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Abstract

The main aim of this doctoral thesis is to gain insight into the role of building cladding to mitigate blast
effects on the supporting structure. This can be achieved by utilizing two different mechanisms, i.e., the
mechanism of inertial resistance and the mechanism of plastic energy absorption, which, if properly
exploited, may lead to the same result. More specifically, the initial blast load profile on the cladding is
converted from a high-amplitude and short-duration time history into a lower-amplitude and longer-du-
ration time history of the dynamic reactions of the cladding that are transferred to the supporting struc-
ture. In this way, the load demand on the supporting structure is decreased, thus reducing its deflections,
increasing the chances of maintaining its integrity, achieving life safety, and limiting damages. The
mechanism of inertial resistance is activated through increased mass and decreased stiffness in the
cladding, while the mechanism of plastic energy absorption is activated through plastic strains in the
cladding.

In this context, a combined numerical, analytical and experimental investigation of the capacity of clad-
ding to mitigate blast effects is performed. The investigation is conducted along four distinct lines of
action. In the first one, the influence of cladding mass, stiffness, ultimate resistance and ductility on the
supporting structure is theoretically explored. In the second, the influence of cladding membrane action
on the supporting structure is researched. Next, the results of the theoretical investigation are verified
with the experimental investigation of two steel cladding types and the respective numerical models are
validated. Finally, a methodology is proposed for the calculation of the potential of any cladding to miti-
gate blast effects on the supporting structure, when subjected to a variety of blast loadings.

Hence, the originality of the doctoral thesis and its contribution to the advancement of engineering prac-
tice is multilevel. More specifically, novel scientific conclusions are extracted and guidelines for structural
engineers are formulated about the properties that cladding should have in order to offer increased
mitigation potential capabilities. The above are initially verified with an experimental investigation of two
steel cladding-to-girt systems. The relevant numerical models are validated on the basis of experimental
results, and guidelines for the preparation of proper, detailed numerical models regarding blast loading
are presented. Finally, a methodology is developed for the direct comparison of different cladding types,
in order to estimate their strength characteristics and mitigation potential capacity of the blast effects on
the supporting structure.
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NepiAnyn

AvTIKEiyEVO TNG TTapoloag dIBAKTOPIKAG d1aTpIBAG atroTeAei n dlgpelivnon TnNg duvaTtdTNTAG TWV OTOI-
XEiWV ETIKAAUYWNG TWV KATACKEUWY VO PEIWVOUV TIG GUVETTEIEG EKPMEEWV OTOV UTTOKEINEVO QopEa. AuTh
n duvatoéTnTa TNG ETMIKAAUWNG UTTOPEI VO TTPAYHOTOTTOIEITAl JEOW OUO EEXWPIOTWYV UNXAVIOUWY, Ol O-
Troiol, epoéoov aglotroinBolv KatdAAnAa, uTTopouv va odnyrnoouv o€ Kolvd atroTéAeoua. MpdkerTal yia
TOV UNXAVIOPO adpaveiaKkng avTioTaong Kal ToV unxavioud TTAACTIKAG atroppo®nong evépyelag. Mo ou-
VYKEKPIUEVA, N XPOVOIOTOPIO TNG AOKOUUEVNG TTIEONG ETTI TNG ETTIKAAUWNG YETATPETTETAI ATTO UWNAAG TIWAG
Kal oUvTouNG BIAPKEIONG O€ PIA XAPNNAOGTEPNG TIUAG KAl HEYaAUTEPNG BIAPKEIOG XPOoVoIoTopia TWV avTidpd-
OEWV OTNPIENG TNG ETTIKAAUYNG, OI OTTOIEG ATTOTEAOUV POPTIa ETTi TOU UTTOKEINEVOU @opéa. Me auTov Tov
TPOTTO, UEIWVETAI N ATTAITNON OTOV UTTOKEIPUEVO QOpEa Kal, dpa, PEIWVOVTAI Ol TTAPAPOPPWOEIG TOU, Kal
au&davovrai ol MeavéTnTeg dIaTAPNONG TNG AKEPAIOTNTAG TOU, dIACPAANIoNG TNG TTPOCTAGIOG ThG AvOpw-
Mvng (WG, Kal TTEPIoPIGPOU TwV BAaBwyv. O unxaviouog adpaveiakng avtioTaong EVEPYOTTOIEITAl JETW
auénuévng padag Kal EIWPEVNG OUCKAUWIAG TNG ETTIKAAUWNG, EVW O UNXAVIOUOG TTAACTIKAG aTToppO®n-
ONG EVEPYEIOG EVEPYOTTOIEITAI HEOW TTAAOTIKWY TTAPAPOPPWOEWV TNG ETTIKAAUWNG.

MNa Tov oKOTTd auTd, TTPAYHATOTTOIEITAI OUVOUAOUOGS apIBUNTIKAG, AVAAUTIKAG Kal TTEIPAUATIKAG dIEPEU-
VNONG QUTWY TWV duvaTOTHTWYV TWV CTOIXEIWV eTIKAAUWNG. H digpelvnon yivetal o€ TEGOEPIG BIAKPITOUG
agoveg. Z1ov TTPWTO Gfova avadnreital BewpnTIKA 0 TPOTTOG ETTIPEONG TNG ETMKAAUYNG HECW TwV dUO
MNXAVICPWY Kal TWV (WVWV EVEPYOTTOINOAG TOUG, KOBWG Kal TNG GUPPBOANG TNG alag, TNG duoKapyiag,
TNG AVTIOTAONG Kal TNG OAKINOTNTOG. XTN OUVEXEIa avalnTeital BewpnTIKA o TPOTTOG ETTIPPONG TG PEU-
Bpavikng AciIToupyiag TNG ETTIKGAUWNG OTN CUUTTEPIPOPG TOU UTTOKEIUEVOU Popéa. ETov TpiTo dfova eTTi-
BeBaiwvovTal Ta BewpnTIKA CUPTTEPACHATA HEOW TTEIPAUATIKAG dlEpeUvnonG o€ dUO TUTTOUG ETTIKAAUYWNG
atrd dopIKO XAAUBa Kal TTIOTOTTOIOUVTAI Ta ATTOTEAEOHUATA TWV APIBUNTIKWY TTPOCOMOIWMNATWY. TEAIKA,
TrpoteiveTal yeBodoAoyia pEow TNG OTToIag PTTOPEI va UTTOAOYIATEI N duvaTdTNTA WIAg ETTIKAAUYNG va
00nyei o€ PEiWON TWV CUVETTEIWV €KPNENG OTOV UTTOKEIUEVO opéal.

Etmouévwg, n TpwtoTtuTria NG dIaTPIRAG KAl N GUPPBOAN TNG OTNV ETTAYYEAUATIKN TTPAKTIKN €ival TTOAUE-
TTTEdN. MNPOKUTITOUV TTPWTOTUTTA ETTICTANOVIKA CUUTTEPACUATA TTOU JETOUCIWVOVTAI OE TEXVIKEG 0ONnYieg
TIPOG TOUG PUNXAVIKOUG, 600V a@opd aTIG IBIOTNTEG TTOU TTPETTEI VA £XEI N ETTIKAAUWN YIA TNV ETTITEUEN TOU
OTOXOU HEIWONG TWV CUVETTEIWV ekpEewy. Ta TTapatrdvw emBeRaiwvovTal apyIKa JETw NG TTEIPApa-
TIKAG dlEpelivnong dUo ouoTnUdTWY eTIKAAUWNG—UTTOKEIYEVOU Qopéa. Me BAon Ta TTEIPANATIKA ATTOTE-
Aéopara, TOTOTTOIOUVTAl QVTIOTOIXA APIBUNTIKA TTPOCOUOIWUATA Kal SIATUTTWVOVTAI 0dnyieg ouvTagng



aAPIBUNTIKWY TTPOCOUOIWUATWY évavTl €KpNENG. TEAOG, diaTuTTwveTal HeBodOAOYIa yIa TN CUYKPITIKN O-
vaAuon d1a@opwyv €WV ETTIKAAUWNG £vavTl €KpNENG, TTPOKEIUEVOU va dIaTTIOTWOEI n IKavéTNTA TOUuG yia
MEIWoN TWV CUVETTEIWY OTOV UTTOKEIPEVO QOpEQl.
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Abbreviations and acronyms

2DOF
DOF
FE
FFT
FP
FSI
NTFEA
PI

PU
PVB
PSD
SDOF
SEA
TNT

Symbols

DLF
DLF;

DLF(T)
DLFo(T)

MP(T)
MPayg

Two degrees of freedom
Degree of freedom

Finite element

Fast Fourier transform
Front plate
Fluid—Structure interaction
Nonlinear transient finite element analysis
Pressure—Impulse
Polyurethane

Polyvinyl butyral

Power spectral density
Single degree of freedom
Specific energy absorption
Trinitrotoluene

Yield stress

Strain hardening coefficient

Reflection coefficient

Strain-rate effects coefficient

Dynamic increase factor

Dynamic load factor

Dynamic load factor of the in degree of freedom

Dynamic load factor of the dynamic reaction time history
Dynamic load factor of the original blast pressure time history
Modulus of elasticity

Moment of inertia of the i member

Moment of inertia

Load - mass transformation factor

Load - mass transformation factor of the in degree of freedom
Length of component

Length of the i member

Blast wavelength

Mass per unit area

Plastic moment resistance

Mitigation potential at the corresponding natural period
Mitigation potential mean across a range of natural periods
Axial resistance

Blast pressure
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P(t) Blast pressure time history

Po Positive peak pressure

P, Negative peak pressure

P Positive peak reflected pressure

P; Negative peak reflected pressure

Pr(t) Reflected pressure time history

Ps Positive peak incident pressure

Py Negative peak incident pressure

Ps(t) Incident pressure time history

Py Peak pressure as affected by ¢

Po(t, @) Pressure time history as affected by ¢
R Stand-off distance

R(t) Resistance time history

Ry Ultimate/Maximum resistance

T Natural period

T1 Natural period of the cladding

Te Duration of the first oscillation cycle

Ti Natural period of the it degree of freedom
Us Blast-wave velocity

Up Plastic energy dissipated per unit area
V(1) Reaction time history

w Explosive weight

z Scaled distance

ao Sonic sound speed in air

ai | Coefficients of the reaction time history
b Blast-wave decay coefficient

bi; Coefficients of the reaction time history
c Viscous damping coefficient

i Impulse

io Impulse at a specific PI combination

is Positive incident impulse

s Negative incident impulse

ir Positive reflected impulse

ir Negative reflected impulse

ip Impulse as affected by ¢

k Stiffness

kq Stiffness of the cladding

K11 Bending stiffness of cladding

K12 Zero stiffness along the horizontal branch of the cladding
K13 Membrane stiffness of the cladding

ko Stiffness of the supporting structure

ki Stiffness of the i spring

m Mass of a structural component or of an explosive (magnitude)
m; Mass assigned to the it degree of freedom
n Non-dimensional form of displacement
Nh Hudson's non dimensional length scale
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N Non-dimensional form of displacement of the it degree of freedom

n Non-dimensional form of velocity

n Non-dimensional form of acceleration

fi; Non-dimensional form of acceleration of the it degree of freedom
Niel Non-dimensional form of elastic displacement limit of the it degree of freedom
q Strain-rate effects coefficient

Js Dynamic pressure

S In-plane slippage

t Time

t1 Time of the reflected pressure appearance at the front wall

t2 Time of pressure appearance at the side walls and roof

ts Time of pressure appearance at the rear wall

t Time when the pressure time history reaches the stagnation pressure
ta Time of arrival

tq Equivalent blast duration

£ Positive phase duration

ty Negative phase duration

Wi Weight per unit length of the it member

X Displacement

X1 Yield displacement at the first yield point of the resistance function
X1l Elastic displacement limit of cladding

X1,mem Displacement of initiation of the cladding membrane action

X2 Yield displacement at the second yield point of the resistance function
Xedge Distance between the point of interest and the free edge of the setup
Xel Elastic displacement

Xi Displacement of the in degree of freedom

Xiel Elastic displacement limit of the it degree of freedom

Xmax Maximum displacement

Xmaxi Maximum displacement of the it degree of freedom

Xst Static displacement

Xsti Static displacement of the iw degree of freedom

X Velocity

X Acceleration

X; Acceleration of the i degree of freedom

Bn Beta factor for the Newmark method

YN Gamma factor for the Newmark method

o Deflection

On Hudson's time scale

Opunch Punch displacement

&l Plastic strain

Epl Plastic strain rate

4 Damping ratio

e Strain hardening coefficient

Om Maximum support rotation

u Maximum ductility ratio

¢ Non-dimensional form of time
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Chapter 1

Introduction

1.1. Background

Explosions are of great concern in modern societies, as they lead to severe damages and human cas-
ualties. More specifically, the blast loads exerted on structures due to external explosions are typically
of high amplitude and short duration, thus triggering different structural response mechanisms, com-
pared to response mechanisms resulting from more typical loads such as wind, snow or earthquake,
and causing structural failures. As a consequence, blast loads are critical for buildings in the vicinity of
possible explosions.

Explosions may occur due to aggressor attacks against buildings or due to human error in industrial
zones. There are numerous blast events in both categories which have historically attracted the attention
of the media and induced societal and government-wise setback.

Two representative examples regarding the category of aggressor attacks are the explosions at the
Alfred P. Murrah Federal Building in Oklahoma City, USA (1995) and the Khobar Towers in Dhahran,
Saudi Arabia (1996). In the first incident, a truck containing explosives equivalent to 1800 kg of TNT
detonated in close proximity to the target building. Approximately one third of the building collapsed
(Figure 1-1) and numerous other buildings in the surrounding area were destroyed or damaged (FEMA,
1996). In the second incident, a truck filled with explosives equivalent to 9000 kg of TNT detonated in a
parking lot next to a U.S. Military housing (Figure 1-2). In the aftermath, nineteen military personnel were
killed and severe damages were induced in the building (Grant, 1998).

Two representative examples regarding the category of human errors are the accidental explosions at
the Tianjin Harbour in China (2015) and the Port of Beirut in Lebanon (2020). In the first incident, an



2 Chapter 1

overheated container of dry nitrocellulose was the cause of the initial explosion leading to a series of
larger in magnitude explosions, which caused extensive destruction in the area of the warehouse (Yu
et al., 2022). The explosions were so intense that their hazardous consequences were observed hun-
dreds of meters away from the detonation centre (Figure 1-3). A similar pattern was also observed in
the second incident, where a large amount of ammonium nitrate was stored without proper protection
measures. The substance, which was equivalent to 1100000 kg of TNT, was finally triggered by a fire
and a stored stash of fireworks (Sivaraman and Varadharajan, 2021). The explosion that occurred was
so massive (Figure 1-4) that it was even felt in Cyprus (located more than 240 km away), forcing the
Lebanese government to declare a two-week state of emergency.

(b)
L'

j_k

Figure 1-1: Explosion at the Alfred P. Murrah Federal Building [reprinted from FEMA (1996)]: (a) Photo
before the explosion; (b) Photo after the explosion; (¢) Damage induced to the front side of the build-
ing; (d) Damage induced to the surrounding buildings

Getaway car

Fence and row
of concrete bar-

rlers Parking lot

Figure 1-2: Location of explosions with regard to the Khobar Towers [reprinted from Grant (1998)]
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Overpressure contour

@ 300m-111.07KPa

@ 500m-42.67KPa

1000m--15.81KPa

(e) - Damages at 500 m (f) - Damages at 1000 m

Figure 1-3: Damages from the explosions in the Tianjin Harbour [reprinted from Yu et al. (2022)]: (a)
Map of overpressure and damages; (b) Damages at 200 m; (c) Damages at 300 m; (d) Damages at
400 m; (e) Damages at 500 m; (f) Damages at 1000 m
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Mediterranean Sea

N 3 ¥ : .‘ e ; et
Figure 1-4: Damage around the Port of Beirut after the explosion [reprinted from Sivaraman and
Varadharajan (2021)]

There are various parameters affecting the likelihood and magnitude of both intentional and accidental
explosions, e.g., industrial activity, use of explosion-sensitive materials, integrity of equipment, public
policies, regulations, radicalization, extremism, organized crime, etc. Starting as a rare occurrence, ex-
plosions have evolved into a relatively frequent problem in regard to these reasons (Mlakar et al., 1998;
Abouzeid et al., 2020). Especially for aggressors, the frequency of attacks seems to follow an increasing
trend globally (Figure 1-5), with particular growth in underdeveloped countries. A large proportion of
these attacks occurs from explosives (Figure 1-6).
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14,000 @ Afghanistan, Pakistan
and Syria

Jeoan @ Nigeria

10,000 @ Iraq
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4,000
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Figure 1-5: Global aggressor attacks from 2000 to 2014 [reprinted from IEP (2015)]

1%

(b)
M Explosives and Incendiaries M Melee M Threats or Hoaxes
M Firearms W Other M Vehicle

Figure 1-6: USA aggressor attacks from 1994 to 2020 by threat type [reprinted from Jones and
Doxsee (2020)]: (a) Right-wing aggressor attacks; (b) Left-wing aggressor attacks; (c) Religious ag-
gressor attacks
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The reoccurring incidents have allowed the identification of blast intensity levels, the observation of
failure mechanisms and the assessment of the relevant consequences. The findings enabled the re-
search community and the public protection agencies to implement design strategies in order to effec-
tively mitigate blast loading, develop protection measures against explosions and improve life safety.

1.2. Blast resistant cladding

Typically, the first component that receives the blast load from an external explosion is the building
envelope, which may comprise of curtainwalls, windows, and generally other types of exterior wall clad-
dings. However, the usually applied cladding components (e.g., corrugated metal sheets or masonry
infill walls) have been proved to be inadequate, as observed in the recent Beirut explosion (Figure 1-7).
In the occasions of cladding failure, the blast wave entered the building and caused significant injuries
as well as extensive damage in the interior.

(@) (b)

Figure 1-7: Failures in the Beirut explosion [reprinted from Lekkas et al. (2020)]: (a) Metal sheets; (b)
Masonry walls

Thus, in an effort to maintain the strength of the building envelope, cladding components should gener-
ally have increased capacity for blast-resistant applications. Furthermore, cladding should be designed
in order to be able to block flying debris from entering the building interior as well as to sustain its
integrity. As noted by Dusenberry (2010), the latter is necessary because cladding may be converted
into pieces of hazardous projectiles (e.g., fragile glass panels) for the occupied space.

The application of these principles has become complex and cumbersome in blast engineering practice.
This is critical when investigating the response of building cladding susceptible to blast loads, i.e., in
high-risk structures, such as public buildings, military structures and industrial plants.

In this direction, special cladding systems (which follow the described design strategy) have been re-
cently researched and manufactured with the use of innovative materials (e.g., Figure 1-8) and geomet-
ric layouts (e.g., Figure 1-9). These systems have sufficient strength to withstand the corresponding
blast design pressure. Moreover, they exhibit significant energy absorption capacity that enables them
to deform in a ductile manner and, thus, deter the need to be designed elastically, which could lead to
increased cost.

Design of Cladding to Mitigate Blast Effects on the Supporting Structure
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Figure 1-8: Blast-resistant cladding manufactured with the use of innovative materials: (a) High-
strength sandwich panel [reprinted from Foamtech Global (2021)]; (b) Aluminium-foam blast-resistant
product [reprinted from Foamtech Global (2021)]; (c) FRP and CFRP panels with closed-cell alumin-
ium foam [reprinted from Beihai Composite Materials Co. Ltd. (2021)]; (d) Stone bonded to a honey-

comb matrix [reprinted from StonePly Co. (2022)]
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Figure 1-9: Innovative core layouts for blast-resistant cladding [reprinted from Fleck and Deshpande
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1.3. Problem statement and objective

As aforementioned, when buildings are subjected to an external explosion, the blast pressure initially
impinges the exterior cladding. The cladding should meet the described structural design criteria in order
to be sufficient for blast applications. In addition to these criteria, a recent design trend regarding the
cladding is its ability to enhance blast-resistant performance on the supporting structure, i.e., the com-
ponents where the cladding is supported to.

More specifically, after the impingement of blast pressure over the cladding, dynamic reactions from the
cladding supports are transferred to the supporting structural components, i.e., the components where
the cladding is connected to, and eventually to the structural frame of the building. Typical examples of
this application are the exterior cladding-to-framing system and the sacrificial cladding that is installed
as protection around a column.

According to Chengqing et al. (2011), Hanssen et al. (2002) a high amplitude and short duration blast
load can be converted into a reaction with lower amplitude and larger duration due to plastic energy
absorption and ductility. The reaction amplitude can thereby be decreased. Along with the plastic energy
absorption mechanism, inertial resistance to the blast pressure wave is also an important response
mechanism. As explained by Rutner and Wright (2016), energy absorption and inertial effects comprise
a duality. In some cases, mass and stiffness have a larger effect on the protected structure than energy
dissipation and may mitigate blast pressure without the need to enable plasticity.

In this context, there are some issues which need to be resolved in order to effectively implement the
described design trend:

= The range of possible cladding configurations, which could be applied over a building suscepti-
ble to blast loading, is vast. Hence, proper design guidance should be given with regard to the
cladding properties that could lead to effective mitigation potential.

= The results of the cladding-to-supporting-structure numerical models should be experimentally
validated in order to verify that they are realistic.

= A methodology is needed for evaluating the cladding mitigation potential of a designed cladding
with specific geometric and material properties, as there is no generalized way of examining the
effectiveness of a specific cladding type.

Observing these research gaps, the main scope of the present thesis is to offer further insight into the
structural behavior of blast-resistant cladding by:

a. Calculating with quantitative and qualitative diagrams the blast effects of cladding mass, stiff-
ness, ultimate resistance and ductility on the supporting structure.

b. Calculating with quantitative and qualitative diagrams the blast effects of cladding membrane
action on the supporting structure.

c. Experimentally investigating a steel-cladding-to-supporting-structure system with a real explo-
sion and employing the respective numerical model calibrated to the experimental results.

d. Describing a methodology for the generalized estimation of the mitigation potential of a cladding,
which could enable the direct comparison between different cladding types.

Thus, a combined experimental, numerical and analytical investigation is conducted in order to achieve
these research goals. Aim of this thesis is to develop novel scientific methods and tools, and to contribute

Design of Cladding to Mitigate Blast Effects on the Supporting Structure
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to structural engineering practice, regarding the response and design of cladding with blast mitigation
effects for the supporting structure .

1.4. Outline of thesis

The thesis is divided into nine chapters. Chapters 2 to 7 are considered to be self-contained. However,
a thorough study of the key concepts in blast engineering (summarized in Chapter 2) is suggested for
the readers who are not familiar with the basic concepts of blast effects on structures.

= Chapter 1: Purpose of the thesis

A brief introduction is made about the significance of cladding and its characteristics in relation
to blast-resistant applications. The capacity of cladding to mitigate blast consequences for the
supporting structure is highlighted as one of the main characteristics.

= Chapter 2: Basic concepts in blast engineering used throughout the thesis

Basic properties of blast loading, shock wave phenomena and their effects on structures are
presented in this chapter with an emphasis on the methods used for evaluating the load and
response parameters. A review of the performance criteria of cladding subjected to blast loading
is also given in association with the thesis research goals.

= Chapter 3: Mechanisms of cladding mitigation potential and notes from literature

Literature findings on the design trend of mitigating blast effects to the supporting structure are
explored and notes are made about the relevant activated mechanisms. Particular emphasis is
given on the works of other researchers about the mitigation potential of blast resistant cladding.

= Chapter 4: Study for the influence of cladding mass, stiffness, ultimate resistance and ductility

An extensive two-degrees-of-freedom (2DOF) parametric study is carried out for examining the
effects of cladding mass, stiffness, ultimate resistance and ductility to the supporting structure.
The cladding and supporting structure are represented by the 15t and 2™ degrees of freedom
(DOFs), respectively. The determination of the effects of these parameters are important for the
design of cladding components with mitigation potential capacity. It is noted that the cladding is
considered to be elastic-perfectly plastic with no membrane branch.

= Chapter 5: Study for the influence of cladding membrane action
The effects of the cladding membrane action on the supporting structure are investigated. The
membrane action is explored in two forms: (a) As the secondary stiffening phase of a cladding
with significant bending stiffness; and (b) As the main stiffness branch of a cladding behaving
as a membrane structure.

= Chapter 6: Experimental investigation of cladding mitigation potential

An experimental investigation on the response of a steel cladding and its supporting structure
subjected to a real explosion is presented. Finite element simulations of the aforementioned
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experimental test are presented for the calibration of the numerical model and the verification
of the results of the parametric studies.

= Chapter 7: Methodology for the evaluation of cladding mitigation potential

A design methodology for the calculation of the blast mitigation potential of a cladding compo-
nent is proposed. The methodology is implemented with the use of the reaction time histories
of a cladding component subjected to various combinations of peak pressure and impulse. It is
also generalized for all possible geometric and material types of cladding components.

= Chapter 8: Conclusions and contributions of the thesis

A summary of the conducted research, the conclusions, the contributions of the thesis and rec-
ommendations for future research are included in this chapter.

= Appendix A: Code fragments used in the thesis

Code fragments are included for the implementation of the Chapter 7 methodology and the
further theoretical investigation of the 2DOF studies of Chapter 4 and 5.

= Appendix B: Extended summary of the thesis in Greek

A summary of the introduction, primary findings and conclusions of the thesis are provided in
Greek for the benefit of native Greek readers. It is noted that the Institute of Steel Structures,
where the research was conducted, is a Greek institute belonging to the National Technical
University of Athens.
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Chapter 2

Blast loading and structural response

2.1. Introduction

When an explosion takes place, shock waves are generated. These waves have adverse effects over
buildings, as they are characterized by relatively high-pressure magnitude, accompanied with short du-
ration (in the order of ms). Multiple experimental tests and computational fluid dynamic models have
been performed in order to determine the characteristics and values of the corresponding blast pressure
time histories Karlos and Solomos (2013). Furthermore, building envelope generally affects the corre-
sponding blast wave. When encountering a sufficiently large structure, the blast wave is reflected. This
interaction between the building and the blast wave is a function of both the blast wave characteristics
and the dimensions of the structure. Thus, the pressure time history that is applied throughout the build-
ing envelope is accordingly modified (Cormie, Mays and Smith, 2009).

In addition, structural response of a building subjected to blast loading can be calculated through a
variety of methods, the most important of which are the Single-Degree-of-Freedom (SDOF) analyses.
These design methods are based on the evaluation of the component adequacy by considering the
dynamic nature of blast loading. A brief analysis of the aforementioned blast loading characteristics and
the blast effects over buildings is presented in this chapter. The analyzed theoretical background is
considered as known in the next chapters of the thesis.
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2.2. Blastloading
2.2.1. Pressure-time profile

Explosions are characterized by sudden release of energy, volume expansion and waves, which lead
to temperature and, most importantly, pressure increase (far beyond ambient pressure, which is approx-
imately 101.3 kPa). The pressure increase is referred to as overpressure.

Regarding the wave speed, explosions can be separated into two different categories: Detonations and
deflagrations. Detonations are characterized by sudden pressure increase (Figure 2-1), while deflagra-
tions are characterized by gradual pressure increase (Figure 2-2). The waves created from detonations
are shock waves, while the waves created from deflagrations are pressure waves. In detonations and,
in some cases, in deflagrations the pressure time history also includes a negative phase. The negative
phase exists due to the fact that the waves move the air forwards, thus leaving a vacuum (lack of air)
behind them, with pressure lower than the ambient pressure (negative pressure) (ASCE, 2010).

Pressure

Maximum pressure -----------

Positive phase

impulse
Negative phase
impulse
Ambient pressure - - ~—— T Time
Arrival time ! ! !
Positive phase Negative phase
duration duration

Figure 2-1: Detonation pressure time history

Pressure

Maximum pressure

Ambient pressure

- T T Time
Arrival time ! '

Duration

Figure 2-2: Deflagration pressure time history
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Impulse denotes the integral of pressure over time. By keeping the same positive phase impulse, the
same maximum pressure and neglecting the negative phase, the pressure time history can be idealized
with triangles in both cases of detonations and deflagrations (Hoffmeister et al., 2015). lllustratively,

these approximations are presented in Figure 2-3 and Figure 2-4.
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Figure 2-4: Equivalent triangle of deflagration pressure time history

Furthermore, pressure magnitude decreases as distance from the blast source is increased. The time
at which the wave reaches the corresponding object is referred to as arrival time. As observed through
Figure 2-5 (where the negative phase has not been included for simplicity reasons), the further the blast
source is, the larger the arrival time and the longer the positive phase duration is.

Design of Cladding to Mitigate Blast Effects on the Supporting Structure
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Pressure

A

Distance from blast source

Close-in detonation
— Mid-field range detonation
———— Far-field range detonation

Ambient pressure . » Time

Figure 2-5: Pressure time histories for close-in, mid-field range and far-field range detonations
2.2.2. Blast wave parameters

Blast waves are reflected when they face an object with sufficiently large dimensions. Buildings can be
such objects. Blast waves impinge on them and transfer part of their energy. The air is locally com-
pressed and due to momentum difference, pressure increases significantly. The increased pressure is
called reflected pressure, while the original pressure is called incident pressure. Incident pressure rep-
resents the pressure that is exhibited when the examined surface is parallel to the direction of blast
wave propagation. Typical differences between the two pressures are presented in Figure 2-6 in loga-
rithmic scale.

log(Pressure)
Reflected
pressure
Incident
pressure

> log(Distance)

Figure 2-6: Incident pressure and reflected pressure magnitude with regard to distance

Along with reflected pressure, dynamic or drag pressure, which is the pressure that refers to the velocity
of the air moving around the corresponding object, is also applied to buildings. The calculation of all
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these blast parameters can generally be performed through empirical expressions or diagrams, which
have been produced by experimental blast tests and/or computational fluid dynamics models. Such
diagrams are given in Figure 2-7 to Figure 2-10 about detonations with the use of scaled distance.
Scaled distance Z can be expressed by Equation (2-1). R and W stand for the stand-off distance and
the equivalent TNT mass, respectively.

R
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Figure 2-7: Positive-phase parameters of a spherical detonation (DoD, 2008)
The symbols refer to:

Positive peak incident pressure
Negative peak incident pressure
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Figure 2-8: Positive-phase parameters of a hemispherical detonation (DoD, 2008)

Detonations are generally described by a pressure time history that follows an exponential form [Equa-
tion (2-2)] at the positive phase (namely the Friedlander equation), while they follow the Cubic function
[Equation (2-3)], as found by Rigby et al., (2014) to be more precise, at the negative phase. As a whole,
the pressure time history P(t) is a function of time t, positive peak pressure Po, negative peak pressure
P, positive phase duration f;, negative phase duration t; and blast wave decay coefficient b.

P(t) = P, (1 — té) - exp (—b ti“L) (2-2)
d d
P(t) = —P; - (M) . <1 — (t;—_t‘;)) (2-3)
d d

2.2.3. Blast loading over buildings

As aforementioned, when a blast wave encounters with an object with sufficiently large dimensions, it is
reflected. The angle of incidence towards the object has a key role over the amount of reflected pressure
that will occur. In this context, reflection coefficient C; is defined as the ratio between the reflected pres-
sure and the incident pressure. C, can reach large values depending on the angle of incidence and the
value of incident pressure. An indicative representation of values of C; can be found in Figure 2-11. The
maximum value of C; is observed when the blast wave is perpendicular to the corresponding object and
the minimum value is observed when the blast wave is parallel to the object. It is worth noting that there
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is a peak of C; in the intermediate angles of incidence because of Mach reflection (Cormie, Mays and
Smith, 2009).
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Figure 2-9: Negative-phase parameters of a spherical detonation (DoD, 2008)

According to Hyde (1993), the reflected pressure and impulse can simplistically be calculated by the
approximations shown in Equations (2-4) and (2-5), regarding the angle of incidence ¢.

P, - (1 + cosp — 2cos?p) + P. - cos?¢,cosp = 0
Py = (2-4)
P, cosp <0
. (ig (1 + cosp — 2cos?@) + i, - cos?@,cosp = 0
i, = . (2-5)
¢ ig,cosp <0

Typically, structures are engulfed by the corresponding blast wave. The blast wave is diffracted around
them and squashes the exposed surfaces (walls and roof) of the building envelope. As shown in Figure
2-12, the pressure that is initially experienced at time t; is the reflected pressure of the front wall. This
pressure rapidly decays because blast wave passes around the roof and side walls until time t'. At time
t' pressure reaches stagnation pressure, which is the sum of the time-varying incident and dynamic
pressure. This is a process called clearing and its main function is the reduction of the impulse delivered
to the front wall. At time t, the side walls and roof are pushed inside by the blast wave pressure and at
time t; the blast wave reaches the rear wall, which is loaded by both the diffraction loads and the drag
loads.
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Figure 2-10: Negative-phase parameters of a hemispherical detonation (DoD, 2008)
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Figure 2-11: Effect of angle of incidence on the reflection coefficient (DoD, 2002)
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Figure 2-12: Blast loading on a rectangular-in-plan structure
2.3.  Structural response

Structural response to blast loading is highly dependent upon (1) the peak pressure, (2) the applied
impulse and (3) the pressure time history, as well as the characteristics of the structure itself (T). A brief
description of the dependency of structural response to the complex nature of the applied loading can
be found in this section.

Design of Cladding to Mitigate Blast Effects on the Supporting Structure
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2.3.1. Analysis of an elastic SDOF

The simplest possible case of a component subjected to blast loading is the case of an equivalent
lumped-mass SDOF model. This model is considered equivalent to an actual structural component, by
considering its displacement equal with the SDOF displacement. As shown in Figure 2-13, blast loading
P(t) is considered to be an equivalent triangular loading and refers to the resultant blast pressure, by
taking into account the corresponding tributary area of the element.

