign Al yoliI5 2

140406117 561 2 JAOAIBI1T © i 5, 140311213 - s S350, 1403/T/1T il

oduS>

e 33l e Su33 9 593 slajlondil plp 5 polie (oo 5 selRaly (ALl (slr )l Glpredr (FUSE (S (o) 4 GBS

6LDUL0)L.4 6‘)" )lyu.ul )J.‘)J. » Ldbo)L.u 6»..-4 Lg)JJJW] J.Jéd.’ 9 ol u‘).la> )J.I)J. » o)L...a W5LM 9 L(b§f5 g_s"L""'L““"" 6‘14 )JBA ‘5_,._,5) (;‘.\.‘.‘S.u
sl ,l53le 5 5l o s (oo g 490 sla il Coxd ojle  FonSl pmvie (0 5liasos g o3l (b gl (Gudzs Gl o el Sl alise
9 slmil 31 a5 ses oo ol (SaiSs ot Gelalp edel Cawsty gl .ol oo ool ABAQUS sgame yladl Jl5éle 5 9 (ETABS) ]
CanSts Jlail il 4y il Jore (o S0 b Lol ol a8 L Y5 L.,,o.. ol S Jloil cam0 &5 03k 35 50 5l 550 1251 i alols
Pl g ey g0 9050 B0 550> 4y 05ls 35 50 5l (5520 8 alols 1o S o (59 1 lmiil S j0 40 S5 y5bar oo Gl 5 Stz jsboas
GolS 50 (5alS 2E o3l g S 2S5 0l a5 aas e i ibgh ol bt g deles U985l i cunsls Jlaxa il mhaw (655 po alads o
Slpl Olsreas wlgs o solpitig (SauSs Jow a5 0h asiie Cpizen )00 e D 5l 508 Juolgd o Lo5..a> o il 5l sl slacol

Sl gl Jlizl ress o 55V

clole TSl (S50 5 590 Gl loxil wgaze glizl (gile e () s slo e ¢ FouiSll o (e jlgunds

cols glo e wload asle el p) 0 45 Al
e aile plaaie) 10 5y5ls el (e slaosle
Lol oads olidg), (Hhb 5 (oulidiine) «silone )l yes
SIS oy cdnwgs (>l doofgn Sz 5 olke RSl
3l (sl iz (3,8u) 4 3 (i 5 Sl (651005 5
Jeoplh e o Sl (0,84 jaxie 8 OMSL
Slogcdle a5 Sl s ol mle a5 jsboles
slojls Wlgige wod wSle pwdipe Djgot (ejn)
sl 1y gle 5l oolinul 5 cbili> (JEg o> (sl (oloxz]
Sl e Slooile s 3lupslia 5 (ko 018 el Lo Juus
5 b L plKn o piydillas! 5 el ladasee ol
ol oo Jls 2, Dlagags
i) ol (SaSs sla s obml Geds Gl 5o
Lol oas 03,5] malr jsbar o s pduces! L)) Hskiea

doudo -1
5 @lie 5l cblis ol el lp (iain sloosle
Sl lodg e sl )6 Jsbo 5o JBg o> et
5 Jsde> oLl ol )b J8le lagle; 5 (o2
Jolis sy sbooslu wilos S ol 3 1) Laadgdl 5l clbolas
5 Lomeiny dagle daolaly dajle olas Aoy
L S i 5 n (sl
Pl el 5 @l jl Blax 6l 55 (e sl
Sl Wlosgy mie o wollasl Ll s s Sl Slles
poye 5| cadlne (6lp 1) loojlu G fplinedl BB (e )
wily wile (Jols> pln )0 Sl sbeslon; 5 bl
sla)lsl aiSoe ol L ple g bl o sk
e e oz 5 (i slogedy| 6,1 sl siloe >3
6ol Slanl 5l Slaaiges (IS la,lsl 5 awile s

o 3le (a0 05 (slajlug Lo

oo

https://doi.org/10.22034/ceej.2025.63890.2385
*Qrcid Cod Corresponding Author: 0000-0002-1964-1348

