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Abstract

A design of a blast wall is considered. Methodsstiuctural reliability analysis and quantitativeskri
assessment are applied to the design. The basicofi¢his design is to apply a probability of faguof
cladding components as a criterion of damage tccldeding. This probability is used as an estinwitéhe
proportion of cladding components destroyed by>giosion. The cladding failure probability is estited by
guantifying and propagating uncertainties relatedatmechanical model of cladding and elements ef th
statistical sample containing records of blast ilegdlt is demonstrated how to estimate the clagldailure
probability when the size of this sample is smedinf the standpoint of classical statistics. Theecstsidy
included in the paper considers a design of a aladir a blast wall to be deployed for protectanduel tank
against an explosion of a railroad tank car.

1. Introduction non-sacrificial structure to be protected or saasea
component of a blast wall [4]—[6], [16].

A blast wall is a physical barrier separating athe present study describes how to design in a
vulnerable object from a potential explosion which .1 iictic way an SC of a blast wall deployed to

produces a blast loading capable to damage thg,iact yulnerable object against an accidental
objept [13]. Blast walls are normally_ deploy_e_d to explosion. The basic idea is that a cladding failur

provide structural  protection against military oopapility may serve as a measure of explosive
weapons or improvised explosive devices. HOWeVery,mage to the SC. It is shown how to estimate this
blast walls are in principle suitable to mitigatet o ,pahility by an approach which combines methods
level of blast loading generated by accidentalos gryctiral analysis (SRA) and quantitative risk

explosions occurring in industrial facilities and assessment (QRA). The estimation is based on a
during a transportation of hazardous goods. SUCIieparate treatment of stochastic (aleatory) and
blast loading is sometimes accompanied by impact ofyisemic (state-of-knowledge) uncertainties relate

projectiles and spread thermal radiation. to a mechanical model of SC. The proposed
Blast wall can be relatively lightweight and weadda  ggtimation procedure allows also the data on blast

still offer some degree of protection because & hig |,44ing to be uncertain in the epistemic sense. The
level of deformation can absorb a significant antoun study is aimed at increasing safety of industrial

of the blast wave energy. The cost of rigid, NON-¢,qjjiies and parts transportation  infrastructure

destructible  walls is often prohibitive ~and a \nere accidental explosions can cause major
significant mitigation of blast can be achievedngsi  ,-cigents

relatively lightweight frangible or sacrificial wal
[3], [13]. The energy of blast loading can be
absorbed by lightweight systems used as sacrificial
cladding (SC). They can be mounted on the frorm of
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Figure 1.A schematic illustration of the epistemic uncertgin the value of the fragility functior; (y)
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2. Failure probability of sacrificial cladding for blast loading generated by an accidental

as a measure of damage degree explosion is that statistical data for fitting threodel
o fy(y) will typically be unavailable. HoweveR; can

In the case where all individual components of SCpe estimated with a small-size sample consisting of

are nominally identical or a continuous SC can beppservationg; of Y obtained by experiment [17]. Let
discretised notionally into nominally identical tnis sample be

components, a different number of them will fail

(will be “sacrificed”) at different intensities of — y—ry v,y v 3)
reflected blast wave. Characteristics of a pressure ’

history of this wave can be represented Dy agjements ofy can be transformed into fragility
ny-dimensional vectory with the components fynction valuesP(y) and a new, artificial sample
Y Y2, V3 -, yny expressing overpressure, pOSItlve {Pf(yl)| Pf(yz), e Pf(yj)’ e Pf(yn)} formed. The
duration, impulse, etc.n{ =1). Then the relative Iatte.r samp!e can be used to compute a .bootstrap
number of the failed components and so the degreeonfidence intervall0,P;[ for P. The closer is the

of damage to SC can be estimated by a conditiona\IJpper limit P, to unity, the larger number of SC

probability of failure of an individual component: .
components should be expected to be lost in case of

P (y) =P, D, |y) 1) an explosion. Consequentlyp, can be used as a

conservative measure of the damage to a blast wall.
whereD; is the random event of damage to an SCThe interval estimate]O,P;[ comes from the

component related to the failure mode(the ith  ¢jassical, Fisherian statistics. If necessary straple
damage event, in brief). The functi®iy) is known v can pe used to estimal in a Bayesian format,

in SRA and QRA as a fragility function and itS namely, by a conservative percentile of a posterior
argumentsy are called the demand variables (e.9.,(jstribution obtained by applying[7], [18].