P(t) P(t)

A

>t
Figure 2-13: SDOF model and blast loading

In this case, the response R(t) of the SDOF (resistance time history) can be characterized by three
response regimes. These regimes depend on the ratio of the blast load duration tq to the SDOF natural
period T:

= t/T<0.1: Impulsive response
= 0.1<ty/T<10: Dynamic response
= 10 <tyT: Quasi-static response

As presented through Figure 2-14, the maximum displacement in the impulsive regime occurs after the
application of the blast loading is completed. On the contrary, the maximum displacement in the quasi-
static regime occurs before the blast loading ceases. In the intermediate region, the response is consid-
ered to be dynamic. It is worth noting that quasi-static response is dictated only by peak pressure P,
while impulsive response is dictated only by impulse i, as calculated by Equation (2-6).

1
i =E'Po'td (2'6)

In this context, useful conclusions can be drawn with regard to the dynamic response of the elastic
SDOF in comparison to the static response (i.e., the response of the elastic SDOF as if blast loading
was applied statically). This comparison can be illustrated with the use of the Dynamic Load Factor
(DLF), which is calculated by the ratio of the maximum dynamic displacement xmax to the static displace-
ment Xst.. As observed in Figure 2-15, the maximum DLF is 2.0 and it appears as the quasi-static asymp-
tote. On the contrary, DLF at the impulsive asymptote is a function of the ratio of blast duration to the
SDOF natural period. This function can be expressed through Equation (2-7).

Doctoral Thesis of Orestis K. loannou NTUA 2022



Blast loading and structural response 21

Xmax td
DLF = —=mn-— -
Xt T T (2-7)
A
Resistance R(t)
Force P(t)
(a)
>t
Force P(t)
(b)
Resistance R(t)
—_—
>t
Force P(t)
Resistance R(t)
(c)

/A NSE—
\V

Figure 2-14: Response of an elastic SDOF subjected to blast loading: (a) Quasi-static response; (b)
Impulsive response; (c) Dynamic response
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Figure 2-15: DLF of an elastic SDOF subjected to a triangular detonation blast loading
2.3.2. Analysis of an elastic-perfectly plastic SDOF

When designing a component against blast loading, there is the option of designing it not to enter into
plasticity and behave elastically. However, this approach generally leads to large section properties and
overconservative designs. A way to overcome this issue is to design the components with elastoplastic
response exhibiting acceptable plastic strains.

As shown by Biggs (1964), if the aforementioned elastic SDOF is replaced by an elastic-perfectly plastic
SDOF with maximum resistance Ry and ductility u = Xmax/Xel, the diagrams of Figure 2-16 and Figure
2-17 occur. Elastic displacement is denoted by xe. The diagrams refer to detonation and deflagration
blast loading, respectively. Furthermore, they are shown in a non-dimensional form by using the ratio of
blast load duration to the natural period t4/T in the horizontal axis and the ratio of maximum resistance
to peak pressure Ru/P, for the distribution of the curves. It is noted that ductility can reach large values
for low R./P, ratios, which are not acceptable for structural applications, while for R./P, = 2, the same
curve as the one of the elastic SDOF is presented. Thus, the response of an elastoplastic component
subjected to blast loading can be quickly estimated by using these diagrams.

2.3.3. Strain-rate effects

When it comes to blast loading, the duration is extremely small (in the order of ms) and the strain rate,
which appears over the respective structural components, is high. It is well known (Dusenberry, 2010)
that increased strain rate leads to higher strength characteristics in construction materials, such as
structural steel or reinforced concrete.

In order to account for the strain-rate effects, a modification can simplistically be applied with an increase
factor to the strength of the corresponding components, namely the Dynamic Increase Factor (DIF).
More sophisticated material laws, calibrated with experimental tests, can also be used. Such a plastic
flow material model is the Cowper-Symonds (1957) strength model, as expressed through Equation
(2-8), with o being the plastic stress, &y being the plastic strain and &, the plastic strain rate. It comprises
of the Johnson-Cook (1983) model for the hardening effects (through yield stress A and hardening co-
efficients B, 68) and the Cowper-Symonds coefficients D, q for the strain-rate effects.

Doctoral Thesis of Orestis K. loannou NTUA 2022



Blast loading and structural response 23

Epr 1/q
o =(A+B-sgl)-<1+(%) ) (2-8)
100.0 VARV Ru/Po
/ ’ 0.1
50.0 ’ // 0
. - — =03
/ —— — — 04
// —_————().5
/ —_——06
/ ——07
20.0 £ —--—038
s — 0.9
0 et 1.0
—— _12
10.0 - ———15
// —— —_— 2 0
.//
.//
50
xﬂ)
~
5
g
k: [ B— i
2.0
10 S // S —— _
0.5
Xmax
0.2
0.1
0.1 02 0.5 1.0 2.0 5.0 100 200  40.0
t/T

Figure 2-16: Ductility of an elastic-perfectly plastic SDOF subjected to triangular detonation blast load-
ing (Biggs, 1964)

2.3.4. Response limits

The adequacy or not of structural components subjected to blast loading can generally be determined
by a variety of engineering demand parameters, which may be maximum displacement, maximum sup-
port rotation, maximum plastic strains, maximum ductility, etc. The values of these parameters and the
respective limit states are prescribed by structural guidelines, client requirements or detailed damage
analyses.

As an indicative example, the response limits regarding the case of steel cladding are presented in Table

2-1 to Table 2-4, with 6, being the maximum support rotation, as calculated through Equation (2-9), and
L being the length of the examined component.

6, = tan™! (’CL’”%) (2-9)
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Figure 2-17: Ductility of an elastic-perfectly plastic SDOF subjected to triangular deflagration blast
loading (Biggs, 1964)

Table 2-1: Response criteria for explosive safety design (DoD, 2008)

Category 1 Category 2
u Om u Om
Structural steel plates 10 20 20 120
Cold-formed wall panels without ten- 175 1 250 ) )
sion membrane action
Cold-formed wall panels with tension o
membrane action 6 4 ) )

Category 1: Attenuate blast pressures and structural motion to a level consistent with personnel tolerances
Category 2: Protect equipment, supplies, and stored explosives from fragment impact, blast pressures, and
structural response
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Table 2-2: Response criteria for upper bound of each damage level (PDC, 2008b; Dusenberry, 2010)

U Bm

Moderate Heavy Hazardous Moderate Heavy Hazardous

One-way corrugated

3 6 12 30 6° 100
metal panel

Table 2-3: Response criteria for antiterrorism design (PDC, 2008a)

Superficial Moderate Heavy Hazardous

u Om u Om H Om Hmax Om

Corrugated panel (1-way) with full
tension membrane

Corrugated panel (1-way) with
some tension membrane
Corrugated panel (1-way) with lim-
ited tension membrane

Built-up blast doors (composite
plate and stiffeners)

Plate blast doors (solid) 3 10 20 6° 40 120 ) )

1 () 3 30 6 6o 10 120

1 ¢ ) 1° ¢ 4° ¢ 8°

() 18 1.3° 3 20 6 40

=

3 10 10  6° 20 120 ) )

Table 2-4: Response criteria for blast-resistant design of petrochemical facilities (ASCE, 2010)

Low response Medium response High response
H Om M Om H Om
Steel plates 5 3° 10 6° 20 120
Cold-f_ormed light-gage steel pan- 175 1 250 3 20 6 40
els (with secured ends)
Cold-formed light-gage steel pan- 1 ) 18 130 3 20

els (with unsecured ends)

2.4. Conclusions

A brief introduction into blast loading and its effects on structures was presented in this chapter. The
following information was discussed:

= The actual and equivalent blast pressure time histories.

= The interaction of a building with a blast wave.

= The response of an elastic SDOF subjected to blast loading.

= The response of an elastic-perfectly plastic SDOF subjected to blast loading.
= The strain-rate effects of blast loading with relevant material models.

» The response limits to blast loading with emphasis on steel cladding.

The presented theoretical background is used throughout the thesis.
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Chapter 3

Mechanisms for cladding mitigation
potential and literature review

3.1. Introduction

A description of the mechanisms, which could render cladding components beneficial for the supporting
structure in terms of response to blast loading, is included in the present chapter. Furthermore, signifi-
cant literature findings correlated with these mechanisms are shown. Complete overview of all research
studies, which refer to the structural behavior of cladding subjected to blast loading, is not feasible be-
cause of the vast amount of the performed scientific research, especially if research is viewed from a
multidisciplinary perspective. More specifically, except for civil engineering, cladding under shock and
impact also constitutes a primary research field in aerospace engineering, naval architecture, military
protection, etc. Furthermore, excellent sources can be found in the literature about the theoretical back-
ground, structural design and structural assessment of cladding subjected to blast loading. The theoret-
ical basis of structural components subjected to blast loading and calculation of their response through
simplified models has been demonstrated by DA (1957), Biggs (1964) and is summarized in Chapter 2.
Extensive design guidance over the design of cladding subjected to blast loading can be found in DoD
(2008). Moreover, the key parameters, which determine the response of structural elements subjected
to blast loading, can be found in Cormie, Mays and Smith (2009), with multi-material examples, and an
overview of the structural assessment of cladding subjected to blast loading with reference to code
specifications can be found in Dusenberry (2010). Chapters 3-8 also contain references to literature that
are specific to their content.

3.2. Philosophy of cladding design

Cladding components can sustain different levels of damage, depending on the magnitude of the pos-
sible blast loads and their capacity, ranging from purely elastic response to minimal damage, permanent
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plastic deformation, up to complete failure. Detailed information about the pressure pulses and their
interaction with the corresponding building envelope can be found in Chapter 2. Particular emphasis
should be given to the cladding components because they are critical for blast-resistant applications.
This is not in agreement with typical structural engineering practice, according to which cladding com-
ponents are considered secondary elements and are given small attention in terms of both man-made
imposed loads and environmental loads, such as in the cases of wind, snow or earthquake.

The fact that the cladding components are the first to receive the blast pressure, has led to the following
key design strategies according to Hetherington and Smith (1994), Dusenberry (2010) and Palanivelu
et al. (2011):

1) Prevent component failure: The response of cladding components protecting personnel and
equipment should be limited to levels below those causing failure or extensive damage.

2) Maintain building envelope: The cladding components should have the strength to resist
blast loading because, if blast overpressure enters the interior, it can cause significant dam-
age and injuries.

3) Minimize flying debris: The cladding components should have the ability not to become
hazardous projectiles to the occupied space. This is applied in an effort to mitigate extensive
injuries to the building occupants by minimizing flying debris.

4) Blast containment in the cladding: The main load bearing members should be safeguarded
by containing blast consequences in the cladding. Design strategies (1) to (3) should be in
effect in case cladding enters into plasticity when containing blast consequences.

The present thesis is focused on the fourth design strategy, namely blast containment in the cladding.
The mitigation of blast consequences to the main loading bearing members is further discussed in the
next sections. It is noted that the main load bearing members are denoted as the supporting structure
in the context of this thesis.

3.3. Cladding response to blast loading

Regarding the design strategy of blast containment in the cladding, cladding can be divided into three
types: (1) Cladding-to-framing type, where the structural system of the cladding is composed of a surface
supported at its edges to the supporting structure; (2) Sacrificial cladding type, where the cladding is
attached directly to the supporting structure (e.g., a column) as a layer; and (3) Energy-absorbing con-
nectors type, where the energy absorption is facilitated in the connections of the cladding to the sup-
porting structure.

In all three types, the static response of cladding can be characterized by load (P) versus deflection ()
curves, commonly known as resistance curves. Typical profiles of resistance curves of the cladding-to-
framing type are shown in Figure 3-1 (Xue and Hutchinson, 2004; Gouverneur, Caspeele and Taerwe,
2013; Zobec et al., 2015; Khalifa, Tait and El-Dakhakhni, 2017). Resistance curves are critical for blast
attenuation, as they control the maximum applied load to the supporting components through the value
of resistance corresponding to the maximum reached deflection. As observed in Figure 3-1, the clad-
ding’s resistance, i.e., initial elastic stiffness, maximum resistance, post-elastic characteristics, depends
on the mechanical properties of the materials and boundary conditions, thus their proper selection is
critical for the supporting structure. The applied blast load is typically characterized by a wide range of
peak pressure and impulse combinations. Each pressure—impulse pair generates a unique response
profile, thereby resulting in different cladding dynamic reaction histories. Consequently, the response of
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the underlying components supporting the cladding is also unique and specific to the: (1) Cladding’s
resistance, mass and stiffness, (2) Blast load profile.

In other words, the cladding can be considered as an oscillator that is transforming the applied blast
load history into a new load profile, the dynamic reaction time history, that is exerted to the supporting
structure. The cladding’s dynamic reaction time history depends on the blast load profile, the cladding’s
natural frequency and its resistance (Figure 3-1). A representative reaction time history, as computed
with the finite element (FE) analysis of a simply supported steel cladding subjected to blast, is shown in
Figure 3-2(a). It can be observed from the reaction time history plot of Figure 3-2(a) that the cladding
enters its plastic range, as there is an approximately constant maximum reaction force for a relatively
long period of time in the first cycle. By applying a Fast Fourier Transform (FFT) (Yang, 2009) to the
reaction time history and extracting its Power Spectral Density (PSD), it can be observed that the time
history is not characterized by a unique frequency [Figure 3-2(b)]. Instead, the reaction history can be
decomposed into different frequencies with varying power densities.

Py Py N
S ) S
(@) (b) (©
Py Py Py
3 ) S

(d) (e) ()
Figure 3-1: Typical quasi-static load (P) versus deflection (6) curves for different cladding types: (a)
Steel sandwich panels with clamped supports [data from Xue and Hutchinson (2004)]; (b) Monolithic
steel plate with clamped supports [data from Xue and Hutchinson (2004)]; (c) Steel sandwich panels
with insignificant membrane action [data from Khalifa, Tait and El-Dakhakhni (2017)]; (d) Concrete
panels with clamped supports [data from Gouverneur, Caspeele and Taerwe (2013)]; (e) Concrete
panels with insignificant membrane action [data from Gouverneur, Caspeele and Taerwe (2013)]; (f)
Laminated glass [data from Zobec et al. (2015)]

3.4. Activated mechanisms for cladding mitigation potential

Depending on the cladding characteristics, the plastic energy absorption and inertial resistance mecha-
nisms may be activated (Rutner and Wright, 2016), which can lead to a dynamic reaction on the sup-
porting structure with significantly lower peak force and longer duration than the applied blast loading.
More specifically, the peak force is typically reduced, while the blast impulse remains approximately the
same (Palanivelu et al., 2011; Bornstein and Ackland, 2013). The plastic energy absorption mechanism
is mainly dictated by the cladding’s ultimate resistance, which is responsible for the conversion of blast
energy into plastic energy, while the inertial resistance mechanism is mainly dictated by the cladding’s
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mass and stiffness and renders the response against blast loading slower, thus leading to reduced peak

reactions.

Furthermore, in accordance with Chapter 2, the response of a component subjected to blast pressure
is characterized by three well-defined response regimes. These regimes are the impulsive (with ta/T<0.1
ratios), dynamic (with 0.1<tq/T<10.0 ratios) and quasi-static (with to/T>10.0 ratios) (Cormie, Mays and
Smith, 2009), which are shown in Figure 3-3. Assuming a cladding-to-supporting-structure system, these
three response regimes are directly correlated with the inertial resistance mechanism. When the clad-
ding is subjected to blast loading it can have a quasi-static (no significant inertial resistance), an impul-
sive (significant inertial resistance) or a dynamic (moderate inertial resistance) response. Time histories
of the three response types are illustrated in Figure 3-4, along with the applied blast load history (the
supporting structure has been considered as rigid), where T; is the natural period of the cladding.
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Figure 3-2: Typical response of steel cladding subjected to blast loading: (a) Reaction time history; (b)
Power Spectral Density
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Figure 3-4: Qualitative illustration of reaction time histories of the cladding with two different governing
response mechanisms; the plastic energy absorption and the inertial resistance

Generally, the reaction of the cladding is associated with the cladding’s natural period. In the case of a
cladding with a significantly smaller natural period than the duration of the applied load (quasi-static
response), the maximum displacement and the corresponding maximum reaction, which is approxi-
mately equal to the peak blast pressure Po, occur rapidly and before the excitation ceases. In other
words, the time of peak response is lower than the duration of the applied blast load (cladding reaction
without significant inertial resistance in Figure 3-4). In the case of a cladding with considerably higher
natural period compared to the duration of the blast load (impulsive response), the displacement and
the corresponding dynamic reaction, continue to increase past the duration of the applied blast load.
The time of peak displacement and reaction is higher than the duration of the applied blast load (cladding
reaction with significant inertial resistance in Figure 3-4). Interestingly, in the impulsive behavior, where
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cladding responds slowly to the blast load, the period of the reaction oscillation is increased, while the
amplitude is decreased. This represents the inertial resistance mechanism.

Similar behavior takes place when the resistance R, of the cladding is reached during the oscillation.
When a structural component is subjected to a pressure of large amplitude, it usually reaches its yield
capacity and subsequently enters into the plastic regime. The amplitude of the reactions is limited due
to the yield capacity of the cladding. Thus, portion of the blast energy is dissipated in the cladding
through plastic deformation and the duration of at least the first cycle of the oscillation is increased
(cladding reaction with plastic energy absorption in Figure 3-4). This represents the plastic energy ab-
sorption mechanism.

For the plastic energy absorption and the inertial resistance mechanisms, the resulting effects in terms
of dynamic reaction are similar. That is, the amplitude of the cladding reactions is decreased, while their
duration is increased. However, this effect is attained through a different mechanism.

3.5. Literature findings about cladding with mitigation potential

A brief overview of research studies investigating the response of specific cladding systems subjected
to blast loading is presented in this section. The literature findings are analyzed regarding the cladding
mitigation potential. The section is divided into three paragraphs, each one of them representing a clad-
ding type: (1) Cladding-to-framing type; (2) Sacrificial cladding type; and (3) Energy-absorbing connect-
ors type.

3.5.1. Cladding-to-framing

The cladding-to-framing type refers to the claddings, which are supported at their edges to their sup-
porting structure. A primarily bending and membrane behavior is normally anticipated in this type of
cladding systems. This type is analyzed in the present section through six research studies.

Xue and Hutchinson (2004) investigated different types of sandwich panels subjected to impulsive loads
and compared them with the equivalent solid plates in terms of maximum displacement and plastic
energy absorption. More specifically, multiple core geometries were examined, with each one leading
to a different plastic dissipation curve. The energy absorption was measured by using the averaged
plastic energy dissipated per unit area U_p, with L being half the panel length, oy the yield stress, &punch
the punch displacement, p the material density and M the mass per unit area (Figure 3-5). The sandwich
panels were found to have the potential to dissipate more plastic energy than the equivalent material
and mass solid plates due to the ability of their core to behave plastically.

Chen and Hao (2012) performed a numerical study of a multi-arch double-layered blast-resistant door
(Figure 3-6) subjected to close-in blast loading. Multiple geometries were examined by differentiating
the thicknesses of the arched and internal layers. The internal energy and the maximum force support
reactions in all three directions were calculated during the dynamic time history solutions. It was shown
that increase of thickness led to reduced peak reactions.

Chen and Hao (2013) performed a numerical study of rotational hinge devices, which were incorporated
into the core of sandwich panels (Figure 3-7). The rotational hinge devices were applied in order to
improve operational performance of sandwich door panels against close-in blast loading. The effect of
these devices was presented in comparison with the effects of the equivalent monolithic plates. A 75.6%
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reduction was observed in the peak reaction force by comparing the respective reaction time histories,
when subjecting the claddings to blast loading induced from 500 g of TNT at a distance of 300 mm.
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Figure 3-5: Plastic energy dissipation of four different sandwich panel types [reprinted from Xue and
Hutchinson (2004)]
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Figure 3-6: Schematic section diagram of typical curved panels [reprinted from Chen and Hao (2012)]
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Figure 3-7: Schematic diagram of rotational hinge devices with spring incorporated in the sandwich
panels [reprinted from Chen and Hao (2013)]
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Hoffmeister et al. (2015) examined typical cladding used in industrial facilities (Figure 3-8), which are
susceptible to accidental explosions. After performing an investigation about the structural configuration
(type, section properties and material), the load transfer function was explored regarding the cladding
energy absorption capacity. The experimental results along with the respective computational models
were used in order to derive the failure modes and analytical solutions, taking into account the mem-
brane effects. It was shown that when cladding was subjected to blast loading, the peak reaction force
was significantly decreased and the reaction duration was increased by keeping the same impulse with
the initial blast pressure time history.

Goel, Matsagar and Gupta (2011) investigated the effects of different stiffener configurations on the
response of rectangular plates (Figure 3-9) subjected to close-in airblast loading. Their plastic-energy-
absorption capacity was examined by presenting the respective plastic energy time histories.

Edge purlins

Figure 3-8: Model of the cladding and its supporting structure [reprinted from Hoffmeister et al. (2015)]

oIl
N N

P1os P11s
Figure 3-9: Stiffener configurations of rectangular plates subjected to blast loading [reprinted from
Goel, Matsagar and Gupta (2011)]

Sun et al. (2019) introduced a novel hexagonal-cell hierarchical-core sandwich panel (Figure 3-10). The
mitigation potential was calculated through the Specific Energy Absorption (SEA), which represents the
ratio of the absorbed energy to the core mass. It was shown that regular honeycombs lead to higher
SEA than hierarchical honeycombs.
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Figure 3-10: Calculation model of an hexagonal sandwich panel [reprinted from Sun et al. (2019)]

3.5.2. Sacrificial cladding

The sacrificial cladding type refers to the claddings that are attached directly to their supporting structure.
More specifically, in this type of claddings a generally axial behavior is anticipated, according to which
the failure load of the core is kept at low levels in order to be able to absorb energy and deform plas-
tically. This type is analyzed in the present paragraph with three research studies.

Guruprasad and Mukherjee (2000) investigated a sacrificial cladding with Y-frame formulation (Figure
3-11) directly attached to a non-sacrificial frame. The effects of the formulation were calculated through
the force reaction time history, that exhibited significant magnitude reduction. Furthermore, it was shown
that the force reaction was largely increased through a stiffening phase, which was activated at high
strains.

COVER PLATE

1/

SACRIFICIAL LAYERS

BASE PLATE

A
\ ﬁ\
NON-SACRIFICIAL /

FRAME

UNIT CELLS IM THREE LAYERS
Figure 3-11: Sacrificial cladding with Y-frame formulation [reprinted from Guruprasad and Mukherjee
(2000)]

Alberdi, Przywara and Khandelwal (2013) made a performance evaluation of sandwich systems (Figure
3-12) for blast mitigation under close-in blasts. The plate deflection, the energy dissipated through plastic
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deformation and the maximum transferred force were used as performance indicators. It was found that
increased front plate thickness led to decreased peak reaction force.

96.70
[—I 120.00 r— t
50.00
Leo.oo'__

Figure 3-12: Core topologies: diamond folded, Y-frame folded, triangular folded, hexagonal honey-
comb, square honeycomb, triangular honeycomb [reprinted from (Alberdi, Przywara and Khandelwal
(2013)]

Palanivelu et al. (2011) conducted an experimental and numerical study about the use of empty recy-
clable metal-beverage cans as sacrificial cladding (Figure 3-13). The respective effects were measured
through the energy absorption of the core structure and the comparison of the top face pressure and
impulse (blast loading) to the bottom face pressure and impulse (reaction loading).

Beam / Pillar/ Wall

Empty metal
cans

Skin plate

Radial configuration

Axial configuration

Figure 3-13: Concept of proposed sacrificial cladding with empty recyclable beverage cans [reprinted
from Palanivelu et al. (2011)]
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3.5.3. Energy-absorbing connectors

The energy-absorbing connectors type refers to the claddings that are connected to their supporting
structure with the use of energy-absorbing devices. More specifically, in this type of claddings plastic
dissipation is exhibited in their connections. This type is analyzed in the present paragraph with one
research study.

Oswald (2018) performed an experimental study in order to examine the mitigation potential of energy
absorbing devices at the connections of blast-loaded precast panels. The devices were designed to
absorb blast energy by limiting the peak reactions transferred to the supporting structure. The absorption
of blast energy was achieved through the ductile yield in flexure of the devices. According to the meas-
urements, it was observed that the peak reaction forces were reduced by 25-40%.

Track for Insulated Metal

4-6 :
Blast ich Infill Wall
Loaded
Precast_|» [ ™1 /Cllp Angles

Panel

ID LT Floor

Optional aluminum honeycomb EAC
(compression only)
Steel Angle EAC

Figure 3-14: Conceptual placement of energy-absorbing connection in building [reprinted from Oswald
(2018)]

3.6. Conclusions

The mechanisms of plastic energy absorption and inertial resistance were described thoroughly in the
present chapter. As shown previously, the plastic energy absorption mechanism is based on the clad-
ding ultimate resistance and ductility, while the inertial resistance mechanism is based on the cladding
mass and stiffness. The effect of both mechanisms is the same, i.e., the initial high-amplitude and short-
duration blast loading is converted into a low-amplitude and long-duration reaction time history through
the cladding. Three types of cladding were analyzed: (1) The cladding-to-framing type; (2) The sacrificial
cladding type; and (3) The energy-absorbing connectors type. A literature review of these types was
made in order to show the mitigation potential that has been exhibited in claddings from various research
studies.
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Chapter 4

Influence of cladding mass, stiffness,
ultimate resistance and ductility

This chapter is a slightly modified version of the following paper:

loannou, O., Hadjioannou, M. and Gantes, C.J. (Forthcoming) 'A 2DOF method to study the influence
of cladding characteristics on the response of the supporting structure under blast loading’, Journal of
Structural Engineering. doi: 10.1061/(ASCE)ST.1943-541X.0003494.

4.1, Introduction

As mentioned in chapter 2, a widely used method for the analysis and design of structural components
against blast loading is the Single-Degree-of-Freedom (SDOF) method, according to which the struc-
tural components of a structure are analyzed as isolated members, using appropriate boundary condi-
tions. In the case of building cladding, the response of the cladding, the supporting structure, and any
other underlying components along the load path are typically modelled with a series of SDOF models,
either using the dynamic reactions from the supported members or by directly applying the blast load to
each member using the tributary area approach. This is the prevalent state-of-practice method, which
is nowadays further explored and developed, as discussed by Cormie et al. (2009), in order to include
more sophisticated SDOF models that can account for the contribution of catenary effects, different
moment capacities, partial rotational fixities, etc. In SDOF models, the dependence of maximum dis-
placement and corresponding peak time (i.e., the time when maximum displacement occurs) on the
main SDOF parameters (i.e., mass, stiffness, ultimate resistance and ductility) has been investigated in
depth in DA (1957), where non-dimensionalization of the maximum SDOF displacement is performed
using the Dynamic Load Factor (DLF). DLF is defined in Equation (4-1), as the ratio of the maximum
dynamic displacement xmax to the static displacement xs, computed by dividing force P, (resultant blast
peak pressure) to stiffness k. SDOF ductility y is defined in Equation (4-2), as the ratio of Xmax to the
elastic displacement limit xe; being equal to the resistance R, over stiffness k.

DLF =Ymax/, = ¥max /e, /o) (4-1)
xmax —_ xmax
W= =T (R 1) (4-2)
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In this chapter, the key parameters affecting the behavior of the supporting structure are thoroughly
explored in terms of the maximum supporting structure displacement, by implementing a Two Degrees
of Freedom (2DOF) model that can directly account for the interaction of cladding and supporting struc-
ture, instead of two uncoupled SDOF models, thus describing the dynamic interaction more accurately.
A non-dimensional formulation is used, and the concept of dynamic load factor, as defined in Equation
(4-1), is adopted to describe the response. Thereby, the main design principles that can be applied in
the cladding parameters in order to mitigate blast effects in the supporting structure are described
herein.

More specifically, the purpose of the described content is to supplement blast-resistant-cladding re-
search studies in terms of their applicability range, by taking into account the two mechanisms of plastic
energy absorption and inertial resistance. In this context, an improved qualitative understanding of the
mechanisms for mitigating the blast effects on the supporting structure, as well as quantitative estima-
tions for the contribution of each cladding parameter to the response of the supporting structure, are
provided. Response diagrams are developed that can be used in the structural design of the cladding
and its connections, leading to more efficient and safe solutions for the cladding—supporting structure
system, applicable to new structures as well as for retrofitting of existing buildings with new cladding.

To that effect, the 2DOF model is first developed, and its theoretical background and pertinent assump-
tions are discussed. The 2DOF model and its results are validated numerically, through nonlinear dy-
namic finite element analyses of a typical cladding-to-framing system. Results of the 2DOF model are
also validated against experimental and analytical results of a typical polyurethane sacrificial cladding
(Ousiji et al., 2017). Parametric analyses, with the use of the 2DOF model, are then performed in order
to study the effects of all key parameters on the system’s response and conclusions are drawn. Finally,
the benefits of the developed solutions, for optimizing the blast performance of such systems, are high-
lighted.

4.2. Proposed 2DOF model and response regimes
4.2.1. Derivation of equations of motion and applied blast loading

The cladding—supporting structure system is idealized as a 2DOF system that consists of two masses
mi and m; connected with two springs in series, ki and k2, as shown in Figure 4-1. The masses (m1, my)
and spring constants (ki, k2) used for the 2DOF model are derived using the same approach as for the
SDOF analysis, using mass and stiffness coefficients (Biggs, 1964), that depend on the boundary con-
ditions of the cladding and the supporting structure. It is, therefore, noted that the mass terms, referred
to herein for the 2DOF model, correspond to the factored mass and not the total mass of the cladding
and supporting structure. Likewise, the spring constant, referred to herein, is associated with the stiff-
ness at the location that displacements are measured, which is typically at the midspan of the two com-
ponents in the case of the cladding-to-framing system.

Specifically, mass m; and spring ki represent the cladding, while mass m, and spring k. represent the
structure that supports the cladding (Figure 4-1). The degrees of freedom for the cladding and supporting
structure are denoted as xi1 and Xz, respectively. The stiffness ki of the nonlinear spring between the
two masses is idealized as elastic-perfectly plastic, as shown in Figure 4-1. The resistance of the clad-
ding is approximated with a nonlinear spring that comprises of two branches: (a) Elastic branch for the
early elastic response; (b) Perfectly plastic branch for the post-yield response, which can account for
yielding of the cladding. The yield capacity of the spring is referred as ultimate resistance R,. The spring
properties are assumed to be the same for inward and outward deformation. On the other hand, the

Doctoral Thesis of Orestis K. loannou NTUA 2022



Influence of cladding mass, stiffness, ultimate resistance and ductility 43

spring that connects mass m; to a rigid support is linear elastic, with stiffness k.. This assumption is
made on the basis that cladding is the sacrificial element, while the supporting structure is considered
non-sacrificial (Guruprasad and Mukherjee, 2000; Hanssen, Enstock and Langseth, 2002) and it is de-
sirable to remain elastic.

Force A

XZ Xl
Kk b xr b
m, MW ™ P
o O o O
/. g

(a) (b)
Figure 4-1: Representation of the 2DOF model: (a) Notation of the applied mass, stiffness, ultimate
resistance and displacement parameters; (b) Force—displacement diagram of the spring connecting
mass m; (cladding) to mass m. (supporting structure)

Equations (4-3)-(4-6) describe the motion of the 2DOF system (Chopra, 2007). The mass terms repre-
sent the inertial forces, while the stiffness terms represent the spring forces. Damping has not been
taken into account for simplicity, considering that small damping ratios have minimal effect on the first
few response cycles, which is typically where maximum displacement occurs for blast loads
(Krauthammer and Altenberg, 2000; Rigby, Tyas and Bennett, 2012). Moreover, ignoring damping is
conservative and the energy dissipated through plastic deformation is greater than that through struc-
tural damping. Equations (4-3)-(4-6) are separated into elastic and plastic regions to account for the
elastoplastic response of the first degree of freedom (Figure 4-1).

my X, + kg - (g —x3) = P(t), X — Xy < (X1 — X3) e (4-3)
my - X; + R, = P(t), X1 — Xy 2 (X — X2)el (4-4)
My Xy +ky x, —ky - (%, —x,) =0, X — Xy < (X1 — X3) e (4-5)
My, %y +ky Xy — Ry =0, X=Xy 2 (X — X3)el (4-6)

The external force P(t) is applied to mass my, representing the cladding system, which is herein assumed
to receive the applied blast load P(t). The blast load is idealized as a triangular load with peak pressure
P, at the time of arrival, that linearly decays to zero pressure over a duration ty. The peak pressure P,
is equal to the peak pressure of the actual explosion and the duration tq is calculated based on positive
impulse pressure equivalency. It is noted that the idealization of the blast load profile as triangular results
in minimal loss of accuracy compared to the more typical exponential decay profile, which is shown in
Figure 4-2 (Gantes and Pnevmatikos 2004; DoD 2008). The triangular force profile P(t) is described by
Equation (4-7).

Pt =P (1-t/) (4-7)
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The equations of motion can be written in non-dimensional form by replacing X1, X2 with n1, ny, as defined
in Equations (4-8) and (4-9), adopting a similar approach as the one used by Biggs (1964) for SDOF
systems.

= x1
(Po/kz) (4-8)
— X2

(Po/kz) (4-9)

n

n;

— Typical pressure—time profile
— Equivalent pressure—time profile

—
af
—Y

Figure 4-2: Typical and equivalent pressure—time profile for blast wave passing through a fixed point in
space

Time t is also replaced according to Equation (4-10), where T is the natural period of the supporting

structure, assuming that it is decoupled from mass m: and spring ki. Then, Equations (4-3)-(4-6) are
written in non-dimensional form, as Equations (4-11)-(4-14).