2717-8077 ; S sl LLs

R oA (559l 5 gy Coglae 1AL
09126235725 : s o o s Jyios oikisgs

(85,0950 (sdeme ) behzad. mohammadi.7676@gmail.com (b o .‘a) mirtabaei@iamu.ac.ir © eos! (w0l


https://doi.org/10.22034/ceej.2025.63890.2385

26-15 (1404 ylowmo3) 4 olous 55 wler s § Lo § ol pos (oo 43 i | (g0 .o (gl g .0 16

Ik sbeoged 5 et e slos Sy, Sh> B
S o Az ol anwgr Blasl 4y olows

iy sbad I iree s (2021) o)l Sea 5 Liu
Alis cpl.aiols al)) s i 5l 5o o i 92(UUS) (s oo
3o el aS 1 LMW 5l s ,eKi akox 5l UUS Gilises sLlse
B Wz |y ol oads a8 5 oauol onls —anie s
Sbl50 53k 51 6 g AT 45 S oo Vil St
Sl oyt U5 2 a5 6 0ed azm s Boyb 5l g |, UUS
b ol b 1 (2L slagis 5 anSed 51 obsl 5 Caeglie
3,5 S e S oo ST Ll leladl

s ol St 3G (2022) o Son 4 Anas
Sgdiso i ks 4y ymie 4S5 dxwg S 0 slo,eaS jo
|) Lm\_fﬁ.m).:‘).))b C«ABLH.A 6‘)’ 4.._‘3)..“..4 0‘5.0 )l cOLﬂ...M:‘d..:)L..as

slaJiSw sla 54y (2018) o, Kea 4 Chernogor
Sloge Sl 4o daxie slo,lxall lawgs ouls adg Sgo ye0le
Sen 5 HU s, o) slojles anmls oy Jsb o 1,
$3loads sl D-LSM b & (saman Jue S 5 (2018)
Serse (sein) S sl o lxdil zge a5 Ladl]
WX53,S oolazwl

5ol Swlus eyl (2022) )l 5es 5 Anas
03,5 oy |y aosle o Sl azgs LB 5 Solas sla,loxisl
Muw@yowowoyygyubl)dwj
O)Ser g Alam lawgi ool aliy dllie .0,5 awslie |,
s Sl s @ Wojle Camlus Lil38l 5,50 50 (2021)
ol 58 (S y9 5 SMlem azs 55 (6Ll sl 4 il
(Saaz8l) o8 Elisw (B (Bl s il sl
Wlie pl )0 Wgh phed CanSd 5 cdad = oy o il )|
5 s ahaite YL pob 5l (altalesT slaow, 2 0 Sloso
o] 00 r

siwlesl plil b (2022) 1S g Han 2022 Lo s
Sloge 9>y S hlie 5o Laylen &b s3leg; 53, )l
- Ry g 3 -
oyp |y o893 e oy bla> SUlg J(CBU) (glasgs
b oS Gas g Job a5 ols (lad gileand guls Lailes S
)| 5 005 yra sl BT 5 o il B716 sy il 5|
ankad Cublo g Bl b wb 4 conl e il 12 JlogS (!

3. Cluster Bomb Unit

b l38le 5 5o ojle >k 5l sslinal b (Fauss sla o
sl e 285 i o L Abaqus (ver.2022) 4 ETABS
Ol el snnl cewsody ()] Casdge 5 S sl el
cilize molaw 5l cdS1E sl o5 6 pSeslul la e
Slag lw cod o)l o Sles 5 Siige lxiil Cod ol
Siles 415G oS o @l 3 1, o3l | S0 5 90 Ll alisa
b ool 5 oy sjle 5 SB Sl oS
S ks, 15 el oads Bl (g5le o 5o (g sloosle
3555 555 ojl real 5 sl ks BB ysboss s oo
S 80y o5l w1y 0 YU slag s g il Hlid wilgs oo S
S8 5 gl 58 sl iy 995 S b U ks sl
ity o3k Sy sl (FAESE (o dngi sl 03l b ]
Lol (5550