[15]). o _ The form of the samplg assumes that there are no
If the blast wave characteristics are uncertain ang,ncertainties in the datg This assumption may not
represented by a random vectorthe unconditional  pe correct in a number of cases. For example eif th
probability of SC component failure, can be pjast wave characteristics are not directly rectiide
expressed as a mean value of the fragility funCt'Onexperiment but are obtained by means of a

P{Dwith a random argumen¥ namely, mathematical modelling, the elements yofcan be
uncertain (fuzzy). Uncertainty in an individual
P :jy P (y) fy(y)dy=E, (P (Y)) 2) element ofy, say, the elemertcan be quantified by

an epistemic probability distribution with the dips
fi(y) [9]. A one-dimensional visualisation of a crisp

wherefy(y) is the joint probability density function of and uncertain data pointg and f(y) is shown in

Y. (2) is a standard definition of a failure probiypi
widely used in SRA. The problem of estimatiRg
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Figure 1 The interval estimation ofs is possible the Bayesian estimation &%, the failure probability
also with the uncertain, as shown in the nextsaecti  can be estimated by a Fisherian confidence interval
computed by means of a simulation-based procedure
3. Dealing with uncertainties in the explained in the remainder of the present section.
mechanical model of sacrificial cladding An estimate ofP; can be obtained by computing

estimates of the fragility function valu 16,
In the case where the damage everiXsre backed gty AT

by the model(sjn, the fragility functionP((y) can be  for all n elementsy; of the sampley and the values

expressed as 4. of the parameter vecta@® generated fromi{ 6 or
7{0| data) k = 1, 2, ... ,N). This will require to
P (y) =P, (m(Z,y|6) < 0)) (4)  estimate the fragility functiomxN times. Thekth

loop of the estimation ofP; should start from

whereZ is the vector of random input variablgis ~ sampling the valué. For each§,, the estimate

the vector of parameters of the modelneQl The  of R(y,|6,) should be computed for all elements of
random safety margim(Z,y |6 is a standard y and grouped into the sample
function of SRA, in which the vectaZ and so the . . . . .

function my express the stochastic uncertainty (e.qg., Pe ={Pj.J=1.2...nt. An illustration of three
[11]). The uncertainty modelling prevailing in QRA elements ofp, is given inFigure 2 The samplep,
requires to consider an epistemic uncertainty édlat can be used to calculate a one-sided bootstrap
to the parameter vectdt(e.g., [1]). This uncertainty confidence interval0, p,[ for Pr. A repetition of this
can be expressed by a random ve@owith a joint a5 times will yield a sample consisting b
density 7(6). One or more components &f can be upper limits of the confidence interval, namely,{,
used to express uncertainty in the accuracy of the _ . .

. ) . . =1, 2, ... ,N}. This sample will express the
modelm(jl One can _mterpref[ th? eplstgmlc dens'tyepistemic uncertainty related to the upper limit of
lﬁ?ag | tha?[ IZZs?ir?r;ﬁ;o?;Stg?yéfl \avg:/(\/:h dactgn Tbhithis interval (see the abscissa axisFigure 2. A
the posterior density will have the form@| data). onservative percentﬂet of this sample, SByuo.apa) _
With the random parameter vect@, the fragility ~ €&" be used as the final result of the conservative

function P(D; |y) becomes an epistemic random €Stimation of the failure probabilify.
variable defined as In the case of the uncertain data expressed by the

densitiesfi(y), the procedure of the estimation f

~ _ _ can be applied in a similar way, with the differenc
P (y) =P (y1©)=PU;(m(Z,y|0)<0)) (5) that some numbeé¥, of the sampleg, = {y, Y2, -