_t -t
N CT 410

m; 1 1 _ T,

m—z'm'nﬁk—z'("ﬁ"z)—l—f' [ty M—np < (ni—npe (4-11)

m 1 Ry T.

m—2'4—,rz'"1+?o=1—€' ey ny—ny; = (Mg —Ny)e (4-12)
. kq

2 M2 T2 k, (i —nz) =0, ny =Ny < (Mg = Np)er (4-13)
N Ru _ 4

— -, +n, —— =0, n—n,=Mm —n 4-14

4?2 2 2 P, 1 22 (ny 2)el ( )

It is observed that the 2DOF system can be uniquely described by the ratios my/ms, ka/ki, ta/T> and
Ru/Po. Using these ratios as design variables, the 2DOF system of differential equations was solved in
Matlab (The Mathworks Inc, 2018) by employing the Newmark average acceleration method (yn = 0.5
and By = 0.25). A sufficiently small time-step was used to ensure accuracy and sufficiently large total
duration was allowed to capture the maximum displacement of the second degree of freedom. The
nonlinearity of spring ki was considered using the Modified Newton-Raphson method. The obtained
maximum values of variables ni and n, have the same meaning as the Dynamic Load Factor (DLF) of
the SDOF models described by Biggs (1964). It is noted that the maximum displacement was captured
at the first oscillation cycle. Since the design objective is to control the maximum displacement of the
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second degree of freedom, so that the structure supporting the cladding remains elastic, the maximum
value of n, was monitored and calculated from each 2DOF analysis. Cladding ductility was quantified
by using Equation (4-15).

_ max(|x; — x,]) _ max(|x; — x,]) _ max(|ny — nyl) - (k1 /k3)
Xel Ru/kl Ru/Po

(4-15)

4.2.2. Mapping the properties of the cladding—supporting structure system in the 2DOF model

The input parameters of the 2DOF system depend on the actual properties of the cladding—supporting
structure system (i.e., mass, stiffness, load, and ultimate resistance) but are not identical to them. In
reality, the cladding and supporting structure have distributed mass with various deflection shapes, es-
pecially if nonlinearity takes place, which has to be converted into an equivalent lumped mass for the
2DOF system. For that purpose, proper transformation factors, which are available in the literature for
SDOF systems, should be applied. For the cases of cladding-to-framing systems, these factors are
provided by Cormie et al. (2009), denoted as Kym factors. The K.w factors are applied to the properties
of a SDOF system, so that it will have approximately the same displacement time history as the actual
system. This operation is performed by selecting the appropriate load pattern, component configuration,
boundary conditions and deformed shape, which ideally describe the actual behavior of the components
with tolerable deviations. An alternative solution would be to perform a modal and a load—deflection
analysis in order to extract the equivalent properties of the 2DOF system, as proposed by HSE (2006).
In the case of connections with an upper bound strength or a specific load—deformation diagram, the
aforementioned factors should be combined with the properties of the connection. A similar process can
be performed in the case of sacrificial cladding, probably with less effort, as the sacrificial cladding—
supporting structure system matches directly with the 2DOF system, as shown by Rutner and Wright
(20186).

4.2.3. Assumptions and limitations

The 2DOF system, described herein, has a number of simplifying assumptions, which are summarized
below:

= The transformation factors (K.m) used to match the displacements of the physical cladding-to-
framing system with the 2DOF displacements are approximate. The Kyu factors can be intrinsi-
cally included in the 2DOF equations and the results, by multiplying masses m: and m; with
Kimi and Kymz, respectively.

= The transformation factors are considered uniform throughout the response of the 2DOF sys-
tem. In reality, the deflected shape of the actual component changes as it transitions from elastic
to plastic, which will thereby change the transformation factor.

= Inthe 2DOF system, plasticity is approximated with an elastic—perfectly plastic spring, while the
actual structural system has a smooth force—displacement curve, which may include bilinear
regions, hardening and/or softening branches.

= The 2DOF system cannot capture possible catenary action or second stiffening phase, such as
the densification phase of sacrificial cladding. The influence of these effects are discussed by
loannou and Gantes (2021).

= Resistance Ry and stiffnesses k; and k; are considered symmetric in both 2DOF directions, i.e.,
inbound and rebound deformation. In some structural components, they may be different, e.g.,
they may have different positive and negative flexure capacities.
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= Strength and stiffness deterioration due to cyclic loading or buckling are not included. Therefore,
effects, such as low cycle fatigue, concrete cracking, lateral buckling, etc., are not considered.

» The negative phase of the blast load is not included, and explosive charge is considered to be
applied at sufficient distance from the cladding, such that the cladding is uniformly loaded.

= Strain-rate effects can be incorporated in the 2DOF resistance Ry with dynamic increase factors,
per the commonly used approach for SDOF analysis (DoD 2008).

These assumptions may limit the accuracy of the 2DOF results, but overall their effects are considered
to be relatively small and the qualitative results, presented in section 4.4, are not significantly affected
by them, as demonstrated also by comparison to nonlinear transient analysis results of a detailed finite
element model as well as to experimental and analytical results, described in section 4.4.

4.3. Analysis methodology

As already noted in section 4.2, each analysis corresponds to a set of dimensionless ratios mz/mji, kao/ki,
to/T2 and Ru/P,. The extracted quantity from each analysis is DLF2, which is the DLF of the second
degree of freedom, and is equal to the absolute maximum value of the non-dimensional displacement
n2 [Eq. (4-9)]. Depending on the geometry, material and section properties, the natural period of the
supporting structure may vary significantly. Moreover, the blast loading may have different standoff dis-
tances, resulting in a wide range of blast durations. Thus, response diagrams were generated for a wide
range of tq/T» values to capture all possible natural periods and blast durations. Specifically, the non-
dimensional load duration parameter ta/T> was used in the horizontal axis and DLF- in the vertical axis.
The effects of the other system parameters were presented through several diagrams, each one repre-
senting different ratios mo/m1 and ko/ki as well as family of Ru/P, ratio curves. Each curve was con-
structed from a series of 320 data points, with each point representing the calculated response from a
different 2DOF analysis.

The dimensionless 2DOF model is employed to examine the influence of the cladding characteristics
(i.e., mo/my, ko/ks and Ry/P,) over the supporting structure. The effects of cladding ultimate resistance
(Ru/Po), cladding ductility (1) and cladding mass and stiffness (m2/m1, ko/k1) are discussed extensively
in the subsequent sections by varying the 2DOF model parameters.

4.4. Validation of the 2DOF model

4.4.1. Validation of the 2DOF model with detailed finite element analysis results of a cladding-
to-framing system

Description of the structure

To validate the 2DOF model, comparisons were performed with results from three-dimensional finite
element simulations of a cladding-to-framing system. The modeled cladding-to-framing system, shown
in Figure 4-3, comprises of an 8-mm thick steel panel with 92-mm tall and 8-mm thick stiffeners, spaced
at 250 mm. The panel is supported by two beams with rectangular hollow sections, having a height of
400 mm, a width of 200 mm and a wall thickness of 10 mm. The panel width is 1000 mm and the beam
length is 3750 mm. The stiffeners are welded to the beams, thus their connections can transfer shear
and axial forces. Each beam is simply supported, with the longitudinal degree of freedom free to prevent
the development of catenary action under large deformations.
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Finite element model

The numerical model was developed and analyzed with the ANSYS Explicit Dynamics software (ANSYS
Inc, 2017), by employing material and geometric nonlinearity (Nonlinear Transient Finite Element Anal-
ysis — NTFEA). The time-step was automatically calculated to ensure numerical stability per the Courant
number criterion (ANSYS Inc, 2017).

L
Bmm e 1000

mm Rectangular hollow section 400%x200%10
m Steel panel with stiffeners 250%x100x8x8 — 10 mm
= Vertical displacement supports

Figure 4-3: Cladding-to-framing geometry and numerical model

To model the behavior of steel, the Cowper-Symonds Strength model (ANSYS Inc, 2017) was em-
ployed, that allows to take into account the post-yield behavior of steel and strain-rate effects. The Cow-
per-Symonds Strength model is described by Equation (4-16), with &y being the plastic strain and &,
the plastic strain rate, and comprises of the Johnson-Cook model (Johnson and Cook, 1983) for the
hardening effects (through yield stress A and hardening coefficients B, 6) and the Cowper-Symonds
coefficients for the strain-rate effects. The material of all the steel parts was steel S355 (BSl, 2019), by
accounting for the mean strength per Braconi et al. (2015). Figure 4-4 shows the material law in true
stress—true strain terms. The strain-rate coefficients g and D were adopted from Cadoni et al. (2018),
Mortazavi and Heo (2018) and are indicated in Figure 4-4.

. 1/
c=(A+B -egl)-<1 + (%) q) (4-16)

The applied pressure time history was approximated with an equivalent triangular load with peak pres-
sure and impulse that results from a hemi-spherical explosion of 5 kg TNT-equivalent at a stand-off
distance of 4 m, as shown in Figure 4-5. The blast profile parameters were calculated according to the
Kingery and Bulmash (1984) equations. Furthermore, the load was applied on the steel panel as uni-
formly distributed over the panel area. All steel parts utilized shell elements with 20.0-mm edge length.
Each shell element had five through-thickness integration points.
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Figure 4-5: Equivalent triangular pressure time history for the numerical and the 2DOF model.

2DOF model

The same cladding-to-framing system (Figure 4-3) was analyzed with the 2DOF model using transfor-
mation factors from Cormie et al. (2009) for the SDOF systems. These transformation factors (K.m) were
applied in order to account for the distribution of the load, stiffness, mass, and ultimate resistance of
both degrees of freedom according to Dusenberry (2010), as described in Equations (4-17)-(4-20). The
stiffness and mass properties of the two beams were lumped into one and were represented by the
second degree of freedom. The strain-rate effects were included in the 2DOF model by increasing the
resistance R, by 10%, as recommended by Cormie et al. (2009), Dusenberry (2010). Moreover, in the
2DOF model, the initial (elastic) stiffness was simplified with the nonlinear spring ki. The equivalent
triangular pressure time history is presented in Figure 4-5.

Kimr-my =% + ky - (g — x3) = P(8), (X1 —x2) < (01 — X2)e (4-17)
Kimi-my X1 + Ry = P(t), (X1 —x2) = (%1 — X2) e (4-18)
Kimz "My X5 + koo x — k- (4 — x3) =0, (1 —x2) < (%1 — X3)er (4-19)
Kimz =My %5 +ky - x; — Ry =0, (X1 —2x2) = (%1 = X2) e (4-20)
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The parameters of the 2DOF system are summarized in Table 4-1. The Kyv factors were calculated by
considering the beam and cladding as simply supported with uniform distribution of load and mass.

Computed response with finite element model and 2DOF

The obtained panel and beam displacements, as well as plastic strains at different time steps, when
subjected to the pressure time history, are presented in Figure 4-6. Time t = 5.5 ms corresponds to the
first peak inbound panel response with maximum displacement at midspan of -6.7 mm, while time t =
12.5 ms corresponds to the first peak rebound panel response with maximum displacement at midspan
of 7.7 mm. The displacement due to rebound of the panel is larger because of partial loss of the capacity
of the stiffeners due to lateral buckling (presented at the close-up views of Figure 4-6(b)). Furthermore,
limited plastic strains are exhibited at the panel stiffeners. The maximum displacement at the midspan
of the beams is -6.9 mm and occurs during inbound, while the beam displacement at midspan during
rebound is slightly less, at 5.8 mm at time t = 11.0 ms.
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(a) Vertical displacements (magnified 40x) (b) Plastic strains

Figure 4-6: Results of the numerical model when subjected to the pressure time history: (a) Vertical
displacements; (b) Plastic strains

Table 4-1: Parameters of the equivalent cladding-to-framing 2DOF system

Parameter Note/Equation Value
Stiffness ki 384/5-(El1/L1°) 262472 N/mm
Stiffness k» 384/5-(El2/L2®) 148990 N/mm
Resistance Ry 8:(Mpi/L1)-DIF 2178871 N
Elastic limit Ru/k1 8.3 mm
Mass m1 wi Ly 322500 gr
Mass m; Wa-Lo 683250 gr
Kimi Uniformly distributed load and mass 0.78 approx.
Kimz Uniformly distributed load and mass 0.78 approx.
ta/T2 0.13
Ru/Po 0.93
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The results of the 2DOF analysis and their comparison with the numerical model results are presented
in Figure 4-7(a). It can be seen that there are only minor deviations between the displacement time
histories of the panel and the beams (4.9% and 7.5% maximum difference in the peak displacements
of the cladding and girts, respectively). Hence this comparison suggests that the 2DOF model is fairly
accurate. The minor differences between the 2DOF system and the detailed numerical model are at-
tributed to the reasons described in section 4.2.3.

In order to further examine the effects of the plastic energy absorption and the inertial resistance mech-
anisms, two alternatives to the previously examined cladding-to-framing system were considered:

= Alternative A: Steel grade was changed from S355 to S235 (BSI, 2019).
= Alternative B: The panel stiffeners were shortened to 50 mm height and the panel thickness was
increased to 20 mm.

The results of the numerical models prepared for the two alternatives are presented in Figure 4-7(b).
Regarding the two alternatives, insignificant difference is exhibited in Alternative A, while substantial
reduction is achieved in Alternative B.
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Figure 4-7: Computed response with 2DOF and finite element model: (a) Comparison of the finite ele-
ment model with the 2DOF model; (b) Comparison of the finite element model
with alternatives A and B
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4.4.2. Validation of the 2DOF model with experimental and analytical results of sacrificial
cladding

The 2DOF model was also validated against experimental and analytical results. Specifically, results by
Ousiji et al. (2017) for a typical polyurethane (PU) sacrificial cladding were used for the validation. Out
of twenty different configurations of front plate (FP) thickness and material as well as PU density and
thickness, type PU30-50-FP3 was selected, because it was the only one for which detailed results in
terms of load time history, deformation time history and load-deformation curve were available. A rep-
resentative overview of the sacrificial cladding concept is shown in Figure 4-8. With respect to the 2DOF,
the first DOF represents the front plate and the PU sacrificial cladding, while the second DOF represents
the rear plate that is attached to a rigid structure. The connection of the cladding to the rear plate is
represented by a nonlinear spring with the same resistance as the resistance of the polyurethane.

Rigid
Polyurethane structure

Load
cell

Figure 4-8: Representation of the PU sacrificial cladding model: (a) Experimental set-up [data from
Ousji et al. (2017)]; (b) Equivalent 2DOF model as considered in the present study

In the selected configuration, PU30-50-FP3, FP material was steel S355, FP mass was 339 g, PU den-
sity was 30 kg/m® and PU thickness was 50 mm. Each specimen had a cross sectional area of 80x80
mm? and a pressure loaded area of 74x74 mm?2. Regarding the other PU properties, it was assumed
that Young's modulus was 6.16 MPa, the densification strain was 0.59 and the quasi-static plateau
stress was 323 kPa. Furthermore, PU thickness was sufficient for blast energy to be fully absorbed in
the PU foam before its full densification, which would lead to sudden increase in the transmitted pres-
sure.

As indicated by Ma and Ye (2007), the plateau stress used in the calculations should be adjusted to the
actual resistance. Hence, increase in quasi-static plateau stress, due to strain rate effects, should be
considered. In the 2DOF calculations the resistance was increased by 33%, as indicated by the experi-
mental results summary of Ous;ji et al. (2017) for this specific type.

Furthermore, significant difference was observed by Ousji et al. (2017) between the reflected impulse
at the front plate and the transmitted impulse at the rear plate. This difference was attributed to Fluid
Structure Interaction (FSI) effects, as discussed extensively by Aleyaasin et al. (2015), Kambouchev et
al. (2006), Turkyilmazoglu (2016). In the present study, these effects were accounted by reducing the
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applied impulse at the first DOF, as calculated experimentally by Ousji et al. (2017), from 7.25 Ns to
6.51 Ns (10.21 % decrease) while peak pressure was 6.58 MPa.

The 2DOF applied pressure time history was triangular (Figure 4-2) with 0.386 ms positive phase dura-
tion and the force-displacement diagram was considered elastic-perfectly plastic (Figure 4-1). Regarding
the analytical calculations of Ous;ji et al. (2017), multiple literature approaches were employed for the
loadings and equations of motion. These were the Hanssen (Hanssen, Enstock and Langseth, 2002),
Taylor—Without FSI (Taylor, 1963), Taylor—FSI (ETT) (Aleyaasin, Harrigan and Reid, 2015) and Taylor—
FSI (KNR) (Kambouchev, Noels and Radovitzky, 2006) approaches.

The supporting structure consisted of a thick 80x80 mm? steel rear plate. Due to lack of more detailed
information from Ousji et al. (2017), the supporting structure was modeled with axial stiffness (108 N/mm)
and mass (1000 g), with a thickness of 20 mm that was estimated with photo processing. The rear plate
was attached to a rigid structure through a force load cell measuring the transmitted reacting load.

The results of the 2DOF approach, along with the experimental results and the aforementioned analyti-
cal approaches, are presented in Figure 4-9 and Figure 4-10. In the reaction time history between the
rear plate and the rigid structure (Figure 4-9), obtained by the 2DOF model, it is observed that the initial
elastic region is followed by a constant transmitted load curve, which was also identified in the experi-
mental results. Regarding the front plate displacement time history (Figure 4-10), as also noted by Ousji
et al. (2017), there was significant deviation between the analytical approaches and the experimental
results. In this context, the maximum displacement exhibited in the 2DOF model is considered accepta-
ble. Furthermore, the time of maximum response was approximately identical between the 2DOF model
and the experimental results. The DLF of the rear plate was estimated to be 0.08 through the 2DOF
analysis. This shows the beneficial effects of sacrificial cladding for the protected structure by activating
ductility and plastic energy absorption.
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Figure 4-9: Reaction force time history between the second DOF and the main structure in the experi-
mental tests [reprinted from (Ousji et al., 2017)] and the 2DOF model

45. Results of the 2DOF model response to blast loading
4.5.1. Effects of cladding ultimate resistance on the supporting structure
In the examined problem of the cladding-to-supporting-structure system, the plastic energy absorption

mechanism allows the cladding to dissipate blast energy and, thereby, reduce the load demand on the
main structure. This behavior is discussed in this section based on the results of the response of the
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2DOF system, illustrated in Figure 4-11 and Figure 4-12, which were obtained from parametric analyses
for a wide range of dimensionless parameters. As already noted, the positive effect of the cladding can
be facilitated through the reduction of DLF,, which is illustrated on the vertical axis of Figure 4-11 and
Figure 4-12.

The black (envelope) curve in each diagram of Figure 4-11 and Figure 4-12 corresponds to Ru/P, = 2.0.
The value of 2.0 generally constitutes the maximum DLF which is exhibited in elastic SDOF models
(Cormie, Mays and Smith, 2009). It is observed that, mainly in the impulsive region (ta/T2<0.1) and partly
in the dynamic region (0.1<t4/T><10.0), a number of curves with different ratios of R,/P, coincide with
the black curve. Consequently, for all these R./P, ratios, the maximum displacement of the second
degree of freedom is the same. It is thus inferred that resistance Ry and the corresponding ductility and
plastic energy absorption mechanism of the cladding do not have appreciable effects in these regions.
The envelope curves represent the points where the response is mainly affected by the inertial re-
sistance mechanism, while the areas below these curves represent the points where the response is
mainly governed by the plastic energy absorption mechanism. Most importantly, it is noted that in the
quasi-static and partly in the dynamic region, where the resistance R, controls the response, the reduc-
tion of DLF; is substantial. The lower the resistance R, is, the lower DLF; is, which is desirable. However,
when the resistance Ry is lowered, the ductility requirements increase.
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Figure 4-10: Front plate displacement time history in the experimental tests [reprinted from (Ousji et
al., 2017)], the analytical approaches [reprinted from (Ousji et al., 2017)] and the 2DOF model

Generally, the Ru/P, curves form an approximately horizontal line to the right of the envelope curve.
Hence, the positive effect on DLF; is constant, regardless of the parameter t4/T». This is attributed to the
nonlinear spring ki reaching its peak resistance Ry. In the quasi-static region, where the response is
mainly affected by the maximum force and not by impulse, this lower reaction force value, which is
limited by the resistance Ry of the first degree of freedom (cladding), controls the response of the sup-
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porting structure. For each Ry /P, curve, the resistance Ry, with respect to the maximum force Py, re-
mains constant, hence this is the reason why DLF; also remains constant at the portion where the Ru/P,
curve exits the envelope curve.
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Figure 4-11: Supporting structure DLF, for mass ratios m2/m; = 0.1, 1.0, for resistance ratios Ru/P, =
0.1 - 2.0 (black curve represents the Ru/P, = 2.0 curve) and typical stiffness ratios ka/ki

DLF, = 2.0 is approximately the upper bound static approach value for all mass and stiffness ratios.
There are cases that DLF; reaches slightly larger values than 2.0. This is due to dynamic interaction of
the two degrees of freedom when the natural periods of the two connected components are close to
each other. The fact that DLF; is slightly over 2.0 is opposed to the balanced design approach
(Dusenberry, 2010), where the maximum DLF values applied for the structural design of the compo-
nents supporting the cladding are 2.0 or lower, assuming the maximum DLF values from professionally
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used design charts, e.g. by DoD (2008). This occurs despite the generally applied rule of the two natural
periods being different by at least a factor of 2.0 (Biggs, 1964). Further evaluation and remarks for the
cases that DLF, > 2.0 are discussed in subsequent paragraph 4.5.4.
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Figure 4-12: Supporting structure DLF, for mass ratios my/ms = 10.0, 100.0, for resistance ratios Ru/P,
= 0.1 - 2.0 (black curve represents the R./P, = 2.0 curve) and typical stiffness ratios ka/k1

4.5.2. Effects of cladding ductility on the supporting structure

As already noted, plastic energy absorption is an effective mechanism to limit the demand on the sup-
porting structure. However, certain limitations must be imposed to the structural design of the cladding-
to-supporting-structure system in order to benefit from this mechanism. These limitations are associated
with the cladding ductility and displacement limits. Ductility is typically dictated by the rupture strain of
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the cladding material and displacement by geometric constraints of the structural configuration. Accord-
ing to the observations of Figure 4-11 and Figure 4-12, an apparent approach to design the cladding to
achieve a low DLF; would be to decrease the resistance R, in order to have the lowest possible Ru/P,
ratio. However, for the same blast load profile, the lowest R,/P, ratio would lead to excessive defor-
mations and plastic strains.

A typical case of the ductility requirements is presented in Figure 4-13, which indicates the points where
certain ductility has been reached. The displacements were calculated with Equation (4-2). The ductility
limits, illustrated in Figure 4-13, indicate that the limits of the plastic energy absorption mechanism are
not infinite. A reasonable ductility value between 5 and 20 (ASCE, 2010), depending on the cladding
type for cladding-to-framing systems, is sufficient for a certain range of DLF; targets. Below the corre-
sponding ductility limit, there is an inactive zone (illustrated in grey), where the cladding has unaccepta-
ble deformations or collapses.
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Figure 4-13: Achieved ductility of the cladding for mz/m; = 1.0, ko/k; = 10.0 and Ry/P, =0.1 - 2.0
45.3. Effects of cladding mass and stiffness on the supporting structure

Figure 4-11 and Figure 4-12 suggest that mass and stiffness have appreciable contribution on DLF, of
the supporting structure. To further evaluate the effects of mass and stiffness, the Ru/P, = 2 curves for
varying mass and stiffness ratios are plotted in Figure 4-14. Regarding the mass and stiffness variables,
used in Figure 4-14, the blast duration ratios tq on the horizontal axis are divided by T, which depends
on m; and k», while the vertical axis values depend on k.. Thus, with regard to the my/m1 and ka/k; ratios
at the curves of Figure 4-14, the results cannot be interpreted from the perspective of m, and k; variation,
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because by modifying these parameters, the variables of the axes also change. On the contrary, the
variation of parameters mi and k; can be readily examined, as they do not have any correlation with the
axes and they only affect the mz/m; and kz/k; ratios assigned to the respective curves.

An important observation from Figure 4-14 is that the contribution of the first degree of freedom (clad-
ding) to the maximum response of the second degree of freedom (supporting structure) becomes more
significant as mass m; increases and as stiffness ki drops, i.e., representing a heavy and/or flexible
cladding system with relatively large natural period. More specifically, in the quasi-static region (to the
right of Figure 4-14), the supporting structure DLF; is approximately equal to 2.0 for low mass and high
stiffness in the cladding, while DLF; is reduced for high mass and low stiffness in the cladding. In phys-
ical terms, when the cladding has low natural period (reduced mass and increased stiffness) compared
to the natural period of the supporting structure, it transfers the blast load practically unchanged to the
supporting structure through its dynamic reactions. In other words, the calculated response of the sup-
porting structure with 2DOF analysis is similar to the calculated response of the supporting structure
with SDOF analysis, assuming that the mass of the first degree of freedom is rigidly attached to the
supporting structure. However, an interesting observation is that when the cladding has large natural
period, the supporting structure DLF; is lower because of the substantial inertial effects in the corre-
sponding equations of motion. The cladding responds relatively slowly to the blast loading by simulta-
neously lowering the ki spring maximum force and increasing the duration of the excitation, received by
the second degree of freedom.

Moreover, inertial resistance also affects the response in the dynamic and impulsive regions (to the left
of Figure 4-14), even though this response is not governed by the maximum spring force. Because the
excitation on the supporting structure has longer duration, the highly impulsive blast loading is trans-
formed by the cladding into a quasi-static load, even for low t¢/T> ratios, but with lower amplitude than
the initial blast force Po.

45.4. The special case of similar natural periods

For the analysis cases in the previous sections, mass and stiffness ratios have been selected in order
to avoid dynamic interaction by differentiating the natural periods (calculated separately for each mass)
by at least an order of two, as recommended by Biggs (1964). Nonetheless, the case of the two degrees
of freedom being in dynamic interaction has also been examined and the results are presented in Figure
4-15.

Equation (4-21) has been used to calculate the ratios of the two natural periods. Since the same ratio
can be achieved through multiple mo/m; and ko/k ratios, each T1/T, curve has been generated by em-
ploying different values for the ratios. These values are within the region [0.1, 100.0]. For example, the
curve T1/T» = 1.50 has been created by the envelope of the eight curves, which correspond to my/m; =
0.1, 1.0, 10.0, 100.0 and kz/k; = 0.1, 1.0, 10.0, 100.0.
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Figure 4-14: Supporting structure DLF: for typical mass and stiffness ratios corresponding to re-
sistance ratio Ry/Po = 2
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Figure 4-15: Ry/P, = 2 curves when cladding and its supporting structure are in dynamic interaction
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As shown in Figure 4-15, the dynamic interaction can be considered negligible only when the natural
period ratio is 2.50 or higher. When the natural period ratio is 2.0, there is slight dynamic interaction,
which is presented by DLF, = 2.50 in the quasi-static region. This fact negates the limit of 2 for the
natural periods ratio, as suggested by Biggs (1964), in order to avoid dynamic interaction effects, i.e.,
resonance. Furthermore, when the natural period ratio is 1.5 or less, there is significant dynamic inter-
action, which may lead up to DLF, = 4.00 for equal natural periods, indicating that such design choices
should be avoided for structural applications.

However, itis noted that resonance effects on interacting structural members, subjected to blast loading,
may be partly disregarded due to mechanisms that attenuate the vibration after a few response cycles.
As shown experimentally by PDC (2006), the respective numerical results have been proved to be over-
conservative since in actual structural applications resonance effects are not dominant. Hence, as rec-
ommended by PDC (2006), DLF, can be taken as the peak value of the first response cycle of the
supporting structure.

4.6. Interpretation of the 2DOF results and design remarks

Based on the results of the 2DOF parametric analyses that were performed in this study, a number of
observations and design remarks that are directly applicable to structural engineering practice can be
made, which are summarized in this section.

Regarding the plastic energy absorption mechanism, even though the cladding is designed to dissipate
blast energy, this mechanism will not appreciably benefit the response of the supporting structure in the
impulsive region (ta/T2<0.1), except only if Ry/P, is relatively low, in the range of 0.1 to 0.2. On the
contrary, mainly in the quasi-static region (to/T>>10.0) and partly in the dynamic region (0.1<t4/T»<10.0),
the Ru/P, values seem to be the decisive factor for the maximum displacement of the supporting struc-
ture. This observation suggests that the supporting structure should have sufficiently small natural pe-
riod with respect to the duration of the blast load in order to take advantage of the plastic energy ab-
sorption mechanism. The physical meaning of this observation is that in the impulsive region the re-
sponse is mainly dictated by inertial resistance and not by the plastic energy absorption mechanism.
Conversely, in the quasi-static region the response is primarily governed by the plastic energy absorp-
tion mechanism, which limits the amplitude of the force exerted on the supporting structure by increasing
the duration of reaction force during the response first cycle, while keeping the impulse approximately
equal to the impulse of the blast load that is acting on the cladding. Therefore, the supporting structure
benefits from the lower amplitude of the applied force due to plastic energy absorption taking place in
the cladding. This results in significant decrease of the response of the supporting structure for all ma/m1
and k/k; ratios. Hence, the demand on the supporting structure will benefit from a cladding that is de-
signed for energy absorption, only when the blast duration is such that response is in the quasi-static
region and partly in the dynamic region.

However, deformation and plastic strain limits may also control the boundaries of the plastic energy
absorption mechanism in the examined 2DOF system as well as in most structural applications. Plastic
energy dissipation can take place in the cladding only as long as the cladding does not rupture. As
shown in Figure 4-13, ductility may even deplete before the respective Ru/P, curves enter into the quasi-
static region. Thus, even in the regions where the plastic energy absorption mechanism is applicable
(as discussed in previous paragraph), there is an upper limit for its utilization, which is dictated from the
maximum ductility or excessive deformations of the cladding.
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Hence, the plastic energy absorption mechanism has both a lower bound (the inertial resistance mech-
anism) and an upper bound (the maximum ductility). In order to design a cladding within these bounds,
the beforehand estimation of the peak pressure P, and impulse (through the positive phase duration tg)
is necessary. These parameters are typically known from the design-basis blast loads or may have to
be estimated with probabilistic analyses.

Regarding the inertial resistance mechanism, mass and stiffness have compelling role in all regions and
they can be useful for all different blast load amplitudes and durations. On the contrary, the plastic
energy absorption mechanism is highly dependent on the maximum force P, and is inactive in the im-
pulsive and partially active in the dynamic region. However, in order to activate the inertial resistance
mechanism, a combination of large cladding mass and low cladding stiffness is needed to create a large
natural period cladding, with the former leading to increased gravity loads and the latter to high defor-
mations. Thus, the design of a cladding with focus on this mechanism can be cumbersome as it is
opposed to typical engineering practice, where it is desirable to minimize dead weight and maximize
stiffness. Figure 4-16 summarizes the limits and activation zones of the plastic energy absorption and
inertial resistance mechanism.

T T T T L | T T T T T I I I
— — — No significant inertial I
2| Conventional cladding I |
— — — Significant inertial resistance — I
Cladding with large natural period I
————— Plastic energy absorption — I
Plastic strains in the cladding D
————— Plastic rupture or excessive deformations|: : :
15+ - _— - - — 7 |
w
= : N
o : I
o, ene
1Lk : OPUC 7
0.5} | ]
7" Inactive zone due to
g plastic rupture or
g excessive deformations
L in the cladding
2 0 1
10 10 10

Figure 4-16: Limits and activation zones of the mechanisms of plastic energy absorption and inertial
resistance

The results of the 2DOF study are in agreement with the observations made in section 4.4.1, where it is
shown that in the impulsive region (ta/T2 = 0.13), the plastic energy absorption mechanism does not have
any significant effect. More specifically, the reduction of steel strength in Alternative A (Figure 4-7), did
not yield any appreciable difference in the computed response, even though the panel strength was far
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below the peak pressure load and the plastic strains were increased. On the contrary, by altering the
panel mass and stiffness in Alternative B (Figure 4-7), leading to a new panel with significantly higher
natural period, the maximum beam displacement was decreased by approximately 32%, despite being
in the impulsive region. This is attributed to the role of the inertial resistance mechanism, which is prev-
alent in Figure 4-7(b).

Regarding the dynamic interaction between the cladding and the supporting structure, their natural pe-
riods should be differentiated by at least 2.50 in order for a factor of 2 to be applied in the context of a
balanced design approach. When this limit is not taken into account, significant dynamic interaction may
be exhibited in the response of the respective structural components. Further research may be neces-
sary to better characterize resonance effects for cladding-to-supporting-structure systems.

4.7, Conclusions

In this chapter, a dimensionless 2DOF model was developed. The 2DOF model was used to evaluate
the effects of cladding (first DOF) to the dynamic response of the supporting structure (second DOF),
when subjected to blast load. The 2DOF model was initially validated and the effects of the plastic en-
ergy absorption and inertial resistance mechanism were demonstrated with the numerical modeling,
using NTFEA, in a cladding-to-framing system as well as with experimental and analytical results, found
in literature. The 2DOF model was found to represent with reasonable accuracy the coupled response
of the cladding-to-supporting-structure system.

Using the validated 2DOF model, the response of the cladding-to-supporting-structure system was eval-
uated for a wide range of different parameters with a series of dimensionless analyses. The examined
parameters were the mass and stiffness of the two degrees of freedom and the ultimate resistance and
ductility of the first DOF, representing the cladding. Their effects have been presented with a series of
diagrams providing the corresponding DLF; of the supporting structure, the reduction of which is the
main purpose of this research, as a means of protecting the main structure from the blast effects. It was
found that by utilizing the plastic energy absorption or the inertial resistance mechanisms, the cladding
can be used to mitigate the effects of the blast loading and reduce its consequences to the supporting
structure.

More specifically, the most effective techniques for reducing DLF, were found to be the reduction of the
cladding ultimate resistance, the increase of the cladding mass and the decrease of the cladding stiff-
ness. These approaches for reducing the blast effects on the supporting structure correspond to the two
different mechanisms, but both mechanisms have certain limitations. From structural design perspec-
tive, these mechanisms and their corresponding limits comprise significant parameters for the selection
of a cladding type to mitigate the potential blast effects in the supporting structure. The role and applica-
bility of each mechanism should be taken into account considering the design-basis blast loads that the
cladding is designed to resist.
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Chapter 5

Influence of cladding membrane action

This chapter is a slightly modified version of the following open access paper.

loannou, O. and Gantes, C.J. (2021) ‘Membrane action of cladding subjected to blast loading and effects
on the supporting structure’, Vibration, 4(4), pp. 768—786. doi: 10.3390/vibration4040043.