ey o3l cond a8 5 I o Budon (pl 50 &S (slojls
Ao ojle 18, 000 518 esj s 520D 50 45wl o
ol Gsly el A3 13 ) 0550 ()5 il (5508
CoS () laojle (FauSS la gz 4l o ragh
S3o3 Seels Jebos loolanal b oo 5 590 sl loni]
W el ABAQUS J3310 5 b (00 (55lwacis 91 (IDA)
wlazsls e sbojle oy p & boes a5 L3 Slalllas
il alia Ll 5 o3l 5 S S, S8b gy ol
2 ople (ragh Gl el 00" Ll (e a3 )
S S 0l b ) 4 ((FaiSa e g30e Julow
e 310 o0 ylomiil 5l S5 (6 vl 2l 0 05l g
052y SLolaly Koo elsl 4 prasd Sl ol Jow
5 o L8 el 6 A ,L calise Lyl s s aS s I8 |,

Lol >hb 9 o3 sojlw 2 (53950 =2

5 Pl Zexds » 690 (2025) o iSen 5Erdem
lad iy g sl &l s slad sl eolainl joles
g glagilly (slp @lysls ladaol, €l 61y 1) (o) 05
505 K (6 R

5 sy o 0,55, » 25T L (2012) S 5 Goel
(Spyaaby 050 0 8 sl glaal, (gl olasde
ol Sl ey glecslu )y ol 5 b

slas gl ol S Julovs 4 (2021) ol Kan 4 Philips
WS polas (g jlens 3 (b Gle s b

9,90 Slalllas 3| glaegorme (2012) e 9 Madryas
aS wols &l aorecons ) o pae 5 luly arwsi b e e

1. Incremental Dynamic Analysis
2. Urban Underground Space



26-15 (1404 ylowmo3) 4 olous 55 wler s § Lo § ol pos (oo 43 i | (g0 .o (gl g .0 17

Sllee o ylpl axwgs Baa (2019) JLo s Cosentini
5 &8s ey oS slaesle (sloj ) ol S5 sl
Sl lrtnss ol b o 0l o LIl 5558 Lol 4 ol
Olsedy 28ly slagminolis 5l oolanwl b g a8ty (goue
T (IMs) &us 6Lm6ﬁfo}|..\j| @L.JL...; 9 6“’})-] 59959
45‘)? 6@‘99;‘_];[_9 ‘_.;La:..\.olﬁ axllas Qﬁ‘ dhﬂla ol eo;
Sy gl sz oyls LIl ol oSl (glo ) cueglie
aloe o ol sloylsns 5 ol sl Ll 5 alKeules
ol 00l &8,) el lsllae o

IS s sla s (2001) oS 3 Mohammadpour
LS“"”‘ M]G!Q“JL;‘)" bcj.umuus‘o)u Lng)be B-A.Aj)bj
S o Bl g5 el g, 5l eslaiul b Sl

Sloow 8 Slee cwyp 4 (2003) ., Ken 5 Palermo
Siludoe (e 5 (SanSy slaty, sl eslanal b oy (S
Jlad sl ol sy Jlas! bl sl (Saass Lkl
531 o0 s g5 cnl o Vb STy 000

oy oLl camgs 10(2022) ) Sen g Alinezhad
sloge u,._e)f S b L:e"j ..A.:_';:}bﬁ Slaws ool
Odgy sl ) loyy) (SFauss sl pie (ol @l
.Am;u,,_,_u )Lié e ) Lg|<\.‘;..“.as Lghz:ﬁ.';_ﬂ) k5“'°""

bl lee b gladdlas o (2024) ) Sen 5 Zhang
Sl esliml b ol sl 45 Gsdie BaseS lolisi Sorss
cod b iy Seelus Jld, (as i sgaome gliz! Jow
alo UL.A; C"L“" ‘..\33)5 P9 Lg)Luw |) Lg)l;;jﬂ 6)|E)l€
WIS SeS (o2