Yii, ..., Ya} Will have to be sampled from the
An illustration of the random fragility function distributions fy) G = 1, 2, ... ,n). A one-

|5'f (y) is shown in Figure 2 This illustration dimensional illustration of the sample elemgpts

iven in Figure 1 The procedure shown in Fig. 4
assumes that the vectgrhas only one component, 9 : o ;
for instance, the positive overpressure of theShOUIOI be applied to eagh. A repetition of this

reflected blast wave processN, times will yield a sample of confidence

The typical approach to dealing with epistemic Merval limits, {p,, k =1, 2, ..., NxN}. A
uncertainties in fragility functions is establishin Percentile of this sample, sapym,p.ep1y May serve
confidence bounds around the point estimates O0fs a conservative estimate & Clearly, the
fragility curve or median fragilities (e.g., [L15Most  estimates Panmospy Will tend to be more
authors consider the confidence bounds the final ) - o
result of analysis. However, a further propagatén Cconservative thampyyp g, because the variability
the epistemic uncertainty quantified by is  of the limits p, will be larger in the former case than
necessary to estimate the failure probabiiy In in the latter.

case where the explosion demand represented by

the small-size samplg, the estimation oP; can be 4. Case study

expressed as an estimation of a mean of fragility

. . : = The estimation of the SC failure probabiliy will
function values with uncertain (fuzzy) dag (y; ) be illustrated for a blast wall intended to protect

(=1, 2, ... n). Such data can be used for updating aagainst a railway tank car explosion known as
Bayesian prior distribution expressing epistemic b0|||ng_||qu|d expanding vapour exp|osi0n
uncertainty inPr [18]. However, if a development of (BLEVE). The tank car is used for a transportation

a prior forPs is problematic or there is no interest in

261



Vaidogas Egidijus Rytas, KiseZauski¢ina, Juoceviius Virmantas
An assessment of reliability of a blast wall udingted statistical information on blast loading

liquefied propane. Me_cha_nlcal effects of BLEVE :upl,max(z’y|®)_upl,dyn(zly|®) (6b)
occur as blast and projectiles [19]. The preseseca
study will consider the blast loading only whereas B
the protection against projectiles will be addredsse where 2=(2125.25.24 ) and
brief at the end of this section. 0=(0,,0,,..,05) are the vectors used to model
The object to be protected by the blast wall is aaleatory and epistemic uncertainties, respectively
diesel fuel tank ("target”) located 63 m form extar  (Table 3;  pg()), Upmad-) and Uuyad:) are
railway tracks igure 9. The worst case scenario deterministic functions used to compute quantities
will be considered, according to which the angle ofgiyen in (6).

incidence of the blast wave will be equal to 90
degreesKigure 3. The fuel tank is surrounded by a
protective embankment used to stabilise the blast
wall. The wall is to be built from non-sacrificial
posts and SC consisting of profiled steel sections

(Figure 4.

A;A Explosion centre

————————

106 R _-see Fig. 7
® Blastwall_ | * f
Target 0.0 ds e fye
A ; %\ /2.4 A ﬁ

1é 145 - The range of unsafe projectile trajectories
T ™ 48.5

_ 63

Figure 2 The elevation of the accident situation (see
Figure 3

Figure 3.The plan of the potential accident site
The elementsy; = (v, y5) of the sampley will

consist of overpressurgs, and positive phase ) - ’ Blast ‘ &8

durationy, of the reflected blast wave, respectively. [ A

Experiments which could yielgd are very expensive. .