5.1. Introduction

Cladding membrane behavior has been found to be critical, as it leads to increased in-plane and out-of-
plane reaction forces when subjected to blast loading (Dharmasena et al., 2008, 2011). Generally, the
cladding is designed assuming inelastic flexural action against blast effects, but it may also be designed
with catenary action (Dusenberry, 2010). However, in order for membrane resistance (catenary action)
to be efficiently used, large deformations are needed, and the respective connections should be de-
signed accordingly, exhibiting appropriate strength and ductility. These structural implications, associ-
ated with membrane action, have limited the exploitation of membrane action in typical structural engi-
neering practice. On the other hand, the opposite is the case in blast-resistant design, as catenary action
is extensively applied to safeguard structures against progressive collapse through slabs and tie beams
(Hadjioannou et al., 2018), to protect laminated glass panes with PVB layers (Zhang and Hao, 2016),
or to serve as a reserve safety for structural components that have exhausted their bending strength
and ductility (Dusenberry, 2010).

The effects of panel stiffness on its maximum reaction forces have been analytically examined by Pan
and Watson (1998) for the case of a clamped rectangular plate. It was found that in the elastic limit of
both the quasi-static and the impulsive regime, the transmitted membrane forces were significantly in-
creased with thickness decrease. Sandwich panels, consisting of a face plate, a core, and a back plate,
have also been found to lead to increased reaction stretching forces, when subjected to blast loading
(Dharmasena et al., 2008). When compared with equivalent thickness solid plates with significant mem-
brane behavior, it was shown that the sandwich panels lead to lower out-of-plane reaction forces
(Dharmasena et al., 2011).
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The membrane resistance is even more significant for glass panes due to their small thickness. As noted
by Del Linz et al. (2015), membrane forces are increased when laminated glass is deformed. This hap-
pens up to the post-crack phase, where only membrane resistance is activated, and the respective
reaction forces (both in-plane and out-of-plane) are so large that they should be calculated in detail for
the glass fixings design.

In the present chapter, the influence of cladding membrane behavior on the supporting structure is ex-
amined through dimensionless SDOF models. The dimensionless SDOF models are employed because
they can lead to generalized observations about a variety of cladding material and geometric arrange-
ments that can be described by the respective material model. Dimensionless diagrams are produced,
offering quantitative and qualitative estimations about the role of cladding membrane behavior over the
supporting structure. The observations are demonstrated and verified through a numerical model of a
typical steel cladding-to-supporting-structure application.

5.2. Dimensionless SDOF analysis
5.2.1. Derivation of equations of motion

The modeling of the cladding-to-supporting-structure system was accomplished through a two-step
SDOF time history analysis, as shown in Figure 5-1.

AP
— Typical pressure - time profile
— Equivalent pressure - time profile

k, T Ak
;%‘VW“ m, 1= V() %“/W“ m, [¢—P(t)
o O O O
S A Y224 A
Supporting structure Cladding
(b)

Figure 5-1: Dimensionless SDOF analysis: (a) Pressure time profile for blast loading; (b) Two step
SDOF analysis

First, an SDOF analysis was performed representing the cladding subjected to blast loading (first step).
Subsequently, another SDOF analysis was performed representing the supporting structure subjected
to the dynamic reactions of the cladding (second step). The corresponding displacements are denoted
by x1 (cladding) and x. (supporting structure).

The spring that is associated with cladding stiffness is described by the force—displacement diagram of
Figure 5-2. Generally, the membrane effects can be incorporated through various methodologies. An
analytical methodology for predicting the maximum displacement of a structural component, subjected
to blast loading, by taking into account the membrane effects of the cladding, was presented by
Hoffmeister et al. (2015). Along with this methodology, extended SDOF approaches with membrane
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properties have also been presented in FABIG (2002), NORSOK (2004). In the present chapter, the
approach that is prescribed in NORSOK (2004) was adopted. According to this approach, an initial
elastic stiffness ki1 is assigned to the SDOF. When the cladding reaches its ultimate resistance Ry, its
stiffness is set to zero (k1,2 = 0), until the cladding develops sufficiently large displacements (X1,mem) t0
initiate membrane action.

R A

Figure 5-2: Force—displacement diagram of cladding with both bending and membrane stiffness

If the membrane stiffness ki3 is lower than the bending stiffness ki 1, the cladding exhibits both bending
and membrane behavior. However, if the membrane stiffness ki s is significantly higher than the bending
stiffness ki 1, the cladding can be considered to be a purely tensile structure, depending only on ki3 and
neglecting both ki1 and the horizontal plasticity branch in the force—displacement diagram. This differ-
ence is discussed further in sections 5.3 (both bending and membrane stiffness) and 5.4 (membrane
structure).

The unloading curve of the force—displacement diagram was applied as suggested in HSE (2006). More
specifically, the unloading curve corresponds to linear material and nonlinear geometry. Thus, the hori-
zontal branch of the loading curve, which accounts for the effects of plasticity, is neglected in the un-
loading phase. Plasticity is then reactivated during rebound if the force reaches the cladding negative
ultimate resistance, —R..

The cladding and supporting structure masses are denoted by m; and my, respectively. Along with mass
ms, the load—mass transformation factor is employed in order to appropriately convert the cladding com-
ponent into an SDOF, where a1, b1,1, @12, and by 2 constitute the respective coefficients for the cladding
dynamic reactions (Biggs, 1964). Furthermore, the supporting structure spring is considered as elastic
and is denoted by k.

The corresponding equations of motion and dynamic reactions V(t) of the cladding SDOF are described
by Equations (5-1)—(5-7), separated into the various regions of cladding response, i.e., the elastic region,
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the plastic region, and the membrane action region. The equations are also applicable during the un-
loading of the cladding SDOF in a similar manner as for the aforementioned regions. In these equations,
the blast loading P(t) is applied as an equivalent triangular load, shown in Figure 5-1, while the cladding
membrane stiffness is calculated by employing the cladding axial resistance N, and length L. Moreover,
damping has not been accounted for, because it has negligible effects in blast-resistant design
(Krauthammer and Altenberg, 2000; Righy, Tyas and Bennett, 2012). The support reaction V(t) is dou-
bled when applied to the supporting structure because it refers to the reactions of both adjacent cladding
components.

my Xy + kg = P(D), X1 < Xyl (5-1)
V(t) =ay;R(t) + by P(2), X < Xyel (5-2)
my-X; + R, = P(t), X101 = X1 < X1mem (5-3)
V() = a2 -” R, + b1,2 P(0), X101 = X1 < X1 mem (5-4)
my X +kizx = P(t), X1 = X1 mem (5-5)
V() =(2-Ny/L) - x,, X1 = Xy mem (5-6)
my Xy, +ky x, =2-V(t) (5-7)

The equations of motion can be further developed in non-dimensional form through the parameters of
Equations (5-8)—(5-11). The non-dimensionalization of the displacement is performed by dividing with
the static displacement xsi = Po/kz, while the non-dimensionalization of time is performed by dividing
with the ratio of blast positive phase duration tq to the natural period of the supporting structure T.

— X1
n, = x/(Po/kz) (5-8)
ny; = /(Po/kz) (5-9)
Pt)=F-(1-) (5-10)

_t —t
£= 1= Y o i) (5-11)

By applying a similar procedure with the one described by Biggs (1964), Equations (5-1)—(5-7) can be
converted into Equations (5-12)—(5-16). According to these equations, the maximum displacement of
the supporting structure can be estimated through the maximum value of nz, which constitutes the DLF»
(Dynamic Load Factor, ratio of maximum displacement Xmax2 to static displacement xs2) of the supporting
structure.

my 1 . kig T.

m_24ﬂ_2n1+k_2n1=1—§ z/td; n1<n1‘el (5_12)

V(- T,) k4 T.

—Po = a1_1 " k_z *Nq + bl,l ) (1 - f ) z/td)l ny < nl,el (5_13)

my 1 R T,

m—z m nq + P_: =1—- f - z/td’ Ny el < ny < N1, mem (5_14)

V(- Ty) R T.

—P = al,z . Fu + bl,z . (1 — f . z/td)’ nl‘el < nq < nl‘mem (5'15)

o [

my 1 . ks kg T.

ma e T T 12 M mem (5-16)

V(- T) _ k1,3 k1,1 1

R Tk, k2 M 2 e (&-17)
1. L VET)

471_2 nz + le = 2 Po (5'18)
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The above differential equations were solved in MATLAB (The Mathworks Inc, 2018) for a wide range
of the five dimensionless parameters my/ma, Ka/ki 1, Ru/Po, Ki3/ki1, and ta/T2. The Newmark average
acceleration method was applied with yy = 0.5, By = 0.25, and a sufficiently small time step in order to
capture the maximum displacement at the first oscillation cycle, as noted in PDC (2006).

5.2.2. Assumptions and limitations

The range of validity of the described two-step SDOF analysis is restricted by several limitations, which
are summarized as follows:

= The actual cladding-to-supporting-structure system is more complicated with regard to the dis-
tribution of mass and stiffness than the employed lumped mass SDOF models. The respective
transformation factors are considered uniform throughout the analyses.

» For the sake of simplicity, the dynamic reactions V(t) correspond to simply supported compo-
nents with uniformly distributed load and uniformly distributed mass [a;1 = 0.39, b11 =0.11, a1
=0.38, b1 2=0.12 (Cormie, Mays and Smith, 2009)]. It is noted that the respective values of the
dynamic reactions in fixed components are approximately equal with the ones in the simply
supported components.

= Plasticity can only be captured by the horizontal branch of the force—displacement diagram,
while in actual cases the cladding’s response may be composed of multilinear regions with
smooth transitions.

= Membrane action, which is considered through stiffness ki3, is only an approximation of the
physical system’s response, where the membrane action increases rapidly with increases in
displacement, depending also on the cladding’s connections and on the supporting structure
stiffness.

» The force—displacement unloading branches and the respective stiffness and resistance values
constitute reasonable estimations of the actual behavior. No cyclic loading or buckling was ex-
amined.

» Strain-rate effects can efficiently be accounted for with the use of dynamic increase factors, as
indicated by Dusenberry (2010).

= Close-in or contact explosions that may lead to shear failure and perforation in the cladding are
not taken into account. It is assumed that the charge is positioned at sufficient distance from the
cladding, so that the developing blast pressure is uniformly distributed.

= Blast loading was applied as an equivalent triangular load with the same maximum pressure
and positive impulse as the actual exponential blast loading, by altering the blast positive phase
duration and neglecting the negative phase effects.

5.3. Influence of cladding with both bending and membrane stiffness

The two-step SDOF analysis can be uniquely described by the five parameters identified in paragraph
5.2.1. Appropriate values were assigned to these parameters in order to produce the qualitative and
quantitative diagrams shown in the present section. These parameters are further detailed as follows:

* my/mi: The mass of the supporting structure (m.) is typically lower than the cladding mass (m).
Hence, the cases of my/m; = 0.1 and my/m4 = 1.0 are presented.

= Kko/ki1: The stiffness of the supporting structure (k») is significantly larger than the cladding bend-
ing stiffness (k1,1). Hence, the cases of kao/ki1 = 10.0 and kao/ki1 = 100.0 are presented.
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= Ry/Po: The ultimate resistance of the cladding (Ry) may be either larger or lower than the maxi-
mum blast pressure (Po). As a consequence, two extreme values were assigned to this ratio
(Ru/Po = 0.1 and Ru/P, = 2.0), as well as three intermediate values (Ru/P, = 0.5, 1.0, 1.5).

= kialki1: Six cases were examined with regard to the cladding membrane stiffness. These cases
are presented in Figure 5-3 and can be described by only flexural response without plasticity
(k1,3/k1,1 = 1.00, 2.00), flexural and early membrane response (ki,3/ki1 = 0.50, 0.75), and flexural
and late membrane response (ki a/ki1 = 0.10, 0.25). The discussed ratios are also examined in
NORSOK (2004).

= t4/T2: A wide spectrum of tg/T> ratios was investigated in order to efficiently calculate the DLF;
at all response types, i.e., at the impulsive regime (ta/T2 < 0.1), the dynamic regime (0.1 < t4/T>
< 10.0), and the quasi-static regime (ts/T> > 10.0) (Cormie, Mays and Smith, 2009). More spe-
cifically, DLF, was calculated at 401 points ranging from t4/T2 = 0.01 to t¢/T> = 100.0. In the same
context with the well-known ductility ratio or DLF diagrams, used in blast-resistant design (DA,
1957), the t4/T» ratio was applied in the horizontal axis of the diagrams that are shown in this
chapter.
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Figure 5-3: Force—displacement diagram of cladding at multiple membrane stiffness ratios (ki,s/k1,1 =
0.10, 0.25, 0.50, 0.75, 1.00, 2.00)

It is noted that despite the reasonable selection of specific values in the aforementioned parameters,
the observations that are made in the present section about the cladding-membrane-behavior influence
on the supporting structure were also verified at additional values of the parameters. Hence, these ob-
servations can be considered to be of general validity for a wide range of cladding-to-supporting-struc-
ture arrangements.

The diagrams included in Figure 5-4 and Figure 5-5 were produced with the aforementioned representa-
tive values. More specifically, both figures refer to the same mass and stiffness ratios (m2/m; = 0.1, 1.0,
ko/ki1 = 10.0, 100.0, and ki 3/ki1 = 0.1, 0.5, 1.0) but different resistance ratios (R./P, = 0.1, 1.0, 2.0 in
Figure 5-4, Ry/P, = 0.5, 1.5, 2.0 in Figure 5-5). The resistance ratio R./P, = 2.0 is common between the
two figures because it represents the elastic cladding response. Hence, all possible observations should
be made by comparing the other curves with the R./P, = 2.0 curve (black curve), which is the same for
all stiffness ratios.
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Figure 5-4: DLF; of supporting structure for typical mass, bending stiffness, and membrane stiffness
arrangements (mz/m1 = 0.1, 1.0, ko/k1,1 = 10.0, 100.0, and ki s/ki1 = 0.1, 0.5, 1.0) at resistance ratios
R./P,=0.1, 1.0, 2.0

Similar diagrams are presented in Figure 5-6 but with fixed values for the mass ratio m,/m; and bending
stiffness ratio ko/k1,1, as their main purpose is to capture the effect of membrane stiffness ratio ki a/ki 1
in combination with the resistance ratio R./P,. The selected values were representing typical cladding-
to-supporting-structure arrangements, i.e., my/m; = 0.1 and kz/ky1 = 10.0.

The main contribution of the cladding to the response of the supporting structure is presented in the
dynamic and quasi-static regime. This observation is supported by the fact that the lower the resistance
ratio Ru /P, is, the lower the positive phase duration to natural period ratio t4/T> is, for which the cladding
comes into effect. Hence, the cladding influence could be exhibited in the impulsive regime only for
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significantly low resistance ratios Ry/P,, low stiffness ratios ko/ki1 and ki a/ki1, as well as high mass
ratios mo/m;.
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Figure 5-5: DLF; of supporting structure for typical mass, bending stiffness, and membrane stiffness
arrangements (mz/my = 0.1, 1.0, ko/kq 1 = 10.0, 100.0, and ki 3/ki1 = 0.1, 0.5, 1.0) at resistance ratios
Rw/P,=0.5,1.5,2.0

With regard to the dynamic and the quasi-static regime, the influence of the cladding can be calculated
by the reduction in the DLF; curve (in black) at the same positive phase duration to natural period ratio
ta/T> as the one of interest. The reduction can have limited or extended magnitude and is strongly de-
pendent upon the various examined parameters. Furthermore, the reduction may be present either for
only a narrow range or, conversely, for a wide range of t4/T> ratios.
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Figure 5-6: DLF; of supporting structure for mass ratio my/m1 = 0.1, bending stiffness ratio ka/ki1 =
10.0, and various membrane stiffness ratios (ki,s/k1,1 = 0.10, 0.25, 0.50, 0.75, 1.00, 2.00) at resistance
ratios Ry/P, =0.1, 0.5, 1.0, 1.5

More specifically, the resistance ratio R./P, seems to have a prevalent role in the response of the sup-
porting structure. When R/P, is low (i.e., equal to 0.1 or 0.5), the effects on DLF, are exhibited early
and can be estimated to have an approximately 30~50% reduction in the displacement of the supporting
structure. However, this is not applicable for all membrane stiffness ratios ki s/ki1 because, when the
membrane action is significant (k1,s/k1,1 = 0.5, 1.0), plastic dissipation cannot be efficiently activated, and
the respective effects on DLF; are minor. Increases in cladding displacements lead to substantial mem-
brane action with simultaneous increase in the corresponding support reactions acting over the support-
ing structure. Hence DLF; ends up being the same as if blast loading were applied directly to the sup-
porting structure (via the corresponding tributary area), without taking into account the cladding charac-
teristics.
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A similar behavior is observed for large resistance ratios Ru/P, but, in this case, the DLF, reduction is
applicable for a range of positive phase duration to natural period ratios ta/T, only in the quasi-static
regime. Hence, cladding ductility is utilized differently with respect to the supporting structure response
regime. Large resistance ratios Ry/P, should be used only in the quasi-static regime, while small re-
sistance ratios R./P, should be used both in the dynamic and the quasi-static regime. However, at all
resistance ratios Ru/Po, the membrane stiffness ratio ki s/k1,1 should be as small as possible in order for
plastic energy absorption to take place.

The effects of mass and bending stiffness are significant and effective at the whole spectrum of positive
phase duration to natural period ratios ta/T2. More specifically, it is preferred for mass m to have large
values and bending stiffness ki1 to have small values. In this way, the inertial resistance mechanism of
the cladding comes into effect. This mechanism is associated with decreased cladding velocity and,
thus, with reduced kinetic energy applied to the cladding (Dusenberry, 2010). The reduced kinetic en-
ergy is critical because it is subsequently converted into strain energy and, thus, into reduced displace-
ments for the supporting structure.

5.4. Influence of cladding as a membrane structure

Generally, cladding could be designed with negligible bending stiffness in contrast with its membrane
stiffness. Then, cladding can be considered as a membrane structure, without bending stiffness ki1 and
resistance Ry. This case is indicated by parameters kis/ki1 = 1.0, 2.0 of Figure 5-3. Pertinent DLF»
results of this type of structure are presented in Figure 5-7 for multiple mass and stiffness ratios.
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Figure 5-7: DLF2 of supporting structure when cladding is considered to be a membrane structure with
ki3/ki,1 = 1.0, 2.0 at mass ratios mz2/m1 = 0.1, 1.0 and bending stiffness ratios kz/ki,1 = 10.0, 100.0

As observed, the cladding mass and stiffness exhibit significant influence over the supporting structure.
Increases in mass mi and decreases of membrane stiffness ki 3 may reduce DLF, by as much as 70%.
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Furthermore, these effects are active across the whole range of positive phase duration to natural period
ratios ta/T», i.e., at the impulsive, dynamic, and quasi-static regime. This fact is of particular interest
because the effects of the resistance ratio Ry,/P, are mainly applicable to the dynamic and the quasi-
static regime, while they are also dependent upon the maximum pressure P, for the determination of Ry
and the proper design of the cladding. Hence, designing the cladding with low membrane stiffness and
increased mass could yield substantial effects over the DLF, without the need for the beforehand esti-
mation of maximum blast pressure P.

5.5. Case study

A case study of a typical cladding-to-column arrangement was selected in order to verify the proposed
two-step SDOF analysis and demonstrate the membrane effects of cladding over the supporting struc-
ture. A numerical model was prepared in ANSYS Explicit Dynamics software (ANSYS Inc, 2017), and
appropriate Nonlinear Transient Finite Element Analyses (NTFEA) executions were performed.

The considered cladding comprised a steel trapezoidal sheet with a height of 100 mm, a thickness of 5
mm, a crest width of 100 mm, and a valley width of 1700 mm, as shown in Figure 5-8. Its geometry was
similar to the profiled sheeting that was used by Louca and Boh (2004), and its static pressure—displace-
ment curve was calculated as indicated in Figure 5-9. The supporting structure comprised IPE 330 col-
umns that were considered to be pinned-pinned, while the trapezoidal sheeting was assumed to be
welded to the columns through the detail presented in Figure 5-10. The column spacing and length were
defined as 4 m and 2 m, respectively.

100 mm 100 mm 100 mm 300 mm

Figure 5-8: Geometry of the trapezoidal sheet considered in the case study

The selected material was steel S355 (BSI, 2019) with a yield strength of 410 MPa (Braconi et al., 2015)
due to the static increase factor (representing the difference between the designed steel quality and the
actual steel quality). In the numerical model, the hardening effects were taken into account by consid-
ering the Johnson-Cook model (Johnson and Cook, 1983), while the strain-rate effects were taken into
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account by considering the Cowper-Symonds model (Cowper and Symonds, 1957). These models are
described by Equation (5-19), with the relevant values shown in Table 5-1 for the hardening coefficients
(B, 6) and for the strain-rate coefficients (D, q) (Cadoni et al., 2018; Mortazavi and Heo, 2018). In Equa-
tion (5-19), plastic stress, yield strength, plastic strain, and plastic strain rate are denoted by o, A, &,
and &,;, respectively. These effects were accounted for in the two-step SDOF analysis through the Dy-

namic Increase Factor (DIF), which was assigned to the resistance R.
P (kPa) A
250
200 4
150 d %
R - = e
7

100 Z e

50 e

0 k, 40 80 120 160 200 x, (mm)

Figure 5-9: Static pressure—displacement curve (resistance curve) of the trapezoidal sheet considered
in the case study

: (1/a
¢ = (A+B-sgl)-<1+<%) ) (5-19)

Table 5-1: Parameters values of the Johnson-Cook and the Cowper-Symonds models (Cadoni et al.,
2018; Mortazavi and Heo, 2018)

Parameter Value
A 410 MPa
B 782 MPa
6 0.562
D 4000
q 5

Blast loading was applied as an equivalent triangular pressure, as shown in Figure 5-1. A pressure
amplitude of 200 kPa was applied, as it reflects a typical mid-range blast loading (e.g., 20 kg at a
stand-off distance of 10 m), which is considered as appropriate, assuming that the panel belongs to a
building with perimeter protection (fence and barriers). A variety of peak pressure—impulse
combinations was applied to the cladding. All combinations had the same maximum blast pressure but
different positive phase duration, as indicated in Figure 5-11. This procedure was chosen, because
each curve that was shown at the relevant DLF; diagrams of the previous paragraphs can be produced
by fixed values at all parameters, except for the positive phase duration tq, which dictates the ratio tq/
T.. It is noted that con-stant pressure can be achieved though positive phase duration by increasing
impulse, which is the integral of pressure over time.
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— In-plane and rotational (vertical axis) supports

~ — ~
~ - ~

~N
~ 7~ Vertical stiffeners 8 mm
~ with 200 mm spacing

N IPE 330 s
~ -~

~ —
— —

Detail of trapezoidal sheet to IPE 330 connection
Figure 5-10: 3D view of the cladding-to-column arrangement that was implemented in the case study

A4

5ms 10 ms 15 ms 20ms t;

Figure 5-11: Combinations of maximum blast pressure and positive phase duration applied to the clad-
ding of the case study
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The procedure that was used in the two-step SDOF analysis was the same as the one described in
section 5.2. However, along with masses mi1 and my, proper Kum factors (load—mass transformation
factors) (Cormie, Mays and Smith, 2009) were applied in order to convert the structural components into
SDOF models with approximately the same displacement time history. The contribution of these factors
is shown in Equations (5-20)—(5-26), and the respective values are presented in Table 5-2.

Kimy-my Xy + kyg o x = P(2), X < Xpel (5-20)
V() = ay, R(E) + by P(2), X1 < Xyl (5-21)
Kim1-my - %) + DIF - R, = P(0), X1el = X1 < X1 mem (5-22)
V(t) =ay, DIF R, + by, - P(t), X101 < X1 < X1 mem (5-23)
Kimy-my Xy + kyzex = P(t), X1 2 X1 mem (5-24)
V() =(2-Ny/L) - x,, X3 = X1 mem (5-25)
Kipz -my X5 +ky-xy =2-V(1) (5-26)

Table 5-2: Parameters of the two-step SDOF analysis

Parameter Value Source
ki1 13,251 N/mm Figure 5-9
Ru 944,001 N Figure 5-9
ki3 8883 N/mm Figure 5-9
ma 410,000 g Manual calculation

Average value of fixed-fixed component

Kuw 0.72 subjected to distributed loading

lyy 11,770 cm? Manual calculation

ka2 237,283 N/mm (384-E-ly)/(5-L%)

mz 31,400 g Manual calculation

Elastic bending of pinned-pinned component

Kuvz 0.78 subjected to distributed loading

DIF 1.20 (Cormie, Mays and Smith, 2009)

Np/L 2221 N/mm k13/4 (NORSOK, 2004)

X1,el 85.5 mm DIF Ru/k1,1
X1,mem 127.5 mm D|F'Ru/k1,3

The numerical model was created with shell elements of sufficiently dense mesh (20 mm), as indicated
in Figure 5-13. It was confirmed that the mesh was sufficient through parametric analyses with denser
mesh, which exhibited approximately the same results. The duration of the analyses was large enough
to capture the maximum displacement and plastic strains of both the cladding and the columns, while
the timestep was small enough to satisfy the Courant criterion (ANSYS Inc, 2017). As a whole, twenty
analyses were performed with each one having a different blast loading, defined by an increasing posi-
tive phase duration from 1 ms to 20 ms with 1 ms step.

The analysis with the 15 ms positive phase duration was selected as an example in order to display
both the numerical model and the two-step analysis results. This positive phase duration was selected
because it was large enough for the cladding to enter into the membrane branch of its resistance curve.
The numerical model results are presented in Figure 5-13, while the comparison with the two-step SDOF
analysis is presented in Figure 5-12.

The displacements and plastic strains of the numerical model are displayed at the instances of 10.0 ms
and 12.7 ms, where the maximum displacement of the column and the cladding are exhibited, respec-
tively. As shown, cladding maximum displacement was extended beyond X1,mem; thus, membrane action
of the cladding was initiated. Furthermore, significant plastic strains were observed at the ends and the
middle of the cladding, while the columns remained elastic.
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Regarding the comparison with the two-step SDOF analysis, the results were verified through the nu-
merical model. The maximum displacements of both the cladding and columns as well as the time of
maximum displacement were similar between the two approaches.

Furthermore, useful observations were made through the constant pressure procedure, which was ap-
plied to the numerical model in order to check the response of the columns, by constantly increasing
impulse. As presented in Figure 5-14, for small positive phase durations ty, column maximum displace-
ment is linearly increased. Within the range of 4 ms to 8 ms the column displacement is approximately
constant, while beyond 8 ms it is further increased until 18 ms. When the positive phase duration is over
18 ms, the column enters into plasticity, and its displacements are rapidly increasing.

200 T T T T T T T T T T

150 - =

x1 (mm)
—
S
T
1

50 | =

0 2 4 6 8 10 12 14 16 18 20 22
t (ms)

(a)

Xo(mm)

_4 1 1 1 1 1 1 1 1 1 1

0 2 4 6 8 10 12 14 16 18 20 22

t (ms)
(b)

| SDOF results Numerical model results |

Figure 5-12: Two-step SDOF analysis and numerical model results of the case study (a) cladding and
(b) columns, when subjected to maximum blast pressure of 200 kPa and positive phase duration of 15
ms

The negative effects of the cladding membrane action are exhibited through the fact that it constitutes
an obstacle to plastic energy dissipation. More specifically, bending-induced plastic strains are beneficial
to the supporting structure. However, plastic strains, caused by membrane action, result in larger sup-
port reactions, thus leading to significant increase in the supporting structure displacements. When the
cladding’s response exceeds X1,mem, the upper limit of resistance R, for the support reactions stops being
applicable.
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Figure 5-13: Meshing and results of the case study numerical model when cladding is subjected to 200
kPa maximum blast pressure and 1500 kPa ms impulse (15 ms positive phase duration)

5.6. Conclusions

The effects of cladding membrane behavior on the supporting structure were explored, focusing on two
cases of cladding response. The first case referred to the response of cladding with both bending and
membrane stiffness, while in the second case flexible cladding with only membrane stiffness was con-
sidered. The results of the investigation were considered in non-dimensional form so that they would be
applicable to multiple cladding-to-supporting-structure configurations. The observations were concen-
trated on the fundamental parameters of the cladding, i.e., the cladding mass mg, resistance Ry, bending
stiffness k1,1, and membrane stiffness ki 3.
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Figure 5-14: Numerical-model transverse displacements of the case-study cladding and column at in-
creasing positive phase duration

It was shown that increased membrane stiffness ki 3 leads to the enlargement of the support reactions,
thus escalating the displacement of the supporting structure. Moreover, when cladding membrane action
is initiated, the beneficial effects of cladding plasticity are countered by the contribution of the axial forces
to the support reactions. On the contrary, if membrane stiffness is limited, an upper limit is observed in
the support reactions, depending on resistance Ry. Hence, it is preferential that energy absorption is
activated though bending behavior instead of membrane behavior.

In addition, when resistance has a low value with regard to maximum blast pressure P, the effects of
plasticity are observed both in the dynamic and the quasi-static regime, but they are not constant, as
they are limited when positive phase duration ty is increased. However, when resistance has a high
value, the effects of plasticity are observed only in the quasi-static regime.

In contradiction to this fact, the effects of mass m; and bending stiffness ki 1 are applicable to the whole
spectrum of positive phase durations tq and natural periods T, regardless of the impulsive, the dynamic,
and the quasi-static regime. More specifically, the supporting structure displacements are limited
through increased mass and low bending stiffness in the cladding. In this case, the cladding responds
slowly to blast loading, thus yielding low support reactions to the supporting structure. Furthermore, the
effects of cladding mass and bending stiffness are applicable to all pressure—impulse combinations,
while the effects of resistance depend on the characteristics of blast loading.
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As a whole, the observations of the present article are critical for the design of cladding subjected to
blast loading. It has been shown that membrane behavior results in adverse consequences for the sup-
porting structure, as it yields unconservative reaction forces, and should not be neglected during the
design procedure. Moreover, membrane behavior should only be activated as a reserve, in order to
protect cladding from failure. This is of particular interest for a building fagade, where displacements and
P-A effects at the main lateral resisting system should be limited.
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Chapter 6

Experimental investigation

This chapter is a slightly modified version of the following paper that has been submitted for review and
possible publication in a peer-reviewed scientific journal.

loannou, O., Hadjioannou, M., Gantes, C.J., and Lignos, X.A. 'Experimental investigation of a cladding-
to-girt system subjected to blast loading’, submitted for review.

6.1. Introduction

The blast-resistant design trend of reducing the peak reaction force from the cladding to the supporting
structure has been investigated experimentally by several researchers. The effectiveness of sandwich
panels has been investigated by Karagiozova et al. (2009), Zhu et al. (2008), McShane et al. (2006),
Radford et al. (2006), Tian et al. (2016), by measuring the permanent deflection of the rear plate com-
pared to the front plate, and, thus, indirectly estimating the transmitted pulse from the core. Sandwich
panels were also examined by Hanssen et al. (2002), Bornstein and Ackland (2013), by measuring the
swing of a pendulum or the velocity of a mass, respectively, located at the rear face of the components.
It is noted that the response of the rear plate of sandwich panels does not directly facilitate a reduction
in the response of the supporting structure, i.e., the structural component where the cladding is attached
to, because the reaction forces are not directly correlated with the rear plate response.

In addition, several research studies about sacrificial cladding, directly attached to the supporting struc-
ture, have been conducted, involving measurement of the reaction time history and the response of the
supporting structure, such as the ones from Reid and Reddy (1983), Palanivelu et al. (2011), Schenker
et al. (2005), Zhao et al. (2015), Chengging et al. (2011). In the same context, Khalifa et al. (2017),
Abada and Ibrahim (2020) have experimentally quantified the static resistance curves of various types
of sacrificial cladding for blast-resistant applications. Furthermore, the energy-absorbing capacity of
panel connectors has been investigated by Whitney (1996), with shock tube tests measuring the maxi-
mum reaction to the supporting structure, and by Oswald (2018), who measured the cladding and con-
nectors deflection and reaction time histories.
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These studies mainly focused on the plastic energy dissipation characteristics of materials and geomet-
ric forms (plastic energy absorption mechanism), located in the core of a sandwich panel, at the face of
a protected component or at the connection of a panel. The effects were experimentally investigated
through (1) the dynamic response of the cladding, (2) the reaction time history of the cladding, (3) the
static resistance curves of the cladding and (4) the dynamic response of the supporting structure.

To further assess the effectiveness of the cladding to limit damage to the underlying structure, a blast
test was performed on two specimens, each comprising of a cladding-to-girt system. The girts of the two
specimens were identical whereas the cladding types were different, so that only the cladding charac-
teristics would affect the response of the girts. The cladding on the first specimen had relatively low
stiffness. Adversely, the cladding on the second specimen was designed to be stiffer and of higher
capacity than the cladding on the first specimen. Thus, with specific focus on the effects of the cladding
bending and membrane stiffness (inertial resistance mechanism), the interaction between the two dif-
ferent cladding types and their supporting girts, subjected to the same blast loading, are studied in the
present chapter.

In the subsequent sections, the test matrix and experimental setup are described, explaining the ra-
tionale behind the selected procedure and its steps for the design of the cladding and its supports. Then,
the test configuration is described along with the results. The test data are also compared with results
obtained from detailed finite element models of the two specimens. Finally, conclusions are drawn re-
garding the contribution of the cladding stiffness to the response of the supporting structure.

6.2. Description of the experimental setup and instrumentation

Figure 6-1 shows views of the experimental setup. The experimental setup comprised of three compo-
nents, which are indicated in Figure 6-1(a); (1) the reacting frame, (2) the hanger for the explosive, and
(3) the two specimens. The reacting frame was centered to the hanger point of the explosives, so that
the two specimens were subjected to the same blast load. All steel members were made of S275 steel.
Similar experimental setups with free air bursts were also used by Silva and Binggeng (2009),
Chengging et al. (2011) and Giovino et al. (2014) in blast field experiments. Furthermore, the difference
between the two specimens was their cladding type, i.e., specimen 1 with cladding type (cA), denoted
as (sA), and specimen 2 with cladding type (cB), denoted as (sB).