S (SauSKs o gy 5 (2024) o Kes 5 Pan
2 Sedy53 @l el gl il ply o 9l (osd
2Ll sl 5l 8,5 s o by st 300w S,
3 oS i ey cpl as ol lis beasdl s )5 cwy g
sl Fhb e b s Wl il 4 e (Seelus by
NS B Az s 590 aily (oweB sladw

SoiSs Judow i e (2025) o IKes 4 Hua
Sl e wSipmots] Ry o sy sl
byl (SauSs gla s ookl by slool> slo figs
S 9 6‘)’ Ls)l.&:)lgﬁsl) 9 U)LAAA} LgJ....M.LJo ‘L)" wLu‘ r9 oo;
sl &l ol )l s

Sl lgreas ) (Sausls slo sove Coenl cOladllas oyl
S 5t Syl dnngi g (sl ) Sy L)l sl S5
S smme s o plad 1) gl slasle,; sy
5 95 e 1 los ) syl ) om e (2 (S
Sgafe ‘J;y Lghbolfc\.s_i} ul;;.J L‘?)L““‘-'-"Q’ 6‘)? ..\..;|9;6n

maib (55losl 5 )5 e 5 52 108 50 18 o3luiley iy
29 Gl S e G ceal g ol 05 S sla

Slasilotnds plosl 900 5 (2023) (S 5 Peng
O sbojl (Seals 18, Jolo jslaied oot g 5380
35T o lriil g 0 Aozl aads (5,105 )L Lyl d cod mlas
Seolind el o0e (owy 0 Giyb 5l Ol SKamghy cnl s S
L oll by layielly g oo 6,68, Joe o2 59,8k o
dlie allavlejl slaosls o (25 slage 5l eslinul L
550 6l yiel )y como LS-DYNA Il 5 b pioman ailes S
)30 G 5 eiS slagilesl (siluand Goybo I eolizul
plil sl g sluanss zuls walsl jo alosls [1)3 a0l 5 b))
sy b a0 Jols ilizdes (6,151 552 )l [l (sl 00t
L jlniil g obsS oy oo b lonil Vb e b 425 o0y
Ol laandly ol oads o g oy (Vs loj e
9 0% Jelod ly pime (a2 e plgier Wlgioe SRegk
S0 Sl 5 Slayo sla)l plp o pslie bl b
2,5 1,8 eolatl

o310l 15T owyp slp 1) slandllas (2020) ) ISen 4 Lai
sloylgs plSotiul g Cwls Guizen g 4z ;0 Wl S
ol 31 a1 Slogee Lol Ky 5l Jloeisl JLid oy s i
o0 (5 jlusdrns ANSYS/LS-DYNA l53l0 5 51 oolicsl Ly aslllas
Sl gl Wilgs oo j138la 3l aS ol lis s
Slaseio b alie Lad luie 5 353 solinul L5l (gl Ll
azms o il 031l a8 ol Lt aallae ] ool UFC3-340-02
UFC3-340- clasein Jxd bl Uos,y 5 ol il jLes
hb o 1 ol ced il glodnd ok 4 Syo5 02
93,0 b jLad 5 amm ;e ol b e S e 12 LB
A3 ol abais o el 12l BB Glo (6 aalS’ (3Lt

Al doy o ol 5L eogase

ol ‘sf.uw]— 9 ‘;m ‘sl.b‘;bd.o -3

L‘;|°)J'] Lg,:..\;w] w,_u » (2015) Va|0'[0 4.!.]U44
el b lsteas ()l S50 0 slades slaglesl
el el 58 aie  SaiSls sla s sboul g cwdin slrosls
ey Slp Sl oe 3l gy 45 95 o0 am aslllas
adsl 5 S obs)l S oo ojle (Sanss pove
Do ooltul w5 slaosls wlul  Sely (5 iyl

colo Gy 1, oo, (2019) ) 5ea 5 Andreotti
L.;)L;\f)lg S @L_....mjf LngJ}y' t5|)9 L;w 6L‘bgs;"-;-’°
5 By ooz Gloy) cenl Jlaxl Gl lp oy
slos 5l om sl o B sleoliass Sl (gjlwag