Thereforey was obtained by calculation and not by | J 3 5

a direct recordingy;. The real-world statistical N\ e s ‘

sample used in this case study was compiled from 30° N | the

data pairs Xy, X3), Wherexy;; and x; is weight and P /~ ! ?3&—/@7

pressure of liquefied propane in the tank ¢ar “E_\ O T (9 —
= Anchors Z=L AnchorsM

respectively Table 1 Cols. 2 and 3). The pairs =
(x4, %) were used to calculate the mass of Figure 4 Details of the blast wall: (a) vertical
trinitrotoluene  (TNT) which could cause an section; (b) profiled steel section; (c) view froine
explosion with an energy equivalent to the enerfgy 0 pack showing a safety net; (d) plan

BLEVE (Table 1 Col. 4) [19]. The TNT mass and

the explosion stand-off equal to 48.5 m were used t probability distributions of the componentsdand
calculatey,; andy; by applying a standard empirical @ were chosen partly on the basis of information on
model developed for TNT [10]T@ble 1 Cols. 5 and  natural variability of the quantities used in the
6). analysis and partly on the basis of subjective
Two random damage everils andD; related to the  reasoning. Cross-sectional dimensions of profiled

maximum dynamic response of profiled sections andsections are considered to be fixed (deterministic)
backed by the respective safety margmsand m, quantities Figure 4b).
expressed by (6) will be considered. The fragility

function P«(y) will have the form P(D,UD, |y )

The safety margins expressed as functions of random
variables present in the mechanical model of prdfil
sections have the form

m(Z,y|0) =pe(Z]0)-Yy, (6a)
m,(Z,y|0) =
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87.,0,w
Table 1 Characteristics of the reflected blast wave Pr(Z10) = 22—1eI@4@5 (7)
le(Z1,0,)l
yy andy;;
J | X, kg | X,kPa | TNT, kg yi, kPa| yy, ms where Ig(-) is the effective spanwg is the
1 2 3 4 5 6 deterministic elastic section modulus depending on
1 | 60939 | 2575 83.29 13.51 35.45 the cross-sectional dimensions$; is the cross-
2 | 57566 | 2462 90.30 14.04 35.69 sectional width Figure 4.
3 | 57419 | 2395 77.14 13.04| 35.22 The maximum plastic dynamic deflection capacity is
4 59472 2602 99.41 14.69 35.97| given by
5 54108 2453 73.21 12.72 35.07|
6 56751 2312 66.63 12.18 34.80 5 @IZ(Z 0.)
7 | 61307 | 2615 | 71.69 | 12.60[ 35.01 Upmax (Z, Y @) = — P 80«
8 | 50950 | 2264 | 89.97 | 14.01| 35.67 48 0.5Z;h
9 55176 2572 74.78 12.85 35.13 0,06,
10 | 58094 | 2531 | 73.30| 12.73] 35.07 XTIL‘(ZDZZ'ZMyl-yZ 16,,05,0,,05) (8)
11 | 57839 2446 83.50 13.53 35.45 E

12 | 58116 2270 52.10 13.42 35.40 ) )
13 | 57777 | 2424 83.45| 1352| 3545 where u(-) is the function used to compute the

14 | 60724 | 2457 79.33 | 13.21| 35.3d  ductility ratio and given by
15 | 56333 | 2411 | 77.83| 13.09] 35.25

16 | 55878 | 2193 | 71.71| 1260 35.01 w(Z,Y |0@)=
17 | 59339 | 1922 | 64.05| 11.96] 34.69
2,7
18 | 52549 | 2301 | 64.18| 11.97| 34.70 :@zq)(ﬁ, Pa(Z1:Z, |@1’@3’@4’@5)] (9)
19 | 59697 | 2364 | 82.32| 13.44| 3541 Z, Py (V1)

20 | 59215 | 2406 74.52 12.83 35.12

21 | 60088 | 2492 86.58 | 13.76] 35.56  where ¢(-,-) is the function fitted to the graphs
22 | 55379 | 2581 | v8.12| 13.11] 352  developed by in the book [2] and used for retrigvin
23 | 58567 2502 71.68 12.60 35.01 values ofu(-).