6.2.1. Description of the reacting frame

The reacting frame was 1860-mm long, 1940-mm wide, and 1150-mm tall. It comprised of six columns
made of HEA 220 sections. Along the 1940-mm long edges, the columns were connected to HEA220
beams and along the 1860-mm long edges, the columns were connected to IPE200 beams. All the
beams were rigidly welded to the columns, thus creating moment frames in both directions. The beams
and columns were designed to be relatively stiff and remain elastic under the anticipated blast loads
with peak expected deflection of less than their length divided by 1500. Each column was anchored on
a 500-mm thick reinforced concrete foundation slab, made of C30/37 concrete (Figure 6-1(d)). The two
specimens were installed at a height of 1150 mm above the foundation slab (Figure 6-1(b)) to allow
sufficient space for the installation of the measuring devices.

6.2.2. Instrumentation

The measurements were mainly focused on the deflection of the cladding and the supporting structure
as, along with the support rotation, they constitute the primary engineering demand parameters in blast-
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resistant design (PDC 2008). Deflections were measured at characteristic points of the two specimens,
mainly at the center points. All locations where displacements were measured on the two specimens
are indicated in Figure 6-2(a). Two types of measurements were recorded at these points; the peak
transient displacement during the test and the post-test residual displacement. The peak deflection was

measured using a single-value measuring device, which is shown in in Figure 6-2(b).
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Figure 6-1: Views of the experimental setup: (a) 3D view; (b) Plan view; (c) Front view; (d) Side view

This device was previously used by Schenker et al. (2008) and Giovino et al. (2014) and, owing to its
shape, it is known as “displacement comb”. It consists of a series of teeth with linearly decaying length.

The maximum displacement occurring during the blast experiment was measured after the test by ob-
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serving the number of bent teeth caused by the deflection of the structural component, which was lo-
cated above them. One such device was placed below the center of each structural component at spe-
cifically designated fastening points [Figure 6-2(b)]. Post-test residual permanent plastic deformations
at the same points were measured after the test with the use a rotary level laser, creating a horizontal
laser plane over the cladding components. Then, the vertical distance between the laser plane and the
upper face of the cladding was measured with the use of a caliper.
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Figure 6-2: Displacement "comb" devices for the measurement of maximum transient deflection: (a)
Experimental-setup location of the devices in plan; (b) 3D view of the devices' fastening points below
the experimental setup; (c) Geometry of the devices; (d) Photo of the devices before their fastening

Field measurements were not performed with electromechanical sensors, because such sensors have
been associated with multiple problems in blast experiments. As mentioned by Rigby et al. (2020), the
main challenge about these type of sensors is that they must be covered to be protected from blast
loading, while they are simultaneously required to function with spatial and temporal features in the order
of mm and ps, respectively. Thus, they are sensitive recording equipment, frequently associated with
ineffective implementation (Hoffmeister et al., 2015). Mechanical pressure gauges (rupture disks) were
also found by Giovino et al. (2014) to be non-compliant with blast loading.
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6.2.3. Field configuration of the experimental setup

All components of the experimental setup were prefabricated in order minimize field work. The compo-
nents were transported to the testing site, connected to each other and then positioned on a pit with well
compacted granular fill, as shown in Figure 6-3. The displacement devices [Figure 6-2(d)] were then
installed. Sandbags of different sizes were placed at the perimeter of the setup, similarly as reported by
Giovino et al. (2014). Their main function was to prevent the blast wave from entering the area below
the panels and protect the displacement devices. Furthermore, the sandbags reduced the clearing effect
at the perimeter of the specimens, by extending the horizontal surface upon which blast pressure was
applied.

To avoid the development of overpressure in the enclosed space under the specimens, two volume
relief gaps were create under two sandbags, arranged symmetrically in plan. These gaps were created
using wooden strips, as shown in Figure 6-4. By incorporating these space gaps, the undesirable oc-
currence of adiabatic compression of the interstitial air at the enclosed volume was effectively averted.
Such phenomena were reported in the experimental work of Naito et al. (2011) and Whitney (1996).

(’J‘it* H
Nl L ; &

Figure 6-4: Wooden strips for volume relief below the experimental setup
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6.2.4. Explosive charge weight

Due to the symmetric layout of the experimental setup and the symmetric position of the explosive
charge over the setup [Figure 6-1(b)], the blast loads that were exerted on the two specimens were
assumed to be the same. Accordingly, the pressure parameters were estimated per Kingery and Bul-
mash (1984), Hyde (1993), Hudson (1955). These methods were found to be highly accurate in mid-
field explosions according to Cheval et al. (2010), Cheval et al. (2012), Rigby et al. (2020).

The explosive was located at a distance of 2.0 m above the upper face of the specimens, as shown in
Figure 6-5. The explosive charge weight was TNT, 2.495 kg (5.5 Ib), consisting of five and a half 1-lb
containers. The detonation point was at the center of the change and the shape of the charge was
approximately cuboid with dimensions 18 cm x 15 cm x 10 cm; the 18 cm were arranged vertically. The
explosion was considered to be a free air burst, without the creation of any Mach waves, due to the low
angle between the charge and the limited plan dimensions of the setup. A camera with high frame rate
was placed at a distance of 25 m from the experimental setup in order to capture the explosion.

Figure 6-5: View of the experimental setup prior to the detonation

6.3. Description of the test specimens
6.3.1. Specimen geometry

Scaled models with two specimens of different cladding types were tested during the experiment. The
first cladding type (cA) was a 4-mm thick solid steel plate, while the second cladding type (cB) comprised
of a 2-mm thick solid plate, supported by 5-mm thick welded transverse stiffeners with 110-mm spacing.
The cladding types had the same plan dimensions, i.e., a length of 1400 mm and a width of 700 mm. A
view of the two specimens is shown in Figure 6-6. The two panels were welded on girts with identical
section sizes, since the primary purpose of the experiment was to study the effects of the cladding to
the supporting structure, i.e., the girts. A square hollow section with 50-mm edge length and 2.75-mm
wall thickness was used for the girt members.
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Specimen sA Specimen sB
Solid plate Panel with stiffeners
4 mm (1400%2)/(50x5)
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o |
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50X2.75

Figure 6-6: Views of the two specimens sA and sB
6.3.2. Specimen design

While the girts on the two specimens were identical, the stiffness characteristics of the two cladding
types were different. In type (cA) membrane stiffness dominates due to the deflection restraint in the
transverse horizontal direction, provided by the supporting girts. Cladding type (cB) is considered to be
a typical panel acting primarily in bending. The total mass of the two cladding types were approximately
equal; mass of type (cA) was 30.8 kg and mass of type (cB) was 32.5 kg.

In order to further interpret the stiffness characteristics of the cladding, the static pressure—displacement
curves (or resistance curves) were computed and are presented in Figure 6-7. The curves were created
by considering the two cladding types isolated from their girts and applying fixity at their boundaries.
The pressure was applied with uniform loading at the upper face of the two cladding types.
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Panel with stiffeners (sB)
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Displacement (mm)

Figure 6-7: Static pressure—displacement curves of the two cladding types
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As shown, plastic strains are exhibited in both cladding types. The plastic strains are limited to around
5% for displacements below 25 mm, but they increase substantially with increasing pressure. A preva-
lent differentiation between the two cladding types is their initial elastic stiffness. The elastic stiffness of
the solid plate (cA) is considerably lower than the one of the panel with stiffeners (cB). In the solid plate
the initial stiffness is very low and after reaching the displacement threshold of 23 mm, membrane stiff-
ness dominates and continues with a branch of constant slope. It is noted that membrane stiffness
becomes steeper at a mid-span displacement beyond 70 mm. However, this branch is neglected in the
context of the present paper, as the cladding did not reach this displacement level. Furthermore, the
initial stiffness of the panel with stiffeners is significantly higher than the initial stiffness of the solid plate.
After reaching its yield displacement of 3 mm, the resistance is approximately constant up to about 10
mm. Then the resistance starts to increase due to the development of membrane action at increasing
deformations.

The natural period of the two cladding types were calculated with an eigenvalue analysis as 23 ms in
the solid plate (cA) and 3 ms in the panel with stiffeners (cB). It is further noted that, since the mass of
the two cladding types is similar, the natural period is affected by the different stiffness characteristics
of the two cladding types. Thus, among the main cladding parameters (yield resistance, ductility, mass
and stiffness) the primary differentiating factor between the cladding types is their stiffness, which con-
stitutes the main subject of the present chapter, and it was achieved by effectively designing a flexible
cladding (cA) and a stiff cladding (cB).

In addition, pre-test simulations of the two specimens indicate that the expected deformation on the girt
members were in the order of a few millimeters, which could be measured with reasonable accuracy
using measuring combs.

6.3.3. Material properties

The specimens were made of steel. Specifically, the 4-mm, 5-mm solid plates and the square hollow
sections of the girts were made of S275, steel while the 2-mm solid plates were made of S235 steel.
The actual strength of the steel used in the specimens was measured with a series of direct tension
tests on standard size coupons. Three different specimens were employed for each thickness, as shown
in Figure 6-8, from spare parts of the material during fabrication. Their exact true stress—true strain
characteristics are summarized in Table 6-1. As shown, they have negligible deviations between each
other.

[ R L |
(b)

Figure 6-8: Tensile tests in the laboratory: (a) Specimen in Universal Testing Machine (UTM); (b)
Specimens after the tensile test
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Table 6-1: Experimental measurements of the tensile tests

Lower Upper Proof . .
Speci Thickness yield y?(fld strength Code Ultlmatea U'““Tage

pecimen (mm) strength strength 0.2 % strength strength str:un

(MPa) (MPa) (MPa) (MPa) (MPa) (%)
TT1-1 1.97 mm 227.9 235.1 - 235 329.7 47.2
TT1-2 1.97 mm 214.4 229.9 - 235 318.8 47.6
TT1-3 1.96 mm 210.3 218.8 - 235 311.7 46.6
TT2-1 4.09 mm 329.0 342.9 - 275 448.3 52.0
TT2-2 4.09 mm 322.7 329.0 - 275 433.0 58.3
TT2-3 4.08 mm 319.6 334.5 - 275 437.4 51.2
TT3-1 5.04 mm 342.2 357.7 - 275 455.3 44.8
TT3-2 5.05 mm 340.2 346.4 - 275 454.1 45.6
TT3-3 5.06 mm 343.6 352.4 - 275 457.7 45.9
TT4-1 2.75 mm - - 304.7 275 371.1 33.2
TT4-2 2.75 mm - - 302.0 275 360.7 36.3
TT4-3 2.75 mm - - 302.5 275 363.4 35.7

athe values refer to engineering stress and strain properties

6.4. Experimental test results

The detonation of the explosives took place at an ambient air temperature of 24 °C, 55% relativity hu-
midity and 1.25 m/s wind velocity. A high-pressure blast wave occurred due to the detonation. Along
with this blast wave, an instantaneous fireball appeared, which was captured by the camera shown in
Figure 6-9. A photo of the specimens is presented in Figure 6-10.

Figure 6-9: Snapshot of explosion

The displacement “combs” (Figure 6-2) provided accurate measurements of the peak displacements
during testing. An example of their behavior is shown in Figure 6-11, where some of the device’s teeth
were bent, while the rest remained intact. The peak displacement was measured by identifying the last
bent tooth at each device. The specimens also had appreciable permanent plastic deformations, as
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indicated in Figure 6-12(a), which shows the central girt of the panel with stiffeners, cladding type (B).
In order to accurately measure the permanent deflections, a rotary level laser was effectively used.

Il“l” | \ I

Figure 6-11: Displacement device, before and after the explosion

A summary of the peak and residual displacements at six points across the midspan of the two speci-
mens, as indicated in Figure 6-12(b), are presented in Table 2. As shown, the accuracy was in the order
of mm, while the maximum displacements followed the same trend with the permanent deformations.
Hence, the results from the two measurement techniques were consistent with each other.
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(b)

Figure 6-12: Permanent deflections after the explosion: (a) Visual representation of the deflection of

the central girt of the panel with stiffeners; (b) Points of interest in plan for the determination of maxi-
mum and permanent displacement (solid plate - left, panel with stiffeners - right)

Regarding the structural behavior of the specimens, the highest maximum and permanent displace-
ments were observed in the flexible cladding cA (point P2). On the contrary, significantly lower displace-
ments were observed in the stiff cladding cB (point P5). However, the opposite behavior was exhibited
in the response of the girts. More specifically, the displacements of the flexible-cladding girts (point P1
and P3) were lower than the stiff-cladding girts (point P4 and P6). Thus, low stiffness in the cladding
leads to enhanced behavior in the supporting structure. Furthermore, both the cladding and the girts
exhibited permanent deformations, hence plastic strains were induced in both specimens. More details
about the effects of stiffness are given in section 6.3.2 along with several indicators extracted from the
numerical model.

Table 6-2: Experimental measurements of the maximum and permanent displacements of the points of
interest

Maximum Permanent
Specimen Point of interest? displacement displacement
(mm) (mm)
P1 11 1
sA P2 60 35
P3 26 13
P4 44 27
sB P5 40 21
P6 31 13

arefer to Figure 6-13(b)
6.5. Numerical modeling
6.5.1. Description of analysis models

The experimental data were compared to results from numerical models of the two specimens. Figure
6-13 shows a view of the detailed finite element model which included the two specimens and the re-
acting frame. The experimental setup was included in the model in order to more accurately account the
effects of the girt-to-column connection stiffness and the fact that the middle columns were subjected to
increased forces as two girts were attached to them. Thus, higher rotations were induced at the ends of
the central girts than the edge girts. The column bases were modeled as fixed.

The numerical model was developed in ANSYS Explicit Dynamics software (ANSYS Inc, 2017), by per-
forming Nonlinear Transient Finite Element Analyses (NTFEA), accounting for material and geometric
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nonlinearity. Numerical stability was achieved by automatically calculating the time step with the Courant
number criterion (ANSYS Inc, 2017). The finite element model consisted of a sufficiently dense shell
finite element mesh (10 mm) with five through-thickness integration points and with activation of thick-
ness update. The size of the elements was based on the mesh convergence studies of Grisaro et al.
(2019) and loannou et al. (2022). According to these studies, a size of 10 mm was shown to be accurate
for steel components subjected to blast loading.

== Displacement supports

(a)
Figure 6-13: Numerical model of both cladding types and their girts: (a) Discretization and partial mod-
eling of the experimental setup; (b) Points of interest at the bottom side of the specimens

6.5.2. Material models

The material properties, used to model the behavior of steel, were informed from the laboratory tensile
tests that were performed on coupons, obtained from the test specimens (Figure 6-8). The true plastic
stress—true plastic strain diagrams of the three tensile tests, conducted for each plate thickness, are
illustrated with grey lines in Figure 6-14. The steel hardening characteristics were implemented in the
numerical model by using the Johnson and Cook (1983) hardening model. The Johnson-Cook harden-
ing curve parameters were chosen to match the features of the direct tension tests (Figure 6-14). The
strain-rate effects were also included by employing the Cowper and Symonds (1957) model. The John-
son-Cook plasticity model and the Cowper-Symonds strain-rate model are described by Equation (6-1),
where o is the plastic stress, &p the plastic strain, &, the plastic strain rate, A the yield strength, B and
8 the hardening coefficients and q and D the strain-rate coefficients. g and D were adopted from DNV
(2013) for common structural steel with values of 5 and 4000, respectively. All the steel members of the
reacting frame (Figure 6-1) were modeled as purely elastic because, as previously mentioned, they were
overdesigned in order to remain elastic under the applied blast loads, something that was confirmed by
inspection after the test (no permanent plastic deformations, all welded joints were intact).

£, 1/q
v = (A+B-sgl)-<1+<3p) ) (6-1)
6.5.3. Blast load simulation

The applied blast load to the numerical model was based on the Kingery and Bulmash (1984) semi-
empirical blast load equations for free air bursts for the 2.495-kg TNT explosive that was used. These
equations can account for the main parameters that affect the resulting blast pressure, i.e., the standoff
distance and the charge weight, which are used as input parameters to calculate the values of the max-
imum reflected pressure, the maximum incident pressure, the positive phase duration, the time of arrival
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and the decay coefficients. These values were subsequently used for the formation of the Friedlander
equation, as described by Equation (6-2), where t is the time, P(t) the pressure time history, P, the
maximum pressure. P, is a function of the angle of incidence and varies between the maximum incident
pressure Ps and the maximum reflected pressure P.. t4 is the positive phase duration and b the blast
wave decay coefficient. The stand-off distance in these equations was considered by taking the distance
between the detonation point and each point on the loaded surface of the specimens. More specifically,
the top surface of the specimens was discretized and the blast load time history was applied over the
surface according to the local parameters with regard to the explosive source. For example, the stand-
off distance of points B1, B2, B3 in Figure 6-15 was 2.20 m, 2.08 m and 2.01 m, respectively.

t t
P(t) = P, (1 - t_> " exp (—b t_) (6-2)
d d
Johnson-Cook hardening
Tensile test
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Figure 6-14: True plastic stress—true plastic strain diagrams of the tensile tests accompanied by their
fitted Johnson-Cook strain hardening curve. The tensile-test values correspond to the elongation of
the specimens up to their ultimate strength, i.e., the post-necking elongation is neglected
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Figure 6-15: Blast pressure over the cladding: (a) Plan distribution of maximum blast pressure over the
cladding; (b) Blast pressure time history of points S1, S2, S3 over the cladding

The angle of incidence of a blast wave was also considered using the built-in Loads on Structures (LOS),
subroutine of ConWep, as presented by Hyde (1993). More specifically, the pressure time history was
calculated according to the circular function of Equation (6-3), where the incident Ps(t) and reflected P(t)
pressure time histories as well as the angle of incidence ¢ are incorporated.

P,(t) - (1 + cosp — 2cos?¢) + P-(t) - cos?¢p,cosg = 0

P,(t),cosp <0 (6-3)

P(t0) = |

The aforementioned equations neglect the clearing effects, i.e., the target dimensions are assumed to
be infinite. However, in most practical applications as well as in the experimental setup of this study, the
target had finite dimensions. This is the reason why blast-wave clearing occurred at the perimeter of the
setup. More specifically, horizontal steel beams and sandbags were arranged at the perimeter. After the
reflected shock front left the free edge of these objects, an incident shock front diffracted from the free
edge. Due the pressure imbalance between the shock fronts, low pressure rarefaction waves propagat-
ing towards the center of the setup were created (Righy, Tyas and Bennett, 2012). These rarefaction
waves were calculated by enforcing the Hudson (1955) predictive method through Equations (6-4)—(6-5)
and the respective diagram of spatial and temporal properties of the rarefaction wave from Hudson
(1955), where ni is Hudson's non dimensional length scale, Xeqge is the distance from the point of interest
to the free edge, ao is the sonic sound speed in air and &y is the Hudson's time scale. The objects around
the experimental setup were considered to have a size of 50 cm. Relevant clearing-pressure time his-
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tories of characteristic points of interest are presented in Figure 6-15. As shown, the effects of the rare-
faction waves at the center of the experimental setup are negligible due to the large distance from the
free edges. It is noted that the clearing-pressure time history is subtracted from the exponential pressure
time history.

n. = xedge
" ap " tg (6-4)
6y = P (6-5)
d

6.5.4. Extension of the analysis with an elastic model

As aforementioned, plastic strains appeared in both girts during the experiment. The plastic defor-
mations of the girts could play a key role in the response of the cladding to girt system. Thus, it was
deemed valuable to verify the effects of the two cladding types to their girts, by extending the analyses
to elastic and stiff girts. These girts were modeled with rectangular hollow sections of 100 mm x 50 mm
x 5.00 mm and were expected to respond elastically when subjected to the same blast loading as the
experimentally used sections of 50 mm x 50 mm x 2.75 mm.

6.6. Interpretation of the results

The results from the numerical analysis and their comparison to the measured maximum and permanent
displacements of the experimental investigation are presented in Figure 6-16. As shown, there are minor
deviations between the experimental measurements and the numerical model results, i.e., the maximum
difference was 9.8 % in the maximum displacements. In addition, plastic strains were small in the two
cladding types, while they were higher in the girts. The plastic strains in the middle of the girts of the
panel with stiffeners were around 3%, while the middle of the girts of the solid plate remained elastic.
However, the plastic strains of the girts of both cladding types were increased at their ends (6%) due to
a combination of large bending moments and shear forces.

Thus, in accordance with the experimental results, the maximum and permanent displacements of the
solid panel cA were approximately ~50%-70% times larger than the displacements of the stiffened panel
cB. However, the maximum displacements of the sA girts of the solid plate were approximately ~30%-
60% of the displacements of the sB girts of the stiffened panel, while the permanent displacements
followed a similar trend. This difference was confirmed for the case of elastic response of the girts, as
shown in Figure 6-17. In this numerical model, the maximum and permanent displacements of cA were
approximately ~170%-230% times larger than the displacements of ¢cB. However, the maximum dis-
placements of the sA girts were approximately ~40%-50% of the displacements of the sB girts. Hence,
the displacements were larger in cA than in cB but the displacements of the sA girts were lower than
the displacements of the sB girts in both numerical models.

The fact that the displacements of the girts were larger in the case of the stiff cladding than in the case
of the flexible cladding is supported by the significant difference in the cladding natural periods, as pre-
sented in section 6.3.2. More specifically, when cladding is stiff, the blast loading is transferred un-
changed to the supporting structure through the cladding dynamic reactions. On the contrary, when the
cladding natural period is increased, low amplitude and increased duration is exhibited in the cladding
reaction time history to the girts (loannou and Gantes, 2021). This function constitutes the inertial re-
sistance mechanism and is beneficial for the supporting structure as it effectively leads to the reduction
of the exhibited displacements and to enhanced structural behavior.
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Displacement time history of Specimen sA
Displacement time history of Specimen sB
——o—— Experimental measurement of maximum displacement @ @ @@ @ @
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Figure 6-16: Numerical model and experimental results: (a) Vertical displacements in the numerical
model at instances t = 4.5 ms (peak displacement) and t = 100.0 ms (permanent displacement); (b)
Plastic strains at instance 100.0 ms (permanent displacement); (c) Numerical model displacement
time histories at points P1, P2, P3, P4, P5 and P6 and comparison to experimental measurements

6.7. Conclusions

The effects of cladding stiffness over the response of the supporting structure were demonstrated in the
present chapter through the experimental investigation of two cladding-to-girt systems. The girts, which
represented the supporting structure, were identical in the two systems, while the claddings had different
geometric configuration and, thus, different stiffness characteristics. Both systems were subjected to the
same blast loading, as the explosive initiation was made simultaneously and was symmetrical in plan.

The experimental and numerical model results highlighted the fact that low stiffness in the cladding can
be beneficial for the supporting structure, as it leads to decreased deformations. This was verified with
both elastoplastic and purely elastic response in the girts. The effects of the low stiffness stem from the
inertial resistance mechanism, according to which the reaction time history of the cladding has lower
amplitude but increased duration, when compared with the time history of the blast loading applied to
the cladding.
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Hence, low bending and membrane stiffness in the cladding can effectively be used for the blast protec-
tion of critical infrastructure in order to guarantee the integrity of the main structure, limit its damages
and relevant economic losses as well as to restrain the horizontal displacements of columns as a means
to reduce possible P-0 effects.
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Figure 6-17: Results of the numerical model with elastic girts: (a) Discretization of the numerical model
with elastic girts; (b) Vertical displacements in the numerical model at instances of t = 3.9 ms (peak
displacement) and t = 14.7 ms (rebound); (c) Numerical model displacement time histories at points

P1, P2, P3, P4, P5 and P6
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Evaluation of mitigation potential

This chapter is a slightly modified version of the following paper, republished with permission of Amer-
ican Society of Civil Engineers; permission conveyed through Copyright Clearance Center, Inc.

loannou, O., Hadjioannou, M. and Gantes, C.J. (2022) ‘Evaluation of the potential of cladding to miti-
gate blast effects on the supporting structure’, Practice Periodical on Structural Design and Construc-
tion, 27(3). doi: 10.1061/(ASCE)SC.1943-5576.0000701.

7.1. Introduction

Blast effects can be mitigated for the supporting structure by activating the plastic energy absorption
(ductile response) and/or the inertial resistance (mass and stiffness) mechanisms. Quantification of the
attenuating effects of certain cladding components has been proposed without taking the supporting
structure into consideration, by means of;

= The maximum cladding reaction force or the reaction time history, e.g., Chen and Hao (2012)
and Van Paepegem et al. (2014) have measured the boundary reaction forces in order to ex-
amine the effectiveness of different panel configuration designs.

= The energy absorbed through plastic deformation, e.g., Wang et al. (2020) and Li et al. (2018)
have calculated the energy absorbed in the core of sandwich panels.

= Blast-specific response measurements with assumptions for the explosive weight and stand-
off distances, e.g., Zhao et al. (2015) and Karagiozova et al. (2009b) have examined the blast
mitigation capacity of structural components with the calculation of the supporting structure
stress or the back plate displacement of sandwich panels, which appeared at specific combi-
nations of explosive weight and distance or at specific front plate velocities.

However, the above approaches do not directly take into consideration the interaction of the cladding
components with the supporting structure, which can significantly affect the response according to Lori
et al. (2019). Furthermore, the attenuating effects of cladding components can also vary for different
blast load profiles (Guruprasad and Mukherjee, 2000; Karagiozova, Nurick and Langdon, 2009), ex-
hibiting better performance for shorter duration and higher magnitude blast loads or vice versa. Over-
all, a generic approach that can directly estimate the attenuating effects of cladding components, by
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taking into consideration their interaction with the supporting structure, for a wide range of blast load
combinations, can greatly benefit the structural design process, leading to safer designs against a
specified design-basis blast threat. It is noted that the term “mitigation potential” is used to describe
the degree of attenuation of blast effects to the supporting structure.

In the present chapter, a new approach to calculate the mitigation potential of cladding components is
proposed, taking into consideration the dynamic characteristics of the supporting structure in a dimen-
sionless form, so that it can be generally applicable for a wide range of supporting structure configura-
tions. The dimensionless form is applied using the Dynamic Load Factor (DLF), defined in Equation
(7-1) as the ratio of the supporting structure’s maximum displacement xmax to the corresponding static
displacement xs:, where P, is the force amplitude (resultant of peak blast pressure) and k the stiffness
of the supporting structure.

DLF =Ymaxfy ="max/ p 1y (7-1)

With the proposed methodology, the response of the cladding components can be calculated for a
wide range of blast loads, regardless of the supporting structure, using Multi-Degree-of-Freedom
(MDOF) analyses, Single-Degree-of-Freedom (SDOF) analyses, Finite Element Analyses (FEA) or
analytical solutions. The cladding’s response, in the form of dynamic reaction history, is used as ap-
plied load for SDOF models to calculate the dimensionless response of the supporting structure,
thereby quantifying the cladding’s mitigation potential. The calculated mitigation potential can then be
incorporated into a pressure—impulse diagram, which conveniently allows a structural designer to es-
timate both the mitigation potential of the cladding and its damage levels for various pressure—impulse
combinations. Because the proposed methodology is generic, it can be used to evaluate the mitigation
potential of different cladding types. As a proof of concept, a case study with the mitigation potential of
four cladding types with different geometries and support conditions was prepared, providing key in-
sights for the role of different cladding configuration parameters to the plastic energy absorption and
inertial resistance mechanisms.

7.2. Characteristics of cladding response to blast loads

It is further noted that the duration of the reaction time histories has not been experimentally proven to
be the same between computational models and experimental tests (PDC 2006). In most cases, after
the first oscillation cycle of the reaction time history, the amplitude of the cladding’s reaction is signifi-
cantly reduced. Computationally-applied numerical damping cannot effectively capture the actual reac-
tion time history and the rapid attenuation of the cladding’s reaction history. For that reason, PDC
(2006) suggests to only use the first response cycle of the cladding’s dynamic reaction history to ana-
lyze the response of the underlying supporting structure. On that basis, for the present study, the dura-
tion of the corresponding time histories, extracted from computational models, representing the clad-
ding are truncated according to Equation (7-2), where T is the natural period of the cladding, tq the du-
ration of the blast positive phase duration and T the duration of the first oscillation cycle.

Duration = max (T,ty, T,) (7-2)

The support reactions of the cladding comprise force components that are transverse and parallel to
the cladding, as well as bending moments. It is noted that cladding panels may often be continuous
over the supporting structure, thus subjecting the supporting structure to primarily transverse forces.
The in-plane (membrane) force components and moments are counterbalanced between adjacent
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cladding segments. Where there is no adjacent cladding segment, next to the segment under consid-
eration, forces that are parallel to the cladding are also transferred to the supporting structure, provid-
ed that there is appropriate connection and supporting structure stiffness to allow membrane action to
be activated. In this case, the support reaction time history comprises a force vector that is the result-
ant of the transverse and parallel force components. However, the membrane action could be avoided,
by properly detailing the connection (e.g. with slotted holes or flexible connections (Holgado et al.,
2012)) and/or considering that the supporting structure is characterized by reduced weak axis stiff-
ness, thus primarily transferring transverse forces to the supporting structure. Furthermore, the case of
sacrificial cladding, attached to a protected member, is also included in the present study by neglect-
ing the composite action between the cladding and the protected members, which could induce friction
forces in their connection.

7.3. Description of the proposed methodology

The primary objective of the proposed methodology is to enable direct comparison between alternative
claddings in terms of their effects to the supporting structure when exposed to blast loads. The mitiga-
tion potential that a specific cladding type/configuration provides to the supporting structure is calcu-
lated by analyzing the supporting structure for a cladding-specific dynamic reaction history. This pro-
cess is repeated for a wide range of blast load profiles (pressure—impulse combinations) and for sup-
porting structures with different dynamic characteristics. The pressure—impulse diagram of the clad-
ding is then amended with the calculated mitigation potential characteristics. The following subsections
provide a detailed description of this methodology.

7.3.1. Implementation

The proposed methodology can be executed in six steps as described below and illustrated in Figure
7-1.

Step 1: Calculation of the Pressure—Impulse Diagram

The first step is to generate the pressure—impulse diagram of the cladding. Briefly, this procedure in-
volves the determination of a wide range of pressure—impulse pairs for which the cladding has the
same performance (or damage) level, such as the same peak deflection (Dusenberry, 2010). The in-
formation about the damage levels is produced by performing a series of analyses to the cladding with
appropriate search algorithms, which can have basic or advanced nature, as presented by Chernin et
al. (2019). All pressure—impulse pairs are eventually plotted in a single plot, as shown in Figure 7-1
(top left).

The purpose of the pressure—impulse diagram in the proposed methodology is to include all relevant
information about the damage levels sustained by the cladding (from step 1) and the cladding’s mitiga-
tion potential, as calculated in the subsequent step 6, in a single plot. It is noted that the pressure—
impulse diagrams are constantly used in engineering practice in order to provide for information about
the strength of a component subjected to blast loading, from a variety of explosive weight and stand-
off distance combinations (PDC 2008). Furthermore, the damage levels are generally associated with
specific performance goals for the cladding. Thus, the pressure—impulse diagram could eventually be
used as a single reference point for the cladding’s damage levels, performance goals and mitigation
potential. The analyses to determine the pressure—impulse pairs can be performed with various analyt-
ical or numerical methods, depending on the desired level of precision and the availability of computa-
tional resources. The outcome of the performed analyses and the applied search method is the repre-
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sentation of each specific damage level with a discrete curve (damage curve or iso-damage curve).
Thus, a plot is created with different damage curves, with each curve associated with a specific per-

formance goal.
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Figure 7-1: Implementation of the proposed methodology through six steps

Step 2: Calculation of the Dynamic Reaction Time Histories

In this step, a variety of pressure—impulse combinations are selected as representative points from the
pressure—impulse diagram generated in step 1. The cladding is analyzed for each one of the chosen
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pressure—impulse pairs and the computed dynamic reaction history is recorded, as illustrated in Figure
7-1 (top right). The reaction time histories are then truncated according to Equation (7-2).

The goal of this step is to record the reaction time histories of all selected points in order to subse-
quently use them as applied load to the supporting structure. The selection of the representative
points is made according to the pressure—impulse combinations which are of interest. It is clear that
the denser the points are, the higher resolution is achieved in the presentation of the mitigation poten-
tial at step 6.

Step 3: Calculation of the Response of the Supporting Structure

During this step, the reaction time histories of the cladding (from step 2) are used as applied load to
the dimensionless SDOF, that represents the supporting structure, as presented in Figure 7-1 (middle
right). For each applied reaction history and for each natural period of the supporting structure, a
unique analysis is performed. After each analysis, the corresponding DLF is calculated according to
Equation (7-1). Since the goal is to evaluate the effect of the cladding for supporting structures with
different dynamic characteristics, several simulations need to be performed to cover a wide range of
possible natural periods T of the supporting structure. The equations and procedures which are asso-
ciated with the dimensionless SDOF are further discussed in the subsequent section "Derivation of
non-Dimensional SDOF Model".

Key aspect of the methodology is the non-dimensionalization of a SDOF model subjected to an arbi-
trary time history load. The non-dimensionalization is performed by enforcing the SDOF natural period
and the maximum amplitude of the time history in the respective equations of motion of the SDOF. In
the case of blast loading, this is used to evaluate the mitigation potential of the cladding and to incor-
porate it into its pressure—impulse diagram. The SDOF has been selected because it effectively repre-
sents the supporting structure through a single parameter, the natural period, which is the key parame-
ter characterizing the blast response regime (impulsive, dynamic, quasi-static) regarding the blast pos-
itive-phase duration (Cormie, Mays and Smith, 2009).

Step 4: Calculation of the Mitigation Potential for each Natural Period and each Reaction Time History

The DLFn(T) value for each natural period of the supporting structure and each reaction time history
from the cladding is used to calculate the corresponding mitigation potential, as shown in Figure 7-1
(bottom left). More specifically, the mitigation potential MP(T) is calculated for each natural period as
the ratio of the DLF corresponding to the applied reaction time history from the cladding, DLFn(T),
over the DLF for when the blast load is directly applied to the supporting structure, DLF(T), without
accounting for the dynamic interaction with the cladding, as defined by Equation (7-3).