26-15 (1404 ylowmo3) 4 olous 55 wler s § Lo § ol pos (oo 43 i | (g0 .o (gl g .0 18

Kloas Cole, UFC asbiyl jo Jolse ol don a5 ol (5,labs
b s 2 alipml il slae b 1) o5l 5 Bk
5 (R) s ,8; gl 2ol o ens gz el 008
Caaglie adlol Mol o po g (Cd) e pouis wais oo
el o0 ool Lo Joe 4dS (gl Sl sl 5l e
ot sl 1) 358 il 2 o5 e laasbipnl 5 (S
sl Jhao) alipm] WS oo Brme 6Vsh Sap o
(ol 05l lonigen ool Mlaojlo S0 5 ezl >k
gl b3 polie asbiopnl ool (1) Jgoor oS b il oo

RO PR

| 53 00y (g 5bw e slojlw wlasive =1 Jous

2R e A 1
435 sl

0/385 3 2/5 3 000474 0/355 1 se

Sl s

L ygiw g by Sl =1-5

Ol o b ol ew) (golaidl jobay boygiw g by ol
S st s 1 Sopfen b Lol lacans
b ol Y58l 5 5o o3l (all sad coley Slae Slles
el o0 0851 by g olul (1) Jolaz 5o ool oo

o] 30 (g 9 5 dlao Zglaw =2 Jgux

SoileyT s Laygile T olass (o) ol aie ol
¢ 16 20 0/5%0/5 €50_1
018 16 0/5x0/6 €502
@ 20 16 0/6x0/6 €60_1
?18 18 0/6x0/6 €602
@ 20 18 0/6x0/6 €60_3
¢ 18 20 0/6x0/6 €60_4

o9 (g 3lwanis -2-5

oobol 2 ABAQUS l33la 5 15 (s 3laanss (b, clia ol o
(2012 . )| S 4 GOEI) sl axily ploxil Lo jlaibiol g ol o
Sl gL 38l 5 po olfalsy o3l (g5lutnnd ;5 pad (gl
slosbe IS g ol yumss Jols (pl oS canl o5l pwasn Jow
Slge (oly> iy 5l Gy Censl o3l Jobo g 2y £li5 )| alox
29 @] ojle Sl a5 codl Glall e adgs (s al> e
Olieb! b0l >k cds bl e oy sl aas
S oo ol |y o3l )L, (335 jobay 5 ilwancd a5 358 Lol
29 poley (e Sl S 5l a5 g3 jaiT & Ll

2. Demand/Capacity

Jsb o bosle (ceal Galjl s ey 0 )leS (slaojle (&b
3,8 18 solatil 5,90 (sloy ) slaslag,

Siw o o3lw wlasie -4
>k ETABS Jl53le s 5o lal Jlai 090 (o) 5 o3le
20 J}bﬁf.‘al5 PSS ledlo)'Lu 0D M;J.’a;)b o)'L.u W
‘5‘)" |) 6.9[5)...; Lgl.«a.‘) 45&..»‘).‘.03 e)L..\ w‘ &Lm) Q.u.\‘;@
Y e ,0 g ailas mdl)lox LPES ..\.:56;. w.mb.é S L
oBKaly yloous .l 20D 105 plaS 18 olel a5 ailes 5 (gl s
sl lp 23 il ol el oo @l (1) U oD s
23lge y0 o3l 51 gob olass gl B cosel 5 sy U
t5|J" o WJL.A @L»)‘ olimL; u|9a.c<b 4.:.’>L‘3 l; 6)‘)!4“0‘
Sibudae sl dadelon oy )3 (@s2adre 5 (siladie Sgpm

it 33 030 31 15 slad 9 olSaliy (5o -1 S

ojlw >k o ablio Wlasivw -5
ki ablis ETABS 3l oolinul b o5l >Lb 4o
Sl wias Gl wSle Clggs g G pdade Jdoa
Jsb ol 0550 Jb asle gousite Jolse 4 ikt ablis
Ay g lugccle slcosgamme (g el bl @l
b wgd w85 Sl 0 cds 4wl Jolse ool o)l (S
O,5 gl oads QL ghaie mhaw a5 04 Jol> Ll
5 Ll 31 5ks 0590 gl alyl 4y 0l 5 el el ol