24 | 53204 | 2613 | 73.93| 12.78] 3510  The dynamic plastic deflection due to the blastiloa

25 | 57594 | 2204 81.13 13.35 35.37 is computed using the following expression
26 | 58586 2355 70.36 12.49 34.95

27 | 53499 | 2461 | 78.41| 13.14| 35.27 .
28 | 51802 | 2508 | 79.44| 1322| 35.31 u, . (Z,y|@) = PN oy )
29 | 57106 | 2351 | 68.00 | 12.30] 34.86 PlLaymy = 3847, 2

30 | 55286 | 2471 | 83.16| 1350 35.44

S whered(y,) is the dynamic loading factor computed
The probability distributions of the aleatory rando

variables Z; to Zz can be easily specified from
information on random properties of steel strucure
(e.g., [14]). The natural period of elastic viboatj
Z4, is considered to be an aleatory quantity because
can be measured experimentally. We assumed the 2ny,/Zs Y,

nominal value of this period, 3.4 ms, given by Lauc

et al.[12] to be a mean value of a normal distribution In the present case study, the ranges of the sample
of Z,. The probability distributions of the epistemic componentsy;; andy, are [11.6 kPa, 14.4 kPa] and
variables grouped into the vect@ were used to [23.0 ms, 25.8 ms], respectively.

express uncertainty related to parameters of thd-igure 5 shows a histogram of the sample
models pr(-), Upma{-) and Uyad-). These {p,,k= 1,2,.,500} obtained by generating 500
distributions quantify the doubts expressed by laouc | 5 ,es . and applying the procedure described

etal. [12] and Juocevius and Vaidogas [8] about ,p4ve N = 500). Exceeding the maximum dynamic

quantities represented Iy _ plastic deflection (the everd,) was a dominating
The functions on the right-hand side of (6) areellas t5jj,re mode and this failure determined the

on a mechanical model of profil_ed sections pmpo.seq:onfidence limits B, . The 98' percentile of the

by Loucaet al. [12]. The dynamic pressure capacity B _ _

is given by above sample,pypopyy, IS €qual to 0.263. This
value is a conservative estimate of the SC failure
probability Px. It means that less than 26.3% of

1-cos@nt/Z,) +
o(y,) =max _sin@rt/z,) _t |0stsy, (11)
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Table 2 Aleatory and epistemic random variables usetienainalysis of the blast wall shownFigure 4

Description and notation Mean/coeff. Probability
(notation used this studynotation from the original text by Louea al.[16]) of variation distribution
Aleatory random quantities (component<Zpf
Span (spacing of postg) =L (m) (sed-igure 49 2.0/0.005 |Lognormal
Static yield strength of profiled section stegl= p, (MPa) 554/0.11 |Lognormal
Modulus of elasticity of profiled section steg},= E (GPa) 200/0.06 |Normal
Natural period of elastic vibration of profiled seos,Z, =T (ms) 3.4/0.05 Normal

Epistemic random quantities (component&hf

Enhancement factor for steel strength = y; the uncertainty ir®, was modelled by
the expression 1 Ax&" (4 = 0.12)

The factor of uncertainty related to the model wétdity ratio i, & 1/0.04 Normal N(1, 0.04)

Reduction factor for stiffness of profiled she€%,= fi; the uncertainty ire; was
modelled by the expression Ux&”~ (4 = 0.3); the mode of is equal to 0.85

Reduction factor for transverse stress effégt= fc 0.99/0.085 | Beta Be(70, 1)

Reduction factor for flattering of cross-sectia@®,= f; the uncertainty iré; was 0.933/0.038
modelled by the expression Ux&"~ (4 = 0.2); the mode of is equal to 0.952 |2
" Spaethe [14]7 This linear transformation is used to obtai*rla Ristribution defined on the interval |1, 1.12[ whi
covers potential values of the strength enhancefaetdr [8];  This linear transformation is used to obtain a Beta
distribution defined on the intervad [ 1]

1.012/0.011|Beta,& ~ Be(1, 9)

0.85/0.05 |Beta,&~ Be(3, 6)

Beta,é ~ Be(2, 4)

profiled sections will be destroyed (“sacrificiedt) 180
case of an explosion. This percentage can be ctlange o}
as needed by redesigning SC, say, choosing a o}
different profiled section. 120k
A BLEVE produces high-energy projectiles
generated by a rupture of tank car vessel [19F It
highly probable that the blast wall under studyl wil
have to sustain an impact by some of them.