MP (T) - DLFrh (T)/DLFOT (T) (7-3)

Specifically, the difference in the peak displacement of the supporting structure when subjected to the
cladding’s reaction time history (loading 1) and the original blast loading directly applied to the support-
ing structure (loading 2) are calculated as the ratio of loading 1 over loading 2. This ratio is the mitiga-
tion potential MP(T) for a specific period of the supporting structure. It is noted that for a specific exci-
tation, due to the cladding dynamic reactions, MP(T) varies over the range of the natural periods T of
the supporting structure. Furthermore, the value of DLFy(T) can be found in literature (Cormie, Mays
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and Smith, 2009) as the response of an elastic dimensionless SDOF subjected to triangular blast load-
ing.

Step 5: Calculation of the Mitigation Potential over a Range of Selected Natural Periods of the Sup-
porting Structure

The arithmetic or geometric mean value MPa,y is calculated in this step as a representative MP value
across a chosen range of natural periods, as indicated through Figure 7-1 (bottom left). The range of
natural periods can be chosen accordingly based on expected natural periods of the supporting struc-
ture.

More specifically, in step 5, a single value, MPay, is calculated for the estimation of the mitigation po-
tential of each reaction time history, regardless of the natural period T. Because the geometric mean is
less sensitive to extreme MP(T) values compared to the arithmetic mean, it is used in the present
study to estimate MPayg. In order to cover a large range of supporting structural configurations with
regard to their stiffness and mass, the (1 ms - 1000 ms) natural period band has been selected, as in
Equation (7-4). Equal distribution of the natural periods in the (1 ms - 10 ms), (10 ms - 100 ms) and
(100 ms - 1000 ms) sub-bands has been considered, in order to objectively calculate the mitigation
potential in logarithmic scale.

1

N N
MPyyy (Ty, o, Ty) = (1_[ MP(TJ) , T, =1ms,...,Ty = 1000 ms (7-4)

i=1
Step 6: Addition of the Mitigation Potential Values to the Pressure—Impulse Diagram

The pressure—impulse diagram, which was generated during step 1, is amended with the correspond-
ing mitigation potential values, calculated in step 5. More specifically, for each pressure—impulse com-
bination selected during step 2, a different MPayg value is calculated (step 5). Each MPay value is illus-
trated as a point in the pressure—impulse diagram (Figure 7-1, middle left).

After this step, the pressure—impulse diagram of the cladding will include both the information about
the damage level of the cladding (continuous lines of the damage curves) and the mitigation potential
of the cladding (represented with discrete dots). The updated pressure—impulse diagram can then be
used to check if the cladding is designed with sufficient strength against the pressure—impulse combi-
nations, which constitute the blast demand and, simultaneously, evaluate the ability of the cladding to
reduce blast consequences to the supporting structure.

Derivation of non-Dimensional SDOF Model

When a SDOF model is subjected to an arbitrary loading, which in the present work represents the
supporting structure that is loaded with the reaction time history of the cladding V(t), the dynamic re-
sponse of the supporting structure can be obtained by solving the differential equation of motion as
described with Equation (7-5) (Arros, 2002). The SDOF comprises of a mass m, an elastic spring with
stiffness k and viscous damping coefficient ¢ with damping ratio ¢ [Equation (7-6)], as shown in Figure
7-1 (middle right). According to the state of the practice in blast-resistant-design applications, the
SDOF model constitutes the prevalent engineering tool in order to calculate the response of a struc-
tural component when subjected to blast loading (PDC 2006).
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m-Xi+c-x+k-x=V(t) (7-5)
c=2-{-m-(u=2-{-m-2'T7r (7-6)

The SDOF can be non-dimensionalized using parameters ¢ - Equation (7-7) and n - Equations (7-8)—
(7-10), with P, being the peak pressure of the blast loading, T = 2m(m/k)%® being the natural period
and Po/k being the static displacement xs, which leads to Equation (7-11), by following a similar ap-
proach with the one described by Biggs (1964). The only variables needed to determine the dynamic
response are T, P, and { for a specific reaction time history function V(¢-T). In order to further simplify
the problem, damping ratio { is considered to be generally equal to 5%, as typically used for seismic
design (Kazantzi and Vamvatsikos, 2015) with spectral acceleration. However, a different damping
ratio could be applied to account for the various energy dissipation mechanisms that are available. It
should be noted that damping does not affect significantly the response of a member to blast
(Krauthammer and Altenberg, 2000; Righy, Tyas and Bennett, 2012), since the peak response typical-
ly occurs during the first cycle, where damping has negligible effect. Furthermore, variable P, is con-
stant at each selected point (step 1 in Figure 7-1) and variable T is constant at each SDOF calculation
(step 3 in Figure 7-1). Thus, the only differentiating factor between each SDOF calculation is the reac-
tion time history function V(¢-T), which is determined by the different characteristics of each cladding
type and constitutes the main point of interest of the present study.

£ = o) "

n= x/({—’o/k) (7-8)
. . X

D 9
L2 K

net / (/) (7-10)
it San= V(i,o' D (7-11)

Solving Equation (7-11), the effect of the reaction time history can be evaluated for a wide range of
natural periods by obtaining the maximum value of n, which is the DLF(T) of the supporting structure,
as defined in Equation (7-1). DLFn(T) is unique for each combination of reaction time history and natu-
ral period, and can be used to quantify the mitigation potential, since it represents the displacement of
the supporting structure, which is a widely applied engineering demand parameter in blast-resistant
design applications (Cormie, Mays and Smith, 2009). Considering the cladding as sacrificial and aim-
ing at protecting the supporting components (Guruprasad and Mukherjee, 2000; Hanssen, Enstock
and Langseth, 2002), the SDOF is modelled as linear elastic.

7.3.2.  Assumptions and limitations
The proposed methodology has the following assumptions and limitations:

= The reaction time history is composed only of force components acting in the direction of blast
loading. Eventual moments and/or forces, which do not have the same direction, as the blast
force are ignored.

= The dimensionless SDOF model is purely elastic, as it is considered non-sacrificial in the
same context as described by Guruprasad and Mukherjee (2000), Hanssen et al. (2002).
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* The MPayg parameter is a representative value for a wide range of SDOF natural periods and
constitutes an estimation of the mitigation potential. When the supporting structure’s natural
period is known, the MPa,q can be calculated with increased accuracy at the vicinity of the
known natural period.

= The mitigation potential is determined herein using the peak displacement of the dimension-
less SDOF, which is a representative indicator of the demand in most practical cases.

7.4. Case study

This section provides a detailed description of the implementation of the proposed methodology for
calculating the mitigation potential of four different cladding types. The four cladding types were stra-
tegically chosen to demonstrate how different activated response mechanisms can contribute to the
mitigation potential of each cladding type. Discussion about their behavior and design recommenda-
tions are also included in this section.

7.4.1. Cladding description

Four steel cladding types with different geometry and boundary conditions are examined, all having
plan dimensions 1000 mm % 1750 mm. The first cladding type (CT1), shown in Figure 7-2(a), consists
of a 9-mm monolithic plate with transverse and in-plane supports at the two long opposite edges, al-
lowing the development of membrane action. CT2 (second cladding type), shown in Figure 7-2(b),
consists of a 30-mm monolithic plate with transverse supports only, to enable flexural action and elimi-
nate development of membrane action. Figure 7-2(c) shows the CT3 (third cladding type), a sandwich
panel consisting of transverse core plates with a thickness of 3 mm, spacing of 250 mm and height of
110 mm, face plates with a thickness of 3 mm and endplates with a thickness of 7 mm. The equal
thickness of front plate, back plate and core plates was selected as the one offering the highest ener-
gy dissipation in the parametric studies that were performed by Alberdi et al. (2013). This geometry is
characterized as macro-architectural (Yuen et al., 2010), while the supports are both transverse and
in-plane. CT4 (fourth cladding type), which is illustrated in Figure 7-2(d), is geometrically the same as
the third, but having only transverse supports to prevent development of membrane action. In view of
various research studies by Dharmasena et al. (2011), Vaziri and Hutchinson (2007), Xue and
Hutchinson (2003), where the performance of sandwich panels was compared with their equivalent
mass-monolithic plates in terms of panel deflection, the monolithic plate of CT1 was selected with an
approximately equal mass to types CT3 and CT4. CT2 was selected with significantly larger mass to
demonstrate the effects of inertial resistance mechanism, which is important for this cladding type,
contrary to the other types, as will be further discussed in a subsequent section below. The four clad-
ding types are illustrated in Figure 7-2. The material for all cladding types is S355 structural steel (BSI
2019).

7.4.2. Finite element models of claddings

In order to assess the response of the examined cladding types, dynamic analyses (Nonlinear Transi-
ent Finite Element Analysis - NTFEA) were performed with the ANSYS Explicit Dynamics software
(ANSYS Inc, 2017), using shell elements with five through-thickness integration points. Results from
mesh sensitivity studies demonstrated that shell elements with 20-mm long edges were sufficiently
dense to capture the response of the four cladding types, which is consistent with the mesh sized used
by Kang et al. (2013) and Eslami-majd and Rahbar-Ranji (2014). As an example, the mesh sensitivity
study of CT2 with pressure 5.0 MPa and impulse 2.0 MPa-ms is shown in Figure 7-3. Simulations with
finer mesh size showed that the response remained practically the same both in terms of maximum
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displacement at midspan and reaction force time history. It is noted that the mesh sensitivity study fo-
cused on identifying a mesh size that was sufficiently small to provide consistent dynamic reaction
force, since this was the only quantity that was used as applied load on the SDOF model (step 3).
Convergence studies did not focus on other quantities, such as stresses and strains, since they were
out of the scope of the primary purpose of the finite element models. The analysis durations were
large enough to capture the maximum displacement of both the cladding and, subsequently, the di-
mensionless SDOF model of the supporting structure, upon which the reaction time history of the
cladding was exerted, while the time step was selected to be sufficiently small per the Courant number
(ANSYS Inc, 2017) for numerical stability. A total of 90, 110, 100 and 95 FE analyses were performed
for types CT1, CT2, CT3 and CT4, respectively.
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Figure 7-2: lllustration of the four case study cladding types: (a) CT1; (b) CT2; (c) CT3; (d) CT4
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Figure 7-3: Mesh sensitivity study for cladding type CT2 with pressure 5.0 MPa and impulse 2.0 MPa-
ms: (a) Maximum displacement; (b) Reaction time history
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Blast loading was idealized as an equivalent triangular load with the same positive impulse as the cor-
responding exponential blast shape (Figure 7-4), which has been shown to lead to negligible devia-
tions (Gantes and Pnevmatikos, 2004). Thus, the parameters dictating blast loading were only the
pressure and impulse (or equivalently the blast loading duration).

AP
— Typical pressure - time profile
— Equivalent pressure - time profile

Figure 7-4: Description of the blast loading

The Cowper-Symonds Strength material model (ANSYS Inc, 2017) was adopted for all steel plates,
described in Equation (7-12), where the terms of the first and second parenthesis account for the
hardening effects per the Johnson-Cook material model (Johnson and Cook, 1983) and for the strain-
rate effects per Cowper-Symonds model (Cowper and Symonds, 1957), respectively. In this equation,
&pi is the plastic strain, &, the plastic strain rate, A the yield stress, B and 8 the hardening coefficients
and q, D the strain-rate coefficients. The values of these parameters were adopted from Braconi et al.
(2015), Forni et al. (2016), Mortazavi and Heo (2018), and are summarized in Table 7-1.

0 épl 1/q
o= (A+B-£%)- (1 () ) (7-12)
Table 7-1: Parameters of the Cowper-Symonds Strength model
Parameter Value
Yield stress A 410 MPa
Hardening coefficient B 782 MPa
Hardening coefficient 6 0.562
Strain-rate coefficient q 5.0
Strain-rate coefficient D 4000

7.4.3. Step 1: Calculation of the pressure—-impulse diagrams

The generation of the pressure—impulse diagrams was performed using unidirectional search algo-
rithms, as described by Chernin et al. (2019), with multiple pairs of pressure and impulse. More specif-
ically, the pressure-controlled, the impulse-controlled and the mixed approach were applied to capture
the impulse asymptote, the pressure asymptote and the hyperbola constant, respectively. According to
these approaches, pressure and impulse were gradually increased until specific performance goals
matched the target damage level. It is assumed that all cladding types are subjected to near-field and
mid-range blast loadings with uniformly applied pressure at their exterior face.

The performance goals were associated with the cladding conditions, where specific structural dam-
age was achieved, when subjected to a variety of pressure—impulse combinations. Three component
damage levels were enforced. More specifically, these were the moderate, heavy and hazardous
component damage level, which are considered to be associated with the performance goals of prop-
erty preservation (PP), life safety (LS) and collapse prevention (CP), respectively (Dusenberry, 2010).
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The damage levels of all cladding types were calculated using the response parameter of maximum
ductility ratio u. Furthermore, for CT2 and CT4 an extra response parameter was used based on max-
imum in-plane slippage s. The two response parameters are illustrated in Figure 7-5. More specifically,
the damage curves of types CT1 and CT3 were developed for maximum ductility ratios of 3, 6, 12, as
prescribed by PDC (2008), with each one referring to the aforementioned three performance goals,
respectively. In a comparable scale, the damage curves of CT2 and CT4 were developed for the same
ductility ratios and for maximum in-plane slippage limits equal to 5 mm, 10 mm, 20 mm, assuming that
the cladding has sulfficiently long slotted holes to allow in-plane slippage. Similar approach for in-plane
slippage limits are used for glazing, where the bites of the glazing on the framing should be large
enough to allow the glazing to remain attached to its frame during blast events (ASTM 2019). Also, per
PDC (2012), in-plane displacement may be critical and dictate the damage level of the glazing. Thus,
the worst condition between the maximum ductility ratio and maximum in-plane slippage was used in
types CT2 and CT4.

The discrete response values on the pressure—impulse diagrams were fitted to a continuous curve that
is consistent with the hyperbola used by Sperrazza (1963), according to the values included in Table
7-2. The pressure—impulse diagrams for all cladding types are presented in Figure 7-6.
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Figure 7-5: Description of: (a) The maximum ductility ratio at a section of the examined cladding; (b)
The in-plane slippage at the plan view of the examined cladding

Table 7-2: Pressure—impulse hyperbola parameters

Cladding Performance goal Pressure Impulse Hyperbola Damage

type asymptote asymptote constant level
Property preservation (PP) 1.50 MPa 2.0 MPa-ms 0.5 p=3
CT1 Life safety (LS) 3.00 MPa 4.1 MPa-ms 3.0 M=6
Collapse prevention (CP) 6.00 MPa 11.0 MPa-ms 25.0 p=12

Property preservation (PP) 0.8 MPa 3.0 MPa-ms 6.0 s=5mm?a

CT2 Life safety (LS) 0.90 MPa 4.0 MPa-ms 7.0 s=10mm?

Collapse prevention (CP) 1.00 MPa 5.5 MPa-ms 8.0 s=20mm?
Property preservation (PP) 0.50 MPa 0.9 MPa-ms 0.1 =3
CT3 Life safety (LS) 0.65 MPa 1.3 MPa-ms 0.7 M=6
Collapse prevention (CP) 0.80 MPa 3.0 MPa-ms 2.0 p=12
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Property preservation (PP) 0.50 MPa 0.9 MPa-ms 0.1 p=32
CT4 Life safety (LS) 0.55 MPa 1.3 MPa-ms 0.7 M=62
Collapse prevention (CP) 0.60 MPa 2.5 MPa-ms 2.0 s=20mm?2

a Damage level is controlled by the most critical parameter between the in-plane slippage and the
maximum ductility ratio

As an indicative analysis example, the transverse displacements, plastic strains and in-plane dis-
placements of the cladding types, subjected to a pressure—impulse combination of 1.0 MPa and 3.0
MPa-ms, are presented in Figure 7-6. As shown, the damage level of gy = 3 or s =5 mm has not been
reached in CT1 and CT2. Hence, their performance is below the property preservation (PP) goal and
the corresponding pressure—impulse combination has not reached any designated damage level
(Figure 7-7). On the contrary, it is shown that the maximum achieved deflection (t = 5.0 ms) is equal to
approximately 66 mm in CT3 and CT4. Therefore, increased plastic strains have been induced over
the panel and the panel is not reusable. With yield displacement equal to 11.0 mm, the maximum
achieved ductility ratio is equal to 6, thus the damage level y = 6 has been reached. In-plane slippage

is limited, hence the response parameter of maximum ductility ratio prevails for the performance goal
of life safety (LS).
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Figure 7-6: Pressure—impulse diagrams for all case study cladding types
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7.4.4. Step 2: Calculation of the dynamic reaction time histories

On the pressure—impulse diagram, each pressure—impulse pair that is below the performance goal of
collapse prevention corresponds to a specific combination of pressure and impulse, thus it is associat-
ed with a unique reaction time history. For this case study, characteristic positions of the pressure—
impulse diagram of each cladding type were selected to extract the corresponding reaction time histo-
ries and proceed with the subsequent steps of the methodology, in accordance with Figure 7-1. The
durations of the reaction time histories are subject to the limitations of Equation (7-2). In Figure 7-8,
the reaction time histories, as computed with the FE models of the four cladding types for pressure of
5.0 MPa and impulse 2.0 MPa-ms, are plotted as an example. It is observed that the four dynamic re-
actions are quite different, and they are therefore expected to have different effect on the supporting
structure. Namely, the peak dynamic reaction force of cladding type CT1 (2.2x108 N) is higher than the
peak dynamic reactions of the other types CT2, CT3 and CT4, which are approximately equal to each
other (1.8x108 N). It is noted that the reaction time histories are truncated when applied to the support-
ing structure with the rule described by Equation (7-2). The truncated portions of the reaction histories
are illustrated with the dotted lines in Figure 7-8.
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Figure 7-7: Transverse displacements, plastic strains and in-plane displacements of the case study
cladding types subjected to a pressure—impulse combination of 1.0 MPa and 3.0 MPa-ms
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7.4.5. Step 3: Calculation of the response of the supporting structure

Each truncated time history from the four cladding types was subsequently applied, as applied load, to
the dimensionless SDOF (Equation (7-11)). For each reaction time history, a series of dimensionless
SDOF analyses were performed across the considered range of natural periods of the supporting
structure, and the corresponding DLF«(T) was calculated from each analysis. The calculated DLF(T)
of the pressure—impulse combination of 5.0 MPa, 2.0 MPa-ms, are plotted in Fig. (7-9) for the four

cladding types.
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Figure 7-8: Reaction time histories for the case study cladding types
with pressure 5.0 MPa and impulse 2.0 MPa-ms
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Figure 7-9: DLF(T) at different natural periods of the dimensionless SDOF for the examined cladding

types for pressure 5.0 MPa and impulse 2.0 MPa-ms
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The DLF, curve of the SDOF, when the pressure—impulse combination is directly applied to the sup-
porting structure, is plotted with a solid red line on Figure 7-9. It is worth noting that the solution of the
dimensionless SDOF, subjected to the original blast loading, is available in the bibliography for simple
loading shapes (Biggs, 1964), including the triangular one employed here. It can be observed that the
highest DLF reduction is exhibited differently between the cladding types, depending on the blast
positive-phase duration to natural period ratio. Furthermore, there is a local peak of CT2, which leads
to a DLF, greater than the DLF,,, that the supporting structure would have if there was no cladding.

7.4.6. Step 4: Calculation of the mitigation potential at each natural period and for each reac-
tion time history

The mitigation potential at each natural period was calculated with Equation (7-3), i.e., by dividing the
DLFw(T) of the dimensionless SDOF when subjected to the cladding reaction time history with the
DLFu(T) of the dimensionless SDOF when subjected to the original blast loading. As observed in Fig.
Figure 7-9, where the mitigation potential for the four cladding types is presented, the mitigation poten-
tial varies significantly between the different cladding types. The difference between the cladding types
is illustrated through the deviation between the red line, which represents DLFq(T) of the original blast
loading, and the respective reaction time histories. As shown, the dynamic interaction of the cladding
with the supporting structure can significantly change the response of the supporting structure.
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Figure 7-10: Mitigation potential for different natural periods of the dimensionless SDOF for the case

study cladding types with pressure 5.0 MPa and impulse 2.0 MPa-ms

7.4.7. Step 5: Calculation of the mitigation potential over a range of selected natural periods
of the supporting structure

Furthermore, the MPayg values, which are also plotted in Figure 7-10, indicate the overall mitigation
potential of each cladding type across the full range of considered t4/T ratios. It is noted that CT2 has
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the best overall performance, i.e., lowest MPay. It is also worth noting that the MPayg of this cladding
type is calculated as the geometric mean of the MP(T), by being slightly affected by the local peak at
to/T = 0.045, which corresponds only to a relatively small region, while a generally advantageous miti-
gation potential is exhibited at lower and higher t4/T ratios. Because the mitigation potential peaks are
mainly created when the cladding natural period is approximately equal to the supporting structure
natural period, appropriate measures should be taken to avoid having a supporting structure with natu-
ral period within (or close) to mitigation potential peaks.

7.4.8. Step 6: Addition of the mitigation potential values to the pressure—impulse diagrams

The figures (Figure 7-10, Figure 7-11, Figure 7-12) in the previous steps 2 through 5 were associated
with the pressure—impulse combination of 5.0 MPa and 2.0 MPa-ms. This combination constitutes only
one dot in Figure 7-11, where more pressure—impulse combinations have been included. This dot is
indicated with a square marker in Figure 7-11. More specifically, the procedure of the aforementioned
steps (step 2 to step 5) has been repeated for several other pressure and impulse combinations and
the obtained mitigation potential values have been incorporated in Figure 7-11 for all four cladding
types at characteristic points of the pressure—impulse diagrams. The MPay values have been present-
ed in color scale for direct comparison. It is observed that there are regions where the mitigation po-
tential is as low as 0.5 and regions where it is around 1.0 or even larger.

7.4.9. Discussion of the results

In general, the effects of cladding mass and stiffness are directly correlated with the activated mecha-
nism of inertial resistance, representing the slow response of a structural element against blast loading
with respect to blast duration. Inertial resistance mechanism is defined in the current study as the
mechanism where the mass of a component is relatively large and/or its stiffness is relatively low,
leading to a large natural period and decreased DLF(T) against blast loading for the supporting struc-
ture, as shown by Cormie et al. (2019). Another important response mechanism is the plastic energy
absorption mechanism. According to this mechanism, the component absorbs the blast energy though
plastic deformation. With regard to these two mechanisms, some interesting points are exhibited in the
case study results.

More specifically, the pressure—impulse diagrams (Figure 7-6) are differentiated significantly between
each other. In terms of damage levels, CT1 seems to have the highest strength against the perfor-
mance goals of collapse prevention and life safety, while CT2 exhibits the best results against the per-
formance goal of property preservation. On the contrary, the worst performance is exhibited by types
CT3 and CT4, which have lower pressure and impulse asymptotes. It is noted that CT1, CT3 and CT4
have approximately the same mass, while type CT2 has triple mass. With regard to stiffness, types
CT3 and CT4 have larger elastic stiffness than CT1 and CT2, while a stiffening phase due to mem-
brane effects is presented in CT1 and CT3, as shown in Figure 7-12. CT1 can be considered to be a
membrane structure with negligible bending stiffness.

In terms of mitigation potential (Figure 7-11), the superior performance of CT2 is mainly attributed to a
combination of the aforementioned inertial resistance and plastic energy absorption mechanisms. In all
types, the desirable lower mitigation potential values follow the damage curves which are associated
with increased plastic strains. Thus, it is inferred that the plastic energy absorption mechanism has an
important role on the mitigation potential at the corresponding pressure—impulse combinations. On the
contrary, the undesirable high mitigation potential values are exhibited at points where the cladding
types behave elastically.
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Figure 7-11: Pressure—Impulse diagrams including the mitigation potential values for the case study
cladding types

Furthermore, the inertial resistance mechanism seems to also be in effect. CT2, which is characterized
by the largest mass and no membrane effects, has the lowest mitigation potential of all cladding types.
Interestingly, the worst performance with respect to mitigation potential is exhibited by CT1, since its
response is dictated by membrane action which leads to increased stiffness and, thus, to increased
reaction forces (loannou and Gantes, 2021). When there are significant membrane effects, the load
transferred to the supporting components with the respective resistance curves is also increased. Re-
sults for CT3 and CT4 are similar because, due to the increased bending stiffness of the sandwich
panels, the membrane effects are prevented. In addition, there are points where the mitigation poten-
tial is over 1.0. In these cases the dynamic reaction time histories, which are exhibited through the
respective cladding type, are unconservative with regard to the effects of the original blast loading.
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Figure 7-12: Static resistance curves for the case study cladding types in combination with the respec-

7.5.

Conclusions

tive static damage levels and the associated performance goals

A methodology to evaluate the mitigation potential of a cladding to minimize the blast consequences to
its supporting structure is proposed. The advantages of this methodology, in comparison to the exist-
ing ones, can be summarized as follows:

* The approach is not limited to specific combinations of explosive weight and stand-off dis-
tance, hence to specific peak pressure—impulse combinations. Instead, it can be used to eval-
uate the response of the cladding’s supporting structure for various combinations of pressure

and impulse.

= The effects of the cladding to the supporting structure can be directly estimated by calculating
its response using the DLF.
» The approach is generic to all possible supporting structure arrangements.
= The mitigation potential can be incorporated in the respective pressure—impulse diagram of
the cladding, which allows the structural engineer to associate the mitigation potential with the
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cladding damage levels and directly compare the mitigation potential between different clad-
ding types.

More specifically, the examined cladding is first analyzed for a variety of blast pressure and impulse
combinations, in isolation from the supporting structure. The corresponding pressure—impulse dia-
grams of the cladding are constructed, and the reaction time histories are extracted for each pressure
and impulse combination. These reaction time histories are subsequently used in order to calculate
the DLF(T) of a dimensionless SDOF representing supporting structures with a wide range of natural
periods. A proposed mitigation potential indicator is then obtained for each pressure and impulse
combination and is added to the pressure—impulse diagrams of the cladding for direct reference.

The application of the methodology was implemented for four steel cladding types. Interesting insights
into the role of the inertial resistance and the plastic energy absorption mechanisms emerged, show-
ing that the plastic energy absorption mechanism is activated along the damage curves, while the iner-
tial resistance mechanism seems to be in effect at each cladding type as a whole, and is significantly
reduced when the cladding supports allow membrane action to develop.
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Chapter 8

Conclusions

8.1. Summary

The primary objective of the present thesis is to offer further insight into the cladding's capacity to miti-
gate potential blast effects on the supporting structure. To that effect, a combined experimental, numer-
ical and analytical investigation has been performed and design considerations have been formulated.

Following the two introductory chapters, in chapter 3, the cladding-design philosophy was presented.
The key properties cladding should have when subjected to blast loading were analyzed. The cladding's
potential to mitigate blast effects on the supporting structure was highlighted as one of these properties.
The mechanisms that can be activated in order to achieve blast mitigation, were described thoroughly.
More specifically, both the inertial resistance and the plastic energy absorption mechanisms were found
leading to the same behavior, i.e., the reduction of blast-pressure amplitude and the increase of blast
duration in the cladding support-reaction time histories that are transferred to the supporting structure.
It was noted that the inertial resistance mechanism is activated through increased mass and decreased
stiffness in the cladding, while the plastic energy absorption is activated through plastic strains in the
cladding (ultimate resistance lower than blast pressure and high ductility). Furthermore, significant liter-
ature findings on the capacity of cladding to mitigate blast pressure were presented, with particular
emphasis on the effects of cladding properties, the way they were calculated and their experimental
investigation.

In chapter 4, the influence of the two aforementioned mechanisms on the supporting structure's re-
sponse were investigated through a dimensionless, Two-Degree-of-Freedom (2DOF) model represent-
ing the cladding (first DOF) and the supporting structure (second DOF). The 2DOF model was validated
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through nonlinear dynamic finite element analyses of a specific cladding-to-framing system and by com-
paring 2DOF results with experimental and analytical results found in the literature. Using the validated
2DOF model, the effects of the cladding’s mass, stiffness, ultimate resistance and ductility were explored
through parametric studies for a wide range of parameters. The differentiating factors between the cor-
responding spectrum regions, where the two mechanisms are activated, were thoroughly examined and
their limits were highlighted. It was shown that the plastic energy absorption mechanism is activated in
specific spectrum regions, while the inertial resistance mechanism can be activated throughout the en-
tire spectrum.

Cladding components may exhibit significant membrane action, and its effects may be critical for the
supporting structure. So, the main focus of chapter 5 was to examine these effects through two-step
dimensionless SDOF analyses, aimed at reaching conclusions that are applicable to a large variety of
cladding-to-supporting-structure arrangements. The results of these analyses were presented by em-
ploying the dynamic load factor, representing the maximum supporting structure displacement. It was
found that cladding membrane action has adverse effects over its supporting structure, as it does not
allow for extensive plastic dissipation to occur and leads to higher support reactions. On the contrary,
insignificant membrane action leads to lower dynamic load factor for the supporting structure. Thus,
membrane behavior should be activated only as a safety backup action in order to prevent cladding
failure. A case study of a typical cladding-to-supporting-structure system was presented to demonstrate
and verify the proposed two-step SDOF results.

In chapter 6, the capacity of cladding to mitigate potential blast effects was examined though a blast test
on two specimens with different stiffness and strength characteristics. Specifically, two steel cladding
types with different geometry were examined, one comprising of a solid plate and the other one com-
prising of a stiffened panel. Scaled models of both types were attached to girts of identical geometry,
representing the supporting structure, and were exposed to the same explosion. Maximum and perma-
nent (plastic) displacements of the girts were measured as an index of the cladding's influence on the
response of the supporting structure. Significantly lower displacements were exhibited in the girts of the
solid plate in contrast to those of the panel, highlighting that the lower membrane stiffness of the solid
plate, regarding the bending stiffness of the panel, was advantageous for the supporting structure. Fur-
thermore, nonlinear transient finite element analyses of the test were performed and compared well
against the experimental data.

Itis desirable to develop a generally applicable method for evaluating the cladding performance in terms
of blast pressure mitigation. For that purpose, in chapter 7, a methodology for calculating this mitigation
potential was proposed, employing the Dynamic Load Factor (DLF) of a dimensionless Single-Degree-
of-Freedom (SDOF) model subjected to blast for multiple pressure and impulse combinations. The DLF
of multiple SDOF analyses was used to calculate an overall indicator of the mitigation potential of a
cladding. To further demonstrate the proposed methodology, four steel cladding types were analyzed,
and their mitigation potential was mapped into their pressure—impulse diagrams. Furthermore, the ef-
fects of the activated mechanisms of plastic energy absorption and inertial resistance were presented
through performance observations regarding the different geometry and boundary configurations of the
four cladding types. Among the four cladding types, the best and worst performing ones were found to
be a thick and a thin monolithic plate respectively, while the performance of sandwich-type panels was
moderate. Generally, the analysis results suggest that the increased mass and plastic dissipation in the
cladding are beneficial for the building frame, while increased stiffness may overload the building frame.
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8.2.

Concluding remarks

The main conclusions of the present thesis are summarized below:

Chapter 4

The most effective techniques in order to reduce blast consequences on the supporting struc-
ture were found to be the reduction of the cladding ultimate resistance, the increase of cladding
ductility, the increase of the cladding mass and the decrease of the cladding stiffness.

The plastic energy absorption mechanism is only effective in a specific region (out of the impul-
sive, dynamic and quasi-static regimes) that is dictated by the inertial resistance mechanism
(lower bound) and the maximum ductility (upper bound). The lower bound is defined by the
prevalent effects of the mass and stiffness over the effects of ultimate resistance in the response
of the supporting structure. The upper bound is defined by the level of peak deformations and
corresponding plastic strains, which may lead to cladding rupture, thus allowing the blast wave
to enter the building, or core densification in sacrificial cladding solutions, thus transmitting un-
changed blast pressure to the protected member.

The inertial resistance mechanism is effective in all regions (impulsive, dynamic and quasi-static
regimes), but it may have adverse effects on other performance objectives and serviceability
requirements in typical structural applications, because of the need for increased mass or low
stiffness in the cladding, leading to increased gravity loads and increased lateral deformations,
respectively.

The two mechanisms could be applied either separately or jointly, aiming at increased effective-
ness over a wide range of blast pressures P, and durations tq.

The activation of the plastic energy absorption mechanism depends on the blast loading char-
acteristics (peak pressure, impulse), while the inertial resistance mechanism is activated re-
gardless. Hence, the latter mechanism is advantageous, as there is no need for the beforehand
estimation of the blast loading characteristics.

The natural periods of the cladding and the supporting structure should differentiate by at least
a factor of 2.50, in order to have negligible dynamic interaction.

Chapter 5

It was found that the membrane branch of the cladding is not beneficial for the supporting struc-
ture. On the contrary, membrane stiffness leads to unconservative reactions to the supporting
structure.

The effects of the mechanism of plastic energy absorption are countered by the cladding mem-
brane behavior.

The membrane reaction forces, which occur from the cladding, should not be neglected during
the structural-design phase, as it has adverse effects on the supporting structure.

Chapter 6
The effects of the cladding bending and membrane stiffness were experimentally verified

through an actual explosion, confirming that low bending and membrane stiffness in the cladding
is beneficial for the supporting structure.

Design of Cladding to Mitigate Blast Effects on the Supporting Structure
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8.3.

The numerical model of the experiment was successfully validated through the experimental
measurements. Thus, reliable numerical modelling can be performed in order to effectively cap-
ture the actual response of a cladding and its supporting structure, when subjected to blast
loads.

Chapter 7

A methodology evaluating the mitigation potential of a cladding against blast loading was pro-
posed by using a dimensionless SDOF model.