1. American Society of Civil Engineers



26-15 (1404 ylowmo3) 4 olous 55 wler s § Lo § ol pos (oo 43 i | (g0 .o (gl g .0 19

2/1x10% ole E (50Ys zllas (Lol )| g ) dpnias]
PP e ek g s 205%10° b e s o SskS

2580 23083 L ply 59Yeh wllas (ygulysy o yo 25 0
oanlie b8 3 Jeaz o layeail jo colatwl o8 Slasiv

2 odd (§ilw e oVgd 5,5 a5 loges (4) S5 0 e
ol 0als ools lid gty oyl

o Wlae Glasuive -4 Jgux

Jlade &S 39
26970 MPa FEOUCIN| SV
45 Mpa 6 Lid Cuaglis
5/45 MPa (S  Canglie
017 Oowlss caps
400
i, 300
< 200
o
S
= 100
0
0 10 20 30 40 50
(ey9) i p5

S gh 55 = G ylogai =4 S

S wlaxiw -5-5

il Al sae K (5,la> S Slasie 5,50 5 sl
35 de gy olasl 285 18IS s 0 26 15 Ges b
Gos b almo Slilllas plnl 5 gyla ooy 3o ey
pas 5 laseb! gl el ois ssalive (yo) zhaw 51 5o 15
5 s b oosdee deog Blae O (glaojin 35z
O 2y50 Bos i (fuwd Salz yho S 5 Sl slaglulil
pladl S ashoy 5 (5 ol b (oSS ) 2 4 S
(St sla el Geni g SB laa¥ olulid cozsh
sloyid ol gl Slles o> S plend 5 (S
Sz S5 D50 (6 S gl (S5 A Jolsh 4 S il
lodaS 5 wlaolosl 4 JUSl oo ladiged Coglo, Lod>
S IS Slaxie (5) Jsoo ,0 .o oolitwl Sowdl
] 00 45|)| AW Lg)Lé_> WLQ

bl 5 oo -5 Jux

Gl ojleds (o) Boe  (GBs8 3l s S culrs

BH1 15 o 1

(6350 (5Bl 3 Sitsho (S 43 o3l 5 Joke -2 S

g3 5o oad (3l e (i glae -3-5
PRV | O e s Jae ol b LS,
oy Sdly o228 25 elul 48 ol a3, 1S4, Y(CDP)
S9ignl @ pdy Sllasil by o288 )18, ol o S5, 5!
&y Fagile npSS A0 Ll i s )lad Coglie el
b oply Loyl Job sloygle)l ot o)l a5 05800 28
359 (SD390 g5 5Y58) aup0sie il y p,SskS Fy=4500
D ss 8 cSe ey p S ek S 2400 bl o e 02
s » oS5k 28K10° Lojis o B el oo
Debse 28 LB L plyy o amlssy cupd sbse 559
IS g el oas 4o (3) Jgaz jo o las Slasin
ol ) o288 5 oiled o o o 8 - s oo (3)

...\.&bésn

aslllao 3590 63Lw gllao lasive -3 Jgoo

f.N/m) p K/m®)  E(N/m2) las
4/0x107 0/18 2400 274x10° -,
50
40
430
o0
=3
10
0
0 0.001 0002 0003 0004 0.005

(mm/mm) is,s

Gz (2 30 (i (6 LA i 5 - S (e =3 S

Gilw oo 5o ouuls Gy yxi oY 98 pWlaw -4-5
G5 LA3B g5 5l 5oV amin lall )5 5 pae 3Ygh g4
Ay ol G55 e el » eSS Fy=2400 Lo
Jsve w5s B myeiestle e S5kS Fuz3600

1. Concrete Damage Plasticity
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2. Life Safety
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