100

Frequency

80

60

Therefore, the height of the wall will be goverrgd aor
unsafe trajectories of potential projectil&sgre 2. 20¢
The profiled sections will not be able to stop &rg 0

0.257 0.258 0.259 0.260 0.261 0.262 0.263 0.264 0.265 0.266

projectiles and, in our opinion, a safety net stidag
added behind the claddingigure 4candd). The net
can be designed to sustain not only primary Figure 5 Histogram of the sample p,, k=1, 2,
projectiles from vessel rupture but also profiled 500}

sections which will fail under blast loading and/or

projectile impact. The space between cladding andy conclusions

safety netgne, should allow to reach the maximum

dynamic plastic deflection of the profiled sections The design of sacrificial cladding (SC) for blastiwa
Upmax (Figure 49. As this deflection is a random deployed as protection against accidental explssion

quantity, the value of,.; can be chosen by reducing has been considered. Such a design may face
the probability P(Uy e (Z,Y]0) 2 5,z ) t0 SOMe considerable uncertainties related to potentiastbla

Il and tolerabl | loading. The behaviour of SC components subjected
small and tolerable value. to blast loading may also be uncertain to a large

The horizontal cables of the net can span over egree. A consistent quantification and propagation
several posts. Cable ends can be anchored in rigide " <o ncertainties is possible by combining

towers _ distributed  along the barrieiFigure 3. methods of structural reliability analysis and

Additional anchors can be added where the C‘F"bleauantitative risk assessment. An application os¢he

C[Oksj't trle trp])ostsFt(gure d4q. t:]-hisl V(\j'gl addH extra  methods to an analysis of SC components can yield
stabrlity t0 the posts and so the cladding. HOWEEEr ., agtimate of probability of their failure undéadi

getaile(;jtgesign of Sfi];?ty net, r{[ozts, and towers WaIoading. This probability can be used as a measire
eyond the scope of this case study. explosive damage to SC provided that the SC
consists of nominally identical components. A

Failure probability
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component failure probability will be proportiorial

the relative number of the components which may

fail (be “sacrificed”) in case of an explosion.

An estimation of the SC failure probability will [9]

require to specify a probabilistic model of blastwe
characteristics. Such model can be difficult toadibt

concrete and reinforcing steel: towards
developing a predictive modeMechanika 1,
5-12.

Kelly, D.L. & Smith, C.L. (2009). Bayesian
inference in probabilistic risk assessment — the
current state of the arReliability Engineering

as post-mortem data on accidental explosions are and System Safedg, 2, 628—643.
rarely available in the amount allowing to comgle [10] Krauthammer, T. (2008).Modern Protective

statistical sample for fitting the model. Howewéne

Structures CRC Press, Boca Raton.

SC failure probability can be estimated withoutrsu¢11] Lemaire, M. (2009)Structural Reliability ISTE,

model. A sample of blast loading characteristics

London.

recorded in experiment or estimated by explosi¢n?] Louca, L.A., Boh, JW. & Choo, Y.S. (2004).

simulation can be directly applied to the probapili
estimation. The size of this sample can be smaithfr

the standpoint of the classical statistics. Such
estimation can be carried out by a simulation-bas@d®]

propagation of stochastic and epistemic unceresnti

through a fragility function developed for an SC
component. The estimate will have the form of a

one-sided

confidence interval of the

probability. The upper limit of this interval careb

used for making decisions concerning the degree of
the damage to SC which may be caused by [d5]

explosion.
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