The methodology is not limited to specific combinations of explosive weight and stand-off dis-
tance. It is generic to all possible cladding and supporting arrangements. Hence, the direct com-
parison between different cladding types can be established.

The methodology can be incorporated in the pressure—impulse diagram of the designed clad-
ding, associating the mitigation potential with the respective damage levels of the cladding.

Research contribution

The main contributions of the present thesis to the advancement of engineering science and practice
are summarized below:

8.4.

Quantitative and qualitative diagrams were created by using a validated 2DOF model (loannou
et al., 2022a) in order to examine the effects of the cladding’s mass, stiffness, ultimate re-
sistance and ductility over the cladding mitigation potential. According to these diagrams, the
differentiating factors between the activated mechanisms were highlighted.

Quantitative and qualitative diagrams were created by using a two-step analysis (loannou and
Gantes, 2021), in order to examine the effects of the cladding’s membrane stiffness on the
cladding's mitigation potential.

An experimental investigation of two steel cladding types subjected to the blast loading of an
actual explosion was conducted (loannou et al., 2022c). Insights into the role of the membrane
and bending stiffness of the two claddings were provided and a numerical model was validated
through the experimental results.

The geometric and material arrangements which could be used for the mitigation of blast effects
on the supporting structure is vast (loannou et al., 2020). Since there is a large variety of clad-
ding types, a methodology for calculating the mitigation potential was proposed (loannou et al.,
2022b).

Suggestions for future research

The findings of the thesis can be extended in the future along the following lines:

The limitations of the lumped-mass models of chapters 4 and 5 could be overcome by taking
into account more sophisticated models regarding the distribution of mass and stiffness, support
reactions, force—displacement diagrams of the cladding, strain rate effects and blast loading.
Comparative studies between different cladding geometries and materials are proposed, e.g.,
for the comparison of structural steel and reinforced concrete panels, the cost-effectiveness of
different cladding types, etc.

In addition to the experimental investigation of chapter 6, further experiments are suggested for
validating the numerical-model results of the suggested comparative studies.
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= The overall mitigation potential indicator MPayq in the proposed methodology of chapter 7 is
based on a selection of a wide range of natural periods. The selection of natural periods could
be further explored in order to cover a typical range representing a variety of actual panel typol-
ogies and supporting structures.

= Truncation of the cladding reaction time histories in the proposed methodology of chapter 7
should be studied further and compared with experimental results. The effective duration of the
reactions from the cladding on the supporting structure should be prescribed accurately.

= The variety of blast loadings that can be applied over a cladding is vast. Thus, their probabilistic
analysis is considered crucial for the calculation of the cladding mitigation potential. This re-
search work is in process (loannou et al., 2022d).
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Appendix A

Code fragments

Al. Matlab code for SDOF

The Matlab code used for the SDOF investigation of a structural component subjected to an equivalent
triangular blast loading is presented in the following code fragment. The force—displacement curve for
the SDOF is considered to be elastic-perfectly plastic.

# Main
% INPUT
% Sl : Degree of freedom
% A : Area of S1 (mm2)
% k1l : S1 stiffness (N/m)
% ml : S1 mass (gr)
s rl : S1 yield force (N)
s cl : S1 viscous damping coefficient
& g : Newmark gamma coefficient
% b : Newmark beta coefficient
% dur : Total duration (ms)
$ dt : Timestep (ms)
% Pr : Maximum pressure of triangular load (MPa)
$ td : Blast duration of triangular load (ms)
% OUTPUT
% di(l,dof,step) : Displacement time history

o©

ve (1,dof, step) : Velocity time history
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% ac(l,dof,step) : Accelaration time history

% fs(l,dof, step) : Resistance force time history
% rr(l,dof,step) : Spring force time history

% tt(step) : Timestep table

% steps : Number of steps

$ P : Pressure time history

% Input

A = 1076; $ mm2
k1 = 50; % N/mm

ml = 1000; % gr

rl = 1000; $ N

cl = 1000; % gr/ms
g =1/2;

b =1/4;

dur = 400; % ms

dt = 0.005; % ms
Pr = 1; % MPa

td = 5; % ms

% Execution
Tl = 2*pi*(ml/k1l)"0.5; % Natural period of DOF

[di,ve,ac, fs, rr,tt,steps,P] = SDOF (dur,dt,A,kl,ml,rl,cl,qg,b,Pr,td);

# SDOF Function

function [di,ve,ac,fs,rr,tt,steps,P] = SDOF (dur,dt,A,kl,ml,rl,cl,g,b,Pr,td)

deviation = 1.00;

dof = 1;

M = [ml]; % Mass matrix

C = [cl]; % Damping matrix
k(:,:,1) = k1l; % Stiffness matrix

el (dof) = kl; % Stiffness table

re (dof) = rl; % Resistance table

P = [Pr;0]; % Pressure table

t = [0; td]; % Pressure time table

stepss = size(P,1l); %Number of pressure steps

steps = int32 (dur/dt); S%$Number of all steps
pa = zeros(l,dof,steps+1)
ac = zeros(l,dof,steps+l);
ve = zeros(l,dof,steps+l);
di = zeros(l,dof,steps+1l)
( )
( )
(

’

’

’

rr = zeros(l,dof,steps+l
fs = zeros(l,dof,steps+1
dp = zeros(l,dof,steps);
dpt = zeros(l,dof,steps);

’
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ddi = zeros(l,dof,steps);
dve zeros (1,dof, steps) ;

)
)
dac zeros (1,dof, steps) ;
)
s

k = zeros(dof,dof, steps
kt = zeros(dof,dof, step
tt = zeros(steps+l,1);

) ;

% Pressure table at each DOF multiplied by the area

for i = 1:1:dof
pa(llill) - A*P(lli)l
pa(l,i,2) = 0;

end

tt(l) = 0;
j = 2;
i=2;
while (j <= stepss)
tt (i) = tt(i-1)+dt;
if (round(tt(i),9) == round(t(j),9))
for n = 1:1:dof
pa(l,n,i) = P(J,n)*A;
end
J o= J+1;
if (j > stepss)
break;
end
else
while (tt (i) > t(3))
J o= J+1;
if (3 > stepss)
break;
end
end
if (j <= stepss)
for n = 1:1:dof
pa(l,n,i) = (tt(i)-tt(i-1))/(t(J)-tt(i-1))*(P(j,n)*A...
_pa(llnli_l))+pa(11nli_1);
end
end
end
i = 1+1;
end

[)

% Timestep table

tt (1) 0;
for i = 2:1: (steps+l)

tt (i) = tt(i-1)+dt;
end

[

% Force table applied at each timestep

for i = 1:1:steps
for j = 1:1:dof
dp(1,3j,1) = pa(l,j,i+l)-pa(l,j,1i);
end
end

$Initial conditions

ve(l,1,1) = 0;
di(1,1,1) = 0;

$Initial calculations
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(inv (M) * (pa(l,:,1).'-C*ve

Dynamic analysis and Newton-Raphson

for i l:1:steps
el (1, 3, 4)

(1-g/(2*b)))*

i) . "'+ (M/b/dt
5 1) o

= (dp (1

ac (1, ) ;

w = 1;

if (rr(l,w,
ktr (w)

else
ktr(w

end

*deviation<re (w) &&

i)
= el (w);

) 0;

k(:,:,1) =

kt(:,:,1)

ktr (1) ;

(: i) +g/ (b*dt) *C+1

rer

o
¢

Newton—-Raphson

dr (2,
£s3 (1,
rj(l,:)
diplus (1,
err =
J 28
while (err>0.0000001)
dd(j, :) (inv (kt (:,
diplus (3, :)

)y

= diplus(j-1

if (rj(3-1,1)+(dd(j,1))*el (1)

= (3, 1) = rel(1);

elseif (rj(j-1,1)+(dd(j,1))*e
£ (3, L) = sre(l);

else
rj(j,1)

end

= rj(J-1,1)+(dd(]

£53(3,1) = ri(3,1);
df (3, :)
dr (j+1,
err ma
J j+1;
end
di (1,
fs (1,
rr(l,:
ddi (1
dve (1
dac (1
ve (1,
ac (1,
dd =
df
dr

fsj(3,:)-fsj(j-1,
dr(j,.)—df(j,
bs (max (dd (7,

) 3) 8
= X( :)))I

o, 1+1)
PEEDIN)
,1+1)
i, 1)
t,1)
siol)
:,1i+1)

diplus (J
ij (j_ll
rj(j-1,:);
= di(1l,:,1i+1) (1, ,1
g/ (b*dt) *ddi (1,
1/(b*th2)*ddi(1,:
(L,:,
(1,:

-1,:);
)

-di (1

r

’

= ve(l,:,1i)+dve (1l
c,1i+1) ac(l,:,i)+dac (1
zeros (size (dd)
zeros (size (df)
= zeros (size (dr)
fs3 zeros (size (f
rj zeros (size (r
diplus
err = 0;
end

’

)i
)7
)i
sJ));
)i

3)

zeros(51ze(

)
= d

iplus));

abs (min (dr (2,

+1)) *dr (3,
, 1) +dd (3,

)+

abs (min (dd (73,

(1,

calculations

+C*g/b) *ve (1l,:,1). M/ (2*b) -C*dt*. ..

))

rr(l,w,i)*deviation>-re (w

/b/ (dt"2) *M;

)))) g

3) ") 5

3) 8
> re(l))

1(1) < -re(l))

;1)) *el(1);

((g/ (b*dt) *C+1/b/dt"2*M) * (dd (3,

$))))

i) 7

3y L) ke ( l g/(2*b ) *ac (1,
-1/ (2*b) *ac (1,

g/b*ve
-1/
)I

’

dt*b) *ve (1, :,

)
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A2.

Matlab code for 2DOF

The Matlab code used for the 2DOF investigation of two structural components subjected to an equiva-
lent triangular blast loading is presented in the following code fragment. The force—displacement curve
for the first DOF is considered to be elastic-perfectly plastic, while the force—displacement curve for the
second DOF is considered to be elastic.

# Main
% INPUT
% Sl First degree of freedom
% S2 Second degree of freedom
$ A Area of S1 (mm2)
$ ki1 S1 stiffness (N/m)
% ml S1 mass (gr)
$ rl S1 yield force (N)
$ cl S1 viscous damping coefficient
s k2 S2 stiffness (N/mm)
$ m2 S2 mass (gr)
% c2 S2 viscous damping coefficient
$ g Newmark gamma coefficient
5 b Newmark beta coefficient
% dur Total duration (ms)
$ dt Timestep (ms)
% Pr Maximum pressure of triangular load (MPa)
% td Blast duration of triangular load (ms)
% OUTPUT
% di(l,dof,step) Displacement time history
% ve(l,dof, step) Velocity time history
% ac(l,dof,step) Accelaration time history
% fs(l,dof, step) Resistance force time history
% rr(l,dof,step) Spring force time history
% tt(step) Timestep table
% steps Number of steps
s P Pressure time history
% Input
A =10"6; % mm2
kl = 50; % N/mm
ml = 1000; % gr
rl = 1000; $ N
cl = 1000; % gr/ms
k2 = 50; % N/mm
m2 = 1000; % gr
c2 = 1000; % gr/ms
g =1/2;
b =1/4;
dur = 400; % ms
dt = 0.005; % ms
Pr = 1; % MPa
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[

% Execution

Tl = 2*pi*(ml/k1)"0.5; % Natural period of first DOF
T2 = 2*pi* (m2/k2)"0.5; % Natural period of second DOF

[di,ve,ac, fs,rr,tt,steps,P] = TwoDOF (dur,dt,A,kl1,ml,rl,cl,k2,m2,c2,q9,b,Pr,td
) ;

# 2DOF Function

function [di,ve,ac,fs,rr,tt,steps,P] =
TwoDOF (dur,dt,A,kl,ml,rl,cl,k2,m2,c2,q9,b,Pr,td)

deviation = 1.00;

dof = 2;

M = [ml 0;0 m2]; % Mass matrix

C = [cl 0;0 c2]; % Damping matrix

ktr = [kl;k2]; % Stiffness table

el = [k1l;k2]; % Stiffness table

k(:,:,1) = [ktr(l) -ktr(l);-ktr(l) ktr(l)+ktr(2)]; % Stiffness matrix
r2 = 10710; % Infinite

re = [rl;r2]; % Resistance table

P = [Pr 0;0 0]; % Pressure table at each DOF
t = [0; td]; % Pressure time table

stepss = 2; % Number of pressure steps

steps = int32 (dur/dt); % Number of all steps

pa = zeros(l,dof,steps+l);

ac = zeros(l,dof,steps+l);

ve = zeros(l,dof,steps+l);
( )
( )
( )

di = zeros(l,dof,steps+l);
rr = zeros(l,dof,steps+l
fs = zeros(l,dof,steps+l
dp = zeros (l,dof,steps):;
dpt = zeros (1l,dof,steps)
ddi = zeros(l,dof,steps)
dve = zeros (l,dof,steps);
dac = zeros (l,dof,steps);

)

s

’

’

’

’

k = zeros (dof,dof, steps
kt = zeros(dof,dof, step
tt = zeros(steps+l,1);

)i

[

% Pressure table at each DOF multiplied by the area

for i = 1:1:dof
pa(l,i,1) = P(l,1i)*A;
pa(l,i,3) = 0;

end

tt (1) = 0;
J = 2;
i = 2;

while (7 <= stepss)
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tt (1)

= tt(i-1)+dt;
if (round (tt
a(l

( )/ ) == round(t(j),7))
1:1:dof
) = P(J,m) *Ag

for n

end
j = j+1;
if (3 > stepss)
break;
end
else
while (tt (i) > t(3))
J o= J+1;
if (j > stepss)
break;
end
end
if (j <= stepss)
for n = 1:1:dof
pa(l,n,i) = (tt(i)-tt(i-1))/(t(J)-tt(i-1))*(P(j,n)*A...
-pa(l,n,i-1))+pa(l,n,i-1);
end
end
end
i = 1i+1;

end

o

°

Timestep table

for i = i:1:steps+l

tt (i) = tt(i-1)+dt;

end

o

°

Force table applied at each timestep

for i = 1:1:steps
for j = 1:1:dof
d ( Ijli) :pa(lljli+l)_pa(lljli);
end
end

o

°

ac(l,:,1) = (inv(M)*(pa(l,:,1)."'-C*ve(l,:,1)."-k(:,:,1)*di(1,:,1).")).";

Initial conditions

(1,1,1) = 0;
(1,1,1) = 0;
(1,2,1) = 0;
(1,2,1) = 0;

Initial calculations

Dynamic analysis and Newton-Raphson calculations

for i = 1:1:steps

dpt(1,:,1i) = (dp(l,:,1)."+(M/b/dt+C*g/b) *ve (1, :,1i)."+(M/ (2*b) -C*dt*...

(1-g/(2*b))) *ac(l,:,1).").";

for w=1:1:1
if (rr(l,w,i)*deviation<re(w) && rr(l,w,1i)*deviation>-re (w))

ktr (w) el (w);
else
ktr(w) = 0;
end
end
k(:,:,1) = [ktr(l) -ktr(l);-ktr(l) ktr(l)+ktr(2)];
kt(:,:,1) = k(:,:,1)+g/ (b*dt)*C+1/b/ (dt"2) *M;
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% Newton-Raphson

dr(2,:) = dpt(l,:,1);

fsj(l,:) = f£s(1l,:,1i);

rj(1,:) rr(l,:,1);

diplus(l,:) = di(l,:,1);

err = max (abs (max (dr (2, :))),abs (min (dr (2
J o= 2;

while (err>0.0000001)
dd(j,:) = (inv(kt(:,:,1))*dr(3,:).");
diplus(j,:) = diplus(j-1,:)+dd(j,:);

if (rj(j-1,1)+
rj(J,1) = re(l);

elseif (rj(j-1,1)+
rj(J,1) -re(l);

else
rj(3,1)

rj(j-1,1)+(dd(3,1)-dd (3,2
end

+(dd(3,2))*el(2);

df (3,:) = £sj(J,:)-£s3(3-1,:)

dr(j+1,:) = dr(j,:)-df(3,:);

err = max (abs (max (dd(j, :))),abs (min (dd (7,
J o= J+1;

end

di(1,:,i+1) = diplus(j-1,:);:
fS(l,:,i+1> = ij (j_ll ) ;

rj (j_ll:);
ddi(1l,:,1) = di(1,:,i+1)-di (1

rr(l,:,i+l) =

pie1)i

dve(1l,:,1) = g/ (b*dt)*ddi(1,:,1)-g/b*ve (1,
dac(1l,:,i) = 1/ (b*dt”*2)*ddi(1,:,1i)-
ve(l,:,i+1l) = ve(l,:,1i)+dve (1, : ,1)
ac(l,:,i+1l) = ac(l,:,i)+dac(l,:,1);
dd = zeros(SLZe d));
df = zeros(size (df));
dr = zeros (size(dr));
fsj = zeros(size(fsj)):
rj = zeros(size(rj));
diplus = zeros(SLZe(dlplus))
err = 0;

end

A3. Matlab code for dimensionless SDOF

(dd(j,1)-dd(j,2))*el (1)

+((g/ (b*dt) *C+1/b/dt"2*M) * (dd (3, :) .

r2))))

(dd(j,1)-dd(j,2))*el (1) > re(l))

< -re(l))

))*el (1)

$)))):

3 L)) Al ™ l g/ (2%1) ) *ae (1, 8, i) 8
1/ (dt*b) *ve (1, :,

-1/ (2*b) *ac(1l,:,1);

The Matlab code used for the dimensionless SDOF investigation of a structural component subjected to
arbitrary loading (cladding reaction time history) is presented in the following code fragment. The force—
displacement curve for the dimensionless SDOF is considered to be elastic and the initial blast loading

is considered to have an equivalent triangular form.

# Main

o©

)

o

INPUT

o0
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$ A Tributary area of force reaction (mm2)

5 g Newmark gamma coefficient

S b Newmark beta coefficient

% dur Total duration (ms)

$ dt Timestep (ms)

% Pr Maximum pressure of triangular load (MPa)

$  td Blast duration of triangular load (ms)

% RT Reaction time history (lst column: Load (MPa))
% (2nd column: Time (ms))
% OUTPUT

% DLF Dynamic load factor

% maxd DLF table for each natural period

% MP Mitigation potential of each natural period
% MPavg Averaged mitigation potential

% typicaldlf DLF for triangular load with regard to td/T1
% Input

g=1/2;

b =1/4;

dur = 400; % ms

dt = 0.005; % ms

Pr = 1; % MPa

td = 5; % ms

A = 1000/2*1000; % mm2
RT = [500000 0;200000 1;0 2]; % N
kl = 1; % Typical value for stiffness

[)

% Execution

% DLF calcul

for z=1:1:10

ation

8 % Natural period discretization

Tl = (l4mod((z-1)/4,9))*10"fix((z-1)/36);
dt = min(T1/100, 0.0001);
ml = (T1/2/pi)"2*kl;
[di,ve,ac, fs,rr,tt,steps,pal] = SDOF (g,b,dur,dt,RT,kl,ml);
DLF = max (max(di(1,1,:)),abs(min(di(1,1,:))))/ ((Pr*A)/(kl));
maxd(l,z,1) = DLF;

(

maxd (1, z
end

load('typicaldlf.mat"');

)

DLFavg = 1;
ar = 0;
for §j=1:1:10

if (maxd(1l,3j,2)<0.01)

1 2)

8

td/ (T1) ;

It is given at Typical DLF

% Mitigation potential calculation

T =(1l+mod ((j-1)/4,9))*10"fix ((j-1)/36);
x = pi*td/T;

elseif (maxd(1l,3j,2)>1)

x =

else
X

end

28

interplg(maxtypd(:,2) ,maxtypd(:,1),maxd(1,3,2));

MP = maxd(1l,7,1)/x;

DLFavg =

DLFavg*MP;
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ar = ar+1;

end
MPavg = (DLFavg) " (l/ar):;

# Dimensionless SDOF Function
function [di,ve,ac,fs,rr,tt,steps,pa] = SDOF (g,b,dur,dt,RT,kl,ml) ;
deviation = 1.00;
dof = 1;
P = RT(:,1); % Pressure table
t = RT(:,2); $ Time table
eigen = 2*pi* (ml/k1)"0.5;
z = 0.05; % Damping ratio
cl = 2*ml*z*2*pi/eigen; % Damping coefficient
rl = 10710; % Infinite
M = [ml]; % Mass matrix
C = [cl]; % Damping matrix
k(:,:,1) = kl; $ Stiffness table
el (dof) = kl; % Stiffness table
re(dof) = rl; $ Resistance table
stepss = size(P,1); % Number of pressure steps
steps = int32 (dur/dt); % Number of all steps
pa = zeros(l,dof,steps+l);
ac = zeros(l,dof,steps+l);
ve = zeros(l,dof,steps+l);
di = zeros(l,dof,steps+l);
rr = zeros(l,dof,steps+l);
fs = zeros(l,dof,steps+l);
dp = zeros (l,dof,steps):;
dpt = zeros(1l,dof,steps);
ddi = zeros(l,dof,steps);
dve = zeros(l,dof,steps);
dac = zeros(l,dof,steps);
k = zeros (dof,dof, steps);
kt = zeros(dof,dof, steps);
tt = zeros(steps+l,1);
% Pressure (resultant) table at each DOF multiplied by the area
for i = 1:1:dof

pa(l,i,1) = P(1,1);

end
% Pressure (resultant) table at each DOF discretized into the individual timesteps

-

tt (1) = 0;
J 2;
i= 2;
while (j <= stepss)
tt (i) = tt(i-1)+dt;
if (round(tt(i),9) == round(t(j),9))

for n = 1:1:dof
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pa(l,n,i) = P(j,n);

J o= J+1;
if (j > stepss)
break;
end
else
while (tt (i) > t(3))
J o= J+1;
if (j > stepss)
break;
end
end
if (j <= stepss)
for = 1:1:dof
) = (£t (i)-tt(i-1))/(E(3)-tt(i-1))*(P(j,n)—...
_1))+pa(1lnli_1);

end
o

% Timestep table

clear tt;

tt(l) = 0;
for i = 2:1: (steps+1)

tt (i) = tt(i-1)+dt;
end

% Force table applied at each timestep
for i = 1:1:steps
for j = 1l:1:dof
dp(lljll) :pa(lljli+l)_pa(lljli);
end
end

% Initial conditions

ve(l,1,1) = 0;
di(1,1,1) = 0;

% Initial calculations
ae(l,s,1) = (daw (M) = (pa(il, s,1) . "=C*va(l, s,1) . "=k(s,8,L)*aeld (L,3,1L) ")) "¢

% Dynamic analysis and Newton-Raphson calculations

dd = 0;
df = 0;
for i = 1:1:steps
dpt(l,:,1) = (dp(l,:,1i)."'+(M/b/dt+C*g/b) *ve(l,:,1)."+(M/ (2*b)-C*...
dt*(1-g/(2*b))) *ac(l,:,1).").";
w = 1;
if (rr(l,w,i)*deviation<re(w) && rr(l,w,1i)*deviation>-re (w))
ktr (w) = el (w);
else
ktr(w) = 0;
end
kK(:,:,1) = ktr(l);
kt(:,:,1) = k(:,:,1)+g/ (b*dt) *C+1/b/ (dt"2) *M;

% Newton-Raphson
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dr(2,:) = dpt(l,:,1);
87 (Ly8) = E8(l,8,1) ¢
rj(l,:) = rr(l,:,1);
diplus(l,:) = di(1l,:,1);
err = max (abs (max(dr(2,:))),abs(min(dr(2,:))));
=2
while (err>0.0000001)
dd(j,:) = (Anv(kt(:,:,1))*dr(j,:).");
diplus(j,:) = diplus(j-1,:)+dd(j,:);
if (rj(3-1,1)+(dd(j,1))*el(l) > re(l))
rj(J,1) = re(l);
elseif (rj(j-1,1)+(dd(j,1))*el(l) < -re(l))
rj(j,1) = -re(l);
else
ri(3,1) = ri(3-1,1)+(dd(3,1))*el(1);
end
£s3(3,1) = r3(3,1);
df (j,:) = £sj(3,:)-fs3(3-1,: ((g/ (b*dt) *C+1/b/dt"2*M) * (dd(F,:).")) .";
d]’:(j+1,1) = dr(jr:)_df(jr:);
err = max (abs (max(dd(j,:))),abs(min(dd (3, :))));
j = j+1;
end
di(l,:,i+1) = diplus(j-1,:);
fs(l,:,1i+1) = fsj(j-1,:)
rr(l,:,i+l) = rj (j_lr:);
ddi(l,:,1) = di(1l,:,i+1)-di(1,:,1);
dve (1,:,1i) = g/ (b*dt)*ddi (1, ,i)—g/b*ve(l,:,i)+dt*(1 g/ (2*b) ) *ac(1l,:,1);
dac(l,:,1) = l/(b*thZ)*ddi(l,: i)-1/(dt*b)*ve(l,:,1)-1/(2*b) *ac (1, :,1);
ve(l,:,i+l) = ve(l,:,i)+dve(l,:,1i);
ac(l,:,i+1l) = ac(l,:,i)+dac(l,:,1);
dd = zeros(size(dd));
df = zeros(size(df));
dr = zeros(size(dr));
fsj = zeros(size(fsj))
rj = zeros(size(rj));
diplus = zeros(51ze(d1plus));
err = 0;
end
# Typical DLF

The typical DLF curve refers to the response of an elastic SDOF subjected to an equivalent triangular
load. The response of the SDOF is undimensionalized regarding the ratio of blast load duration to the
SDOF natural period.

maxtypd(:,1) = [0.0314145815078217 0.0323317923883323 0.0332757506485545
0.0342472299228916 0.0352470265752000 0.0362759738658638 0.0373348993824340
0.0384246886462925 0.0395462217245455 0.0407004211994161 0.0418882321441422
0.0431106244968925 0.0443685978154325 0.0456631764988717 0.0469954148632018
0.0483664012078016 0.0497772447755837 0.0512305177120362 0.0527262842192085
0.0542655849838191 0.0558496732062680 0.0574798181163132 0.0591573965557830
0.0608837080914336 0.0626601657119049 0.0644882008059889 0.0663692866592323
0.0683049289842837 0.0702966461434069 0.0723461345358318 0.0744549186525893
0.0766247104670980 0.0788598047586537 0.0811607801894940 0.0835283521012943
0.0859644224141073 0.0884709381926705 0.0910498205427886 0.0937030929200103
0.0964328173956753 0.0992411129735442 0.102130145606521 0.105103680812749
0.108167660931759 0.111319738961005 0.114562294511498 0.117897783539987
0.121328713918918 0.124857653386152 0.128487210329891 0.132222719335847
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PR R RRPRPRRPRRRPRRRRRRRRRRRRRRRRRRRRPRRRRRRRPRPRRPRRRRRPRPRPRROO0O00000000000000O0O0O0

.136071968698932
.152593670278254
.171101282799869
.191813649159713
.214985463746033
.240893196908825
.269832053556298
.302110095076425
.338053206015446
.378024167343074
.422346579854473
.471327499923343
.525276510888295
.584346781063565
.648627015601373
.717932518948474
.791829893738839
.869380673263492
.949071833103563
.02855504113862
.10565952155840
.17967515691828
.24996863964324
.31625640314078
.37821087170391
.43590083282645
.48938455213956
.53854515047373
.58364263873737
.62486947559838
.66242637630630
.69657898118306
.72752436079388
.75548593050406
.78080358114539
.80358501335877
.82415097337234
.84260406895088
.85917536556658
.87409854888765
.88746586141958
.89944381158270
.91018332604543
.91978418447566
.92837831281023
.93606495974879
.94293294932887
.94907069723792
.95455922342129
.95946175925898
.96383430227690
.96773939582419
.97123115198991
.97434278764121
.97711884885443
.97959837835098
.98180790486523
.98377940620350
.98553881935681
.98710758369936
.98850593073076
.98975367656742
.99086592911409
.99185741134212
.99274148727423
.99352997375438

PR R RRPRPRRPRRRERRRRRRRRRRRERRRRRERERRRRPRPRRERERRRREERERRRR B &

[eNoNeoNoNoNolNoNoloNoloNolNoNoNolNoNolNoNo]

.140030772254300
.157019978728085
.176061560650146
.197368224746150
.221199470855279
.247835835680944
.277575231646360
.310725158048810
.347665262910837
.388683836852318
.434140684132841
.484351819092646
.539547561766676
.599931804422787
.665492097574747
.736003326431311
.810925389908484
.889183856026373
.969070788935245

eNoNeoNoNoNolNoNoNoNololNolNolNoNoNoNoNo)

.144102075663287
.161582632500600
.181160158476919
.203076097353151
.227582609238293
.254963986119518
.285520378048748
.319605828229717
.357511404576023
.399621666855635
.446238598073702
.497661791153645
.554166860452580
.615846612999847
.682667608704254
.754350670432670
.830231266151902
.909087211035124
0.

989015773119539

eNeoNeoNoNoNoNoNoNoNololNolNoloNoNoNoNo

1

.148288706353002
.166276052084195
.186408898613512
.208940749314818
.234138361576731
.262287330764681
.293708391608104
.328708973865782
.367641609850867
.410836283529419
.458634999248127
.511316973675027
.569098701565887
.632078877096249
.700149348654982
.772965566925329
.849724237702909
.929060774882204
.00885350931545

.04805172699741
.12450837274091
.19756945426366
.26687458116053
.33215779501385
.39303443155667
.44967149649062
.50206811711525
.55020524338930
.59427795704653
.63459059070671
.67120543878710
.70460276099340
.73479176491317
.76209184717442
.78671588082383
.80891195295557
.82895255329602
.84694251990716
.86309405841080
.87757982947002
.89059032331191
.90222606510757
.91267897106066
.92202501392334
.93037168945583
.93784915981769
.94453263608920
.95049790042982
.95583412790248
.96060249056771
.96485583848620
.96865351758438
.97204174791826
.97506764196496
.97776508502233
.98017487193871
.98232303416249
.98423852083499
.98594831391031
.98747184856038
.98883177989428
.99004383154823
.99112459685639
.99208807521819
.99294741205708
.99371327359791

1,
.14307179612400
.21528198976346
.28360025344143
.34778096988346
.40760333836421
.46317887218301
.51445866133724
.56153066847244
.60473753057949
.64404565434251
.67989182643304
.71243066589049
.74186658035485
.76846534803737
.79248813300336
.81414109867682
.83362066448377
.85110897131666
.86686961102005
.88097515280813
.89362321342444
.90494398877028
.91511412374488
.92420005551121
.93232937881516
.93959385621668
.94608062665235
.95189288526219
.95707944848100
.96171142376964
.96584323101946
.96953743704394
.97283146975460
.97576908643932
.97839426915628
.98073416824481
.98282262286735
.98468402108451
.98634585740735
.98782691843133
.98914758733123
.99032568132336
.99137599127227
.99231214581240
.99314723612566
.99389151142050

PR R RRPRPRRPRRRRRRRPRRRRRRPRRPRERRERRRPRRPRERERRRRRRRERRRRRRRRRP P

06747354550215

1.
.16148772534661
.23277216860382
.30007207759248
.36313055961913
.42189182175984
.47641865770221
.52657090423856
.57274468596564
.61488260020326
.65338381409483
.68834741608604
.72007018805324
.74873868119004
.77471007855995
.79813704492419
.81921608428354
.83814857624248
.85523655837235
.87053147767102
.88427592086172
.89658449817059
.90759920953416
.91746976314476
.92630539912662
.93422393839718
.94128069988089
.94760522878793
.95324784374905
.95828762148968
.96278804083347
.96680740771070
.97039360701629
.97359805767925
.97645488412965
.97900394495525
.98127945692289
.98330854682623
.98511792359535
.98673222917240
.98817150663401
.98945487454703
.99059924754324
.99161985484069
.99253002999683
.99334135806548
.99406462735830

PR PR RPRPRRPRPRRRRRRPRRRRRRRPRRRRRRRRRRRRRRRRRRRRRERRRRR B

08666267669827
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1.99423284648349 1.99439628396554 1.99455509789193 1.99470935014881
1.99485934196726 2];

maxtypd(:,2)

[0.0100000000000000 0.0102920052719443 0.0105925372517729

0.0109018449238513 0.0112201845430196 0.0115478198468946 0.0118850222743702
0.0122320711904993 0.0125892541179417 0.0129568669751702 0.0133352143216332
0.0137246096100756 0.0141253754462275 0.0145378438560766 0.0149623565609443
0.0153992652605949 0.0158489319246111 0.0163117290922784 0.0167880401812256
0.0172782598050786 0.0177827941003892 0.0183020610631106 0.0188364908948980
0.0193865263595221 0.0199526231496888 0.0205352502645715 0.0211348903983665
0.0217520403401952 0.0223872113856834 0.0230409297605585 0.0237137370566166
0.0244061906804198 0.0251188643150958 0.0258523483956219 0.0266072505979881
0.0273841963426436 0.0281838293126445 0.0290068119869315 0.0298538261891796
0.0307255736526745 0.0316227766016838 0.0325461783498046 0.0334965439157828
0.0344746606573149 0.0354813389233576 0.0365174127254838 0.0375837404288444
0.0386812054633052 0.0398107170553497 0.0409732109813542 0.0421696503428582
0.0434010263644744 0.0446683592150963 0.0459726988530872 0.0473151258961481
0.0486967525165863 0.0501187233627272 0.0515822165072306 0.0530884444230988
0.0546386549881854 0.0562341325190349 0.0578761988349121 0.0595662143529011
0.0613055792149821 0.0630957344480193 0.0649381631576211 0.0668343917568615
0.0687859912308808 0.0707945784384138 0.0728618174513228 0.0749894209332456
0.0771791515585012 0.0794328234724282 0.0817523037943650 0.0841395141645195
0.0865964323360066 0.0891250938133746 0.0917275935389780 0.0944060876285923
0.0971627951577107 0.100000000000000 0.102920052719443 0.105925372517729
0.109018449238513 0.112201845430196 0.115478198468946 0.118850222743702
0.122320711904993 0.125892541179417 0.129568669751702 0.133352143216332
0.137246096100756 0.141253754462275 0.145378438560766 0.149623565609443
0.153992652605949 0.158489319246111 0.163117290922784 0.167880401812256
0.172782598050786 0.177827941003892 0.183020610631106 0.188364908948980
0.193865263595221 0.199526231496888 0.205352502645715 0.211348903983665
0.217520403401952 0.223872113856834 0.230409297605585 0.237137370566166
0.244061906804198 0.251188643150958 0.258523483956219 0.266072505979881
0.273841963426436 0.281838293126445 0.290068119869315 0.298538261891796
0.307255736526745 0.316227766016838 0.325461783498046 0.334965439157828
0.344746606573150 0.354813389233575 0.365174127254838 0.375837404288444
0.386812054633052 0.398107170553497 0.409732109813542 0.421696503428582
0.434010263644744 0.446683592150963 0.459726988530872 0.473151258961481
0.486967525165863 0.501187233627272 0.515822165072306 0.530884444230989
0.546386549881854 0.562341325190349 0.578761988349121 0.595662143529011
0.613055792149821 0.630957344480193 0.649381631576211 0.668343917568615
0.687859912308808 0.707945784384138 0.728618174513228 0.749894209332456
0.771791515585012 0.794328234724282 0.817523037943650 0.841395141645195
0.865964323360065 0.891250938133746 0.917275935389780 0.944060876285924
0.971627951577107 1 1.02920052719443 1.05925372517729 1.09018449238513
1.12201845430196 1.15478198468946 1.18850222743702 1.22320711904993
1.25892541179417 1.29568669751702 1.33352143216332 1.37246096100756
1.41253754462275 1.45378438560766 1.49623565609443 1.53992652605949
1.58489319246111 1.63117290922784 1.67880401812256 1.72782598050786
1.77827941003892 1.83020610631106 1.88364908948980 1.93865263595221
1.99526231496888 2.05352502645715 2.11348903983665 2.17520403401952
2.23872113856834 2.30409297605585 2.37137370566166 2.44061906804198
2.51188643150958 2.58523483956219 2.66072505979881 2.73841963426436
2.81838293126446 2.90068119869315 2.98538261891796 3.07255736526745
3.16227766016838 3.25461783498046 3.34965439157828 3.44746606573149
3.54813389233575 3.65174127254838 3.75837404288444 3.86812054633052
3.98107170553497 4.09732109813541 4.21696503428582 4.34010263644744
4.46683592150963 4.59726988530872 4.73151258961480 4.86967525165863
5.01187233627273 5.15822165072306 5.30884444230989 5.46386549881854
5.62341325190349 5.78761988349121 5.95662143529010 6.13055792149821
6.30957344480193 6.49381631576211 6.68343917568615 6.87859912308808
7.07945784384138 7.28618174513227 7.49894209332456 7.71791515585013
7.94328234724281 8.17523037943650 8.41395141645195 8.65964323360065
8.91250938133746 9.17275935389780 9.44060876285924 9.71627951577106 10
10.2920052719443 10.5925372517729 10.9018449238513 11.2201845430196
11.5478198468946 11.8850222743702 12.2320711904993 12.5892541179417
12.9568669751702 13.3352143216332 13.7246096100756 14.1253754462275
14.5378438560766 14.9623565609443 15.3992652605949 15.8489319246111
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16.
18.
20.
23.
25.
29 ¢
32.
36.
40.
45.
51,
57.
64.
72.
81.
91.

3117290922784
3020610631106
5352502645715
0409297605585
8523483956219
0068119869315
5461783498046
5174127254838
9732109813541
9726988530872
5822165072306
8761988349121
9381631576211
8618174513228
7523037943650
7275935389779

l6.
18.
21.
23.

26

59

7880401812256
8364908948980
1348903983665
7137370566166

.6072505979881
29
33.
37.
42.
47.
535

8538261891796
4965439157828
5837404288444
1696503428582
3151258961480
0884444230989

.5662143529010
66.
74.
84.
94.

8343917568615
9894209332456
1395141645195
4060876285924

17.
19,
21.
24.
27.
30.
34.
38.
43.
48.
54.
61.
68.
77.
86.
97 -

2782598050786
3865263595221
7520403401952
4061906804198
3841963426436
7255736526745
4746606573149
6812054633052
4010263644744
6967525165863
6386549881854
3055792149821
7859912308807
1791515585013
5964323360065
1627951577106

17.
19,
22.
25.
28.
31.
35.
39
44.
50,
56
63.
70.
795
89.

7827941003892
9526231496888
3872113856834
1188643150958
1838293126445
6227766016838
4813389233575
8107170553497
6683592150963
1187233627273
2341325190349
0957344480193
7945784384138
4328234724281
1250938133746

1001];
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Extended summary (in Greek)
EkTevAG TTEPIANYN

B1. Eicaywyn

MapdT avékaBev ammoteAoloav Eva oTrdvio GUUPAY, o1 ekpAgelg TTAéov augdvovTal OAO Kal TTEPICTOTEPO
ME TNV TTAP0dO Tou Xpdvou, eEaITiag TG avBpwTivng TTapEUBaAcnG, YE TIG CUVETTEIEG TOUG Va gival €al-
peTIKA dUOEVEG yIa Thv Kolvwvia (IEP, 2015). O 1p4T1T0G¢ 0UP@QWVA PE TOV OTTOIO TTPOKUTITOUV gival EiTE
Aoyw emBécewy €ite Adyw aTtuxnudtwyv. Kal oTig 800 TTEPITITWOEIG, UTTAPXOUV XOAPAKTNPIOTIKA TTOPaA-
deiypaTa eKpAgEWV TTOU £XOUV 0BNYNROEI OTAV EVEPYOTTOINOT TOU KPATOUG KAl TWV EPEUVNTWV YIO TNV
TIPOOTACIA TWV KATAOKEUWY Kal TNG avBpwTTivng CWNG. TNV TTEPITITWON TWV £MOEcEWV, dUO TTEPIOTA-
TIKG& TTOU £X0UV CUVTAPAEEI TNV KOIVA yVWN atroTeAouv n emiBean ato Alfred P. Murrah Federal Building
oTtnv mMOAn Oklahoma Twv HIMA (1995) kai oToug Nupyoug Khobar otn Dhahran tng 2aoudikng ApaBiag
(1996). AvTioTolxa TTOpadEiyHaTA OTNV TTEPITITWON EKPALEWY AOYW OTUXHMATOG, ATTOTEAOUV OI EKPHEEIG
aTo Aipdvi Tianjin Tng Kivag (2015) ka1 oo Aiyévi Tng BnputoU atov Aifavo (2020). ATroteAéopaTta Twv
TTapadelyhdTwy ateikovifovTal oto ZxAua 1.

Otav AapBavel xwpa pia €Kpnén KOVTa o€ €va KTiplo, Ta TTPWTA OOUIKA OTOIXEIa TTOU DEXOVTAI TIG ava-
TITUOOOWEVEG TTIECEIG €ival Ta GWTEPIKA oTolxeia emKEAUWNG. MNa TNV ao@EAEIa TwV XPNOTWV TOU KTI-
piou, Ta OTOIXEIQ ETTIKAAUWNG TTPETTEI VA £XOUV ETTAPKN avToxn £vavTl TNG £€KPNENG, VO CUUTTEPIPEPOVTAI
ME €AEYXOUEVO TPOTTO KaI VA WNV ETMTPETTOUV TNV €i0000 TOU WOTIKOU KUPATOG OTOV £EC0WTEPIKO XWPO
(Cormie, Mays and Smith, 2009). Mia Trpéo@atn Tdon atmmoTeAei o oxXedlaoudg TNG ETTIKAAUWNG PE TETOIO
TPOTIO, WOTE VA UTTOPET VO ATTOPPOPHTEI CNUAVTIKO HEPOG TNG EVEPYEIAG TTOU TTPOKUTITEI OTTO THV €KPNEN.
Me auTév Tov TPOTIO, TO POPTIO TTOU PETAPEPETAI ATTO TA ATOIXEIO EMKAAUWYNG OTA KUPIA OOUIKA HEAN
(uTrooTUAWpOTA, BoKoi K.T.A.) dUvaTal va gival XaunAdGTEPO 0€ OXEON PE aUTO TToU Ba YeETaPEPOTAV £GV
Ta oTolxeia emKAAUYNG dev gixav axedlaoTei pe dSuvaTOTNTA PEIWONG TWV CUVETTEIWV OTOV UTTOKEINEVO

popta.
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Getaway car

"
Fence and row
of concrete bar-

riors Parking lot

®)

Source of
) explosion

BEIRUT

(v) ©)

ZxAua 1: XapakTnpIoTIKEG TTEPITITWOEIG EKPASEWYV TTOU £X0UV CUVTapAagel Tnv Koivh yvwun: (o) ‘Ekpnén
aTo Alfred P. Murrah Federal Building [avatrapaywyr] ammé FEMA (1996)], (B) Atreikévion Tou onueiou
NG €kpnéng o€ aoxéon ue Toug Mupyoug Khobar [avatmrapaywyn atmd Grant (1998)], (y) Znuiég o€ KTipio
TToU BpiokeTal og ammooTaon 300 m atréd Tnv ékpnén oto Aiydvi Tianjin Tng Kivag [avatrapaywyr| améd
Yu et al. (2022)] ka1 () X&pTng ¢nuiwv yupw atrd 1o Aipdvi Tng Bnputou [avatrapaywyn atréd
Sivaraman and Varadharajan (2021)]

QoT1600, uttdpyouv didgopa ¢nTAPATA, O OXEoN ME TNV OgloTroinan autig Tng Tadong, Ta oTroia dev
£XOouv KaAu@Bei epeuvnTikd. AuTd givai:

=  H moikiAia Twv mlavwy TOTTwv £mMKAAUYNG, TTOU PTTopoUV va ToTTo8eTnBoUV O¢ £va KTiplo 0TO
otroio ptropei va cuuBei ékpnén, eival eupeia. Katd auvéteia, xpeiafovTal odnyieg axediacuou
o€ oxéon Pe TNV KATAAANAN €mAoyr Twv IS10TATWY TNG ETTIKAAUWNG, TTPOKEIJEVOU VA ETTITUYXA-
VETAI PEIWoN TwV SUVAPEWY OTOV UTTOKEIUEVO POPEQ.

=  Ta armoTeAEOUATA TWV APIBUNTIKWY JOVTEAWYV ETTIKAAUWNG KAl UTTOKEINEVOU Qopéa xpeldalovTal
TNOTOTTOINGN HEOW TTEIPAPATIKWY UETPAOEWY, OUTWGS WOTE Va ETTIRERAIWOET 0TI gival peaAIOTIKA.

= XpeidZetal pia pebodoloyia yia Tnv ekTipnon Tng duvaTdTnTag £VOg TUTTOU ETTIKAAUWNG VIO YEi-
WOnN TWV CUVETTEIWV aTTd £Kpngn. AuTr n peBodoAoyia TTPETTEN va €ival YEVIKEUPEVN, OUTWG WOTE
va PTTopei va yivel duean ouykpion JETAEU TwV S1a@opwV TUTTWV TNG ETTIKAAUWNG KAl KATAAANAN
ETTIAOYI) TOU ETTIKPATECTEPOU.

Otréte, 0€ pIa TTPOOTIABEI AVTIMETWITIONG AUTWYV TWV NTNPATWY TO QVTIKEINEVO TNG SIOTPIRAG gival:
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B2.

O uTtoAOYIONOG E TTOIOTIKA KOl TTOOOTIKA dlaypAuuaTa Tou TPOTTOU £TTIPPONG TNG MAlag, Ou-
oKauyiag, avtoxng Kal OAKINOTNTAG TNG ETTIKAAUWNG GTOV UTTOKEIPEVO POpPEQ.

O uTToAOYIOUOG HE TTOIOTIKA KAl TTOCOTIKA dlaypANPaTA TOU TPOTTIOU ETTIPPONG TNG MEUPBPAVIKNG
Opdong TNG MKAAUYNG OTOV UTTOKEIUEVO QOpPEQl.

H treipapatikr) digpelivnon evog ouoTHNATOS XAAUBBIVNG ETTIKAAUWNG—UTTOKEINEVOU Qopéa (UE
TNV €QAPUOYA TTPAYMATIKAG €KPNENG) Kal N TTpoEToINadia evog apiBunTikoU JOvTEAOU, TOU O-
TTOIOU TA ATTOTEAECUATA TTICTOTTOIOUVTAI ATTO TIG TTEIPAMATIKEG UETPNOEIG.

H avarmtuén pebodoAoyiag yia Tn YEVIKEUPEVN EKTIUNON TNG duVATOTNTAG PIOG TUXAIAG ETTIKAAU-
WNG yIa PEIWOT TWV CUVETTEIWY OTOV UTTOKEIMEVO QOPEQ Kal, KAT' ETTEKTACN, TNV Apeon oUYKPION
METAEU TWV dla@opwyv TUTTWYV ETMKGAUWNG.

Mnxaviopoi AsiToupyiag Kai BIBAIOypa@IKR €MIOKOTTHON

ZUuewva pe Toug Hetherington and Smith (1994), Dusenberry (2010) kai Palanivelu et al. (2011), étav
oxedIadeTal KATTOIO KTipIo €vavTl £€KPNENG, Ta EWTEPIKA OTOIXEIa ETTIKAAUWNG TOU TTPETTEl va £XOUV OU-
VYKEKPIUEVEG EIDIKEG 1010TNTEG:

1)
2)

3)

4)

Na éxouv €TTapKr avToxr, oUTWG WOTE va TTEPIOPICOVTAl Ol ACTOXIEG Kal oI {NUIEG UTTO popTia
€KPNSNG.

Na un diappnyvuovTtal, ge oKOTTO va un duvaral va €1I0€ABEI TO WOTIKO KUPa €VTOG TOU KTIpiou,
TIPOKOAWVTAG ATTWAEID avOpWTTIVWY (WWV KAl KATACTPOPEG GTO ECWTEPIKO.

Na diatnpeital N akepaidTATA TOUG, UTTO TNV £VVOIA TOU VA UN JETATPETTOVTAI TA idIa TO OTOIXEIO
eMKAAUYNG 0 BPUPHATICUOUG TTOU PTTOPEL va 0dnNyROOoUV O€ TPAUUATIOPOUS (TT.X. Bpupparti-
opoi atrd 10 yuaAi evég uahoTrivaka).

Na atmmoppo@oUv Tnv evépyela TNG €KPNENG PE TPOTTO WOTE VO HETAPEPOVTAl XAUNAOGTEPES dUVA-
MEIG OTOV UTTOKEIPEVO QOpPEQ (QAVTIKEIPMEVO TNG BIATPIRNAG).

MNa TNV €TTiTEUEN TOU TETAPTOU OTOXOU, O TPOTTOG OXEDIOTHOU TNG ETTIKAAUWNG UTTOPET VO BIaYXWPIOTE O€
TPEIG BIAKPITOUG TUTTOUG:

2& guoThuaTa TMKAAUWNG TTOU YEQUPWVOUV avoiyuaTd. XapakTnpIoTIKA TTapadeiyuaTa TETOIWV
TEPITITWOEWY TTapouaidlovTal TG epyaaieg Twv Xue and Hutchinson (2004), Chen and Hao
(2012), Chen and Hao (2013), Hoffmeister et al. (2015), Goel, Matsagar and Gupta (2011) kai
Sun et al. (2019).

2¢e Buolalopeveg KOAUWEIG TTou ouvdéovTal aTreudeiag TTAvw OTa OTOIXEI TTPOG TTPOCTATI (TT.X.
ETTi EVOG UTTOOTUAWNATOG). XAPAKTNPIOTIKA TTOPADEIYUATA TETOIWV TTEPITITWOEWV TTAPOUCIAlo-
vTal OTIG epyaoieg Twv Guruprasad and Mukherjee (2000), Alberdi, Przywara and Khandelwal
(2013) kai Palanivelu et al. (2011).

%€ OUOTAPOTAO OTA OTTOIA N ATTOPPOPNON TNG EVEPYEIOG TTPAYUATOTIOIEITAI OTIC OUVOEDEIG TWV
ETMKOAUWEWYV. XapaKTNPIOTIKG TTAPAdEIyUa PIag TETOIAG TTEPITITWONG TTAPOUCIAZETAI OTNV EPYQA-
oia Tou Oswald (2018).

Kai oTIG TPEIG TTEPITITWOEIG, OI TUTTOI ETTIKAAUWYNG YTTOPOUV VA XAPAKTNPIOTOUV aTTd TIG KAUTTUAEG QOp-
TIOU—TTAPAUOPPWAONG TOUG, i AAAIWG ATTO TIG KAUTTUAEG QVTIOTAGNG TOUG. ZNHEIWVETAI OTI O KAUTTUAEG
avagépovTal o€ oTaTIKA @OPTIoN. Mapadeiypata TETOIWY KAPTTUAWY TTapoucidfovTal oTo Zxhpa 2. AuTég
Ol KOUTTUAEG gival 1IS1aiTEpa ONUAVTIKES YIa T dUVOTOTNTA PEIWONG TWV CUVETTEIWY OTOV UTTOKEIPEVO QO-
péa, Kabwg péoa ammd auTég pubuiCovTal ol JEYIOTEG HETAPEPOUEVEG avTIOPAaElS OTAPIEAS Toug. OTTwg
TTapaTnEEiTal Kal amd 10 ExAUa 2, n avriotaon g emKaAuwng (dnAadn n €AaoTik duokauyia, n
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MEYIOTN avToxn Kal Ta PETEAQDTIKA XOPAKTNPIOTIKA) ££0PTWVTAI TOOO ATTO TIG HNXAVIKESG 1010TNTEG TOU
UAIKOU, 600 Kal aTtrd TIG CUVOPIAKESG TUVORKEG.

Py Py Py
) ) )
() ® (€]
Py Py Py
) ) )

(®) (e) (o7)

ZxAua 2: Tuttikég KAuTTUAEG avTioTaong S1IaQOoPETIKWY TUTTWYV £TTIKAAUYWNG: (a) XaAuBdivo advTouITg
TTAVEA PE GUVONKES TTAKTWONG OoTa dkpa [0edopéva atrd Xue and Hutchinson (2004)], () MovoAiBiko
XOAUBOIVO éAaopa e oUVORKES TTAKTWONG oTa dkpa [dedouéva ammd Xue and Hutchinson (2004)], (y)
XaAUBdIvo odvToulTg TTaveA e ouvBnikeg OoTAPIENG TTou dev ETTITPETTOUV UEPPBpavikA dpdon [dedouéva
amd Khalifa, Tait and El-Dakhakhni (2017)], (&) MNdaveA okupodéuatog pe GUVOAKEG TTAKTWONG OTA G-
Kpa [dedopéva atrd Gouverneur, Caspeele and Taerwe (2013)], (€) MNdaveA okupodéuaTog ue CUVOAKEG
OTAPIENG TToU Bev eMTPETTOUV PEPPBpavIKA dpdaan [dedouéva ammd Gouverneur, Caspeele and Taerwe

(2013)]; kai (o1) TpitTAeg valoTTivakag [dedopuéva atrd Zobec et al. (2015)]

EmirAéov, TO @Aopa GOPTiwV £KPNENG TTOU PTTOPOUV va ETTIOPACOUV £TT MIOG ETIKAAUWNG gival €upd,
a@ou PTTopolV va ETTEVEPYOOUV BIAQOPOI CUVOUACHOI PEYIOTNG TTiEoNG - WBNoNG. O KGBe ouvduaouog
TTPOKOAEI DIAPOPETIKG TPOTTO ATTOKPIONG, 0dNYWVTAS € BIAPOPETIKEG avTIdpdoelg oTApIgnG. Katd ouvé-
TTEIQ, N ATTOKPION TOU UTTOKEINEVOU QOopéa aTov OTToio aTnpideTal n emMKAAUYN €ival yovadikr] Kal eEap-
Tétan ammd: (1) XapakTnpioTIKA TnG eMIKAAUWNGS (avTidpaon, pdafa) kai (2) Tn xpovoioTopia GopTIoNnG.

Me aAAa Adyia, n emKAGAUWN pTTopEi va BewpnBei wg évag TAAAVTWTHG TTOU JETATPETTEI TN XPOVOIgTOPIa
@OPTIONG O€ PIa BIAQOPETIKN XpovoioTopia dUvANNG TTPOG TOV UTTOKEINEVO @opéa. Mia XapakTnpIoTIKN
TTEPITITWON OTTOTEAEI TO TTAPABEIYHA OTO ZXMUa 3 TTOU €xel dnuioupynBei péoa atrd Eva TTPOCONOIWK
TTETTEPACUEVWY OTOIXEIWV au@IEPEIoTNG ETMKAAUYWNG. OTTwg TTapartnpeital a1o Zxrua 3(a), N emMKAAuyn
EI0EPYETAI OTOV TTAAOTIKO TNG KAGBO. Katd ouvETTela, TO apXIKO QopTio £€KpNENG METATPETTETAI ATTO £va
UWnARG TINAG Kal ouvToung SIAPKEIAG POPTIO O€ PIa PEIWPEVNG TIWAG Kal auénuévng BIAPKEIOG TTPWTOU
KUKAOU xpovoioTopia dUvaung, n otoia PETA ToV TTPWTO KUKAO QEPETAI va £XEI TTEPIODO KOIVA JE TNV
1Id101TePiodo TNG emMKAAUWNG. H wlnon mrapapével idia. MaAioTa, epapudlovTag TaxUu JeETAoXNUATIONO
Fourier (Yang, 2009) oTig duo XpovoioTopieg, TTPOKUTITEI TO XAUa 3(B). ZUPQWva PE auTd, UTTAPXOUV
OUYKEKPIPEVEG IBIOOUXVOTNTEG OTIG OTTOIEG TO PACUATIKO TTEPIEXOPEVO TNG AVTIOPACNG EUPaVICel AIXUEG.
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Advapun

—— Doprtio Exkpnéng
- Avtidpaon otipiéng

. ‘QOnon poptiov Ekpnéng
Qi avidpaons oTpin

Xpovog
(o)

Ioydc/Zvyvotnta o hoyopubikn kAipoko

—— DooUATIKT TUKVOTNTA IGYVOG TOV POPTIOL EKPNENG
——— DacpHOTIKN TUKVOTITA 16Y00G TG avTidpoong oTpigng

ZoyvotnTa
(B)

QOnon

ZxAua 3: TUTTIKA TTEPITITWON aTTOKPIONG ETTIKAAUWNG o€ €kpnén: (a) PopTio Kal avTidpacn oTAPIENG,
kabwg kai (B) PacuaTikr avdAuon Tou QopTiou Kal TNG avTidopaong oTAPIENG

AuTOU TOU €idOUG N ATTOKPION TTAPATNPEITAI OTIG ETTIKOAUWEIG YE TNV evepyoTToinon dUO0 dIAPOPETIKWV
pnxaviopwy (Rutner and Wright, 2016): (a) Tou ynxaviopoU TTAACTIKAG atToppo®naong evépyeiag Kai (B)
Tou unxaviopoU adpavelakng avTtioTaong. Kal pe Toug 800 unxaviouoUg N TIFA TOU QopTiou TNG £€KpNENg
pelveTal Kal n didpkeia Tou TTpWToU KUKAoU avTidpaong augdvetal (Palanivelu et al., 2011; Bornstein
and Ackland, 2013). Mo ouykekpIpéva, 0 unXaviouog TTAACTIKAG atroppd@nong evépyelag KabopileTal
péoa amd TV avroxn dlapporg TNG ETMIKAAUYNG EVW O UNXAVIOUWOG adpavelaKAG avTioTaong EVepPyo-
TroleiTal péoa ammod N yada kai duoKapyia TNG TMKAAUWNG (apyr atToKpIon TNG ETTIKAAUWNG GTO QOPTIO

G €KPNgNG).

2& OX£0N PE TOV PNXAVIOPO adpaveIaKAg avTioTaong, n MKAAUWN YTTOPED VO XAPAKTNPIOTEN aTTd TPEIG
TUTTOUG aTTOKPIONG, OTTWGS QaivovTal 0To XxNPa 4. AuToi ol TUTTol dlaxwpiovTal HETALU TOUG PECW TOU
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Adyou TnG diIdpkelag BETIKAG AN TNG £€KPNENG ta Kal TNG 1I010TTEPIGAOU TOU aToIXEiou T. @cwpwvTag Tov
OUOXETIONO HIOG TUXAiag ETTIKAAUWNG PJE QUTOUG TOUG TUTTOUG aTTOKPIONG, MIa ETTIKAAUWN UE IB10TTEPIOSO
T1 UTTOPEI Va €XEI OIWVEI-OTATIKA QTTOKPION YE ACHUAVTR adPAVEIOKN QVTIOTACTN, WOTIKY aTTOKPIoN WE
onNuavTIKR adpavelakh avtioTaon ) dUVAMIKr atrokpion Ye PETPIa adpavelakh avTiotaon. H diagopd
METAEU QUTWYV TWV KATAOTACGEWY TTAPOUCIAfeTal 0TO ZXAUA 5, 6TTOU yia acriuavtn adpavelokh avtiotacn
TO WEYIOTO QOpPTIO €KPNENG EP@aviCeTal auToUCIO GTN XPOVOIOTOPIa TNG AVTIOPACONG EVW YIA GNUAVTIKI
adpavelakh avTiotaon n MEYIOTN TIUA avTidpaong gival apKeTG XapuNAOTEPN 0€ OXEON ME TO PEYIOTO QOpP-

Tio ékpnéng.

Tomot amodKpiong

T T
2+ I
I I
I I
15F | |
. | L ot
a , | , | 1OVEL-
2 1l Qfsmcn | AUYOI}MKT] | STATICT -
omdkpion | amdKplon | adKPIoN
I I
0.5 1
I I
I I
0 | . |
102 101 10° 10* 10°
ta
T

ZxAua 4: Totrol atroKpIong eAACTIKOU povofdduiou TahavTwTh évavTl €Kpnéng

Avrtidpaon pe acnpaven adpaveloxn avriotaon (T, << ty)
— — — Avrtidpaon pe onpavtikn adpaveiakn avtiotaon (T, >>tg)

————— AvTidpaon e TAOGTIKT 0TOpPOPNON EVEPYELNG

B Meioon oz
TAGTOG
w N R .
s : : B
= : o :
Q : . : B .
= : . . . N .
© : : : R : :
g LTS : :
g T NN : A -
Q \ N AN A W
e | N/ \ <~/ \./ i R o
Z \ AR e A L\
o, ' N IR L. T N A
& |AvEnon ot AT ON Y ‘\/.’ \/ v
vy . " 3 . : R : = \
£ 51(1[)1(,81(1 o \/ N ARAEIY - _i-= +
£ [rov TpddTov 4 :
ke KOKAOL : : : :
B . ; . ;
él Yvviotopévn tigong kpnéng (dvvaun)

Xpovog

aTn XpovoiaTopia avTidpaong mMKAAUYNG

2xAMa 5: ETidpacn Twv PNXaviouwy adpaveiakng avTioTaong Kal TTAAGTIKAG aTToppo@nong EVEPYEIAG
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2€ oXEON JE TOV PNXAVIOPO TTAACTIKAG aTToppOPnong eVEPYEIQG, N MEYIOTN TIUA avTidpaong TNG ETTIKA-
Auyng ouoxeTiCeTal pe TNV avtoxn diappons. AQou n emkaAuyn €10€ABel 0T dlappor, N evEPyEIa TNG
EKPNENG METATPETTETAI O€ TTAOCTIKA EVEPYEIQ TTOPAUOPPWOEWY Kal N YEYIOTN avTidpacon TTapauével OTa-
Bepn péXPIC 6TOU apxioel N TAAGvTwaon TNG ETMIKAAUWNG, OTTOTE Kail N avTidopaan aAAdlel opd Kai Baivel
MeloUpEVN.

B3. Emippon Tng padag, Suokapyiag, avroXng Kal OAKINOTNTAG TNG ETTIKAAUYNG

YTrdpxel eyaAn TToIKIAia TUTTWV ETTIKAAUYNG TTOU JTTOPOUV VA £QAPPOCTOUV, TTPOKEIMEVOU VA ETTITEUXDET
MEIWOoN TwV CUVETTEIWY OTOV UTTOKEIMEVO Qopéa. KaTd cuvételda, Kpivetal XpAoIKn n diepelvnon Twv
Baaikwv IBIOTATWY TTOU XPEIACeTal Va £X0UV, OUTWGS WOTE va 0dNnNyoUuv aTo KAAUTEPO duvaTtod ATToTEAETA
Kal va TTPOKPIVETAI N €TTIAOYR €VOG CUYKEKPIPEVOU TUTTOU ETTIKAAUWNG EvavTl KATTOIOU AAAOU. Z€ AuTAV
TNV evoTnTa, AOITTOV, avadnTeital n emppEon TG MAZag, SUCKANWIAG, avTOXAS KAl OAKINOTNTAG TNG ETTIKA-
Auyng atnv IKavéTNTA TNG YIA PEIWAN TWV CUVETTEIWV.

AuTA n avalATnon €TTITUYXAVETAl JE TNV ETTIOTPATEUCN €VOG OIBABUIOU TOAQVTWTHA, O OTTOI0G GUVTIBETAI
atd TNV €MKAAUYN OTOV TTPWTO PaBPG eAeuBepiag Kal aTTd TOV UTTOKEIUEVO QopEa GToV BeUTEPO BaBud
eheuBepiag. To emakpIBEG povTéAO TTapouaiadeTal oTo ZxAua 6(a). OTTwg gaiveTal, n MKAAUYN avaTra-
pioTtatal yéow TNG PACAG My, EVW O UTTOKEIUEVOS POpPEQG avaTrapioTaTal Jéow TNG MAalag ma. MeTagu
TOUG OUVOELOVTAl PETW EVOG UN YPAUMIKOU EAATNPIOU TTOU avaTTapIOTA TNV EAACTOTTAQCTIKI) GUUTTEPI-
@opa TG eMKAAUYWNG [ZxApa 6(B)], £xovTag eAaoTikr duokapwia ki kai avroxn diappong Ry. AvTiBETwG,
€TTEION Baaoikn emMOIWEN ATTOTEAEI O UTTOKEINEVOG QOPEQG VA TTAPAMEVEI EAACTIKOG UTTO opTia £KpNEng,
0 UTTOKEINEVOG QOopEag aTnpifeTal pEow eAAOTIKOU eAaTnpiou pe duoKauyia Ko.

Y

X, X

K, = KR

™ W o e
O O O O 1 “27l 1772
S S S S S S S S S S A
- < Y I
(a) (B)

>xnua 6: AvatrapaoTtacn Tou dI&BuIou TahavTwTh: (a) MapdaueTpor pdlag, dSuoKauwiag, avtoxng
dlappong Kal hueTakivnong, kai (B) Aidypaupa duvaung—uetakivnong tou ehatnpiou ki petagl Twv duo
BaBuwv eheuBepiag

O1 g€lowoelg kivnong Tou dIaBuIou TaAavTwTr gival adldoTateg, oUTWG WOTE TO ATTOTEAECUOTA KAl OU-
MTTEPAOUATA VO AVTATTOKPIVOVTAI 0€ GAOUG TOug TTIBavVOUG ouvdUOOHOoUG ETTIKAAUWNG KAl UTTOKEIUEVOU
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@opéa. Mo ouykekpIpéva, 0 XPOvog adlaoTATOTTOIEITAI HEOW TOU AGYou TnG SIAPKEIAG TOU POPTIOU TNG
€KPNENG ta TTPOG TNV 1810TTEPIOSO T2 TOU UTTOKEIMEVOU QOPEQ, N OTToia UTTOAOYIZETAI WG Va TV 0 BEUTEPOG
BaBuo6g eAeuBepiag atroyovwuévog. Evw, To TTAGTOG TNG atrokpiong adlaoTATOTIOIEITAl HECW TNG OTATI-
KAG METAKIVNONG, N OTToia TTPOKUTITEI aTTd ToV AGYO TNG MEYIOTNG TTieong Po TTpog Tn duokauwyia ka. Zn-
MEIVETaI OTI N YEYIOTN JETOKIVNON TOU UTTOKEINEVOU QopEa TTPOG TOV AdYo Po/ks 1I00UTAI pE TNV TTOPAE-
Tpo DLF>, n otroia guvdésTal ApPNKTa PE TO avTIKEiMEVO TNG OIaTPIRNAGS. Oco WIKpOTEPN €ival N TTapAuE-
TpoG DLF,, TOOO WIKPOTEPN N MEYIOTN PETAKIVNON TOU UTTOKEIMEVOU Qopéa Kal, dpa, TG00 KaAUTEPN N
CUNTTEPIPOPEA TNG ETTIKAAUYNG.

Qg aTToTEAECUA TWV BIAPOPWY PETATXNUATICPWY OTIG £I0WAEIG Kivnang, Ol TTApAUETPOI adIOGTATOTTOI-
nong givai o1 Adyol ma/my, Ko/ka, ta/T2 Kal Ru/Po. BAOEI aUTWV TWV TTAPANETPWY, JTTOPEI va TTPOCBIOPIOTEI
povadika n TipA DLF2 Tou utrokeipevou gopéa. Aedopévou 6T oTov opidvTio dova BpiokeTal n I0IOTTE-
piodog T2 TTOU TTPOKUTITEI ATTO TIG TTAPAUETPOUS M2 Kai Kz, oI Adyol palwv Kal SUCKAPWIWY éoa o€ KABe
OIdypaUA UTTOPOUV XPNCIUOTTOINBOUV POVO yia TNV €££TACN TOU TPOTTOU ETTIPPONAG TNG ETTIKAAUWNG (M1,
k1), BewpwvTag oTaBePEG TIG TTAPAPETPOUG TOU UTTOKEIUEVOU Popéa (My, ka).

TNV TTPOKEIPEVN TTEPITITWOT, TO ZXNKG 7 PTTOPEI va XpnolhoTroindei yia Tnv eE€taon Tou TPOTTOU ETTIP-
PONAG TNG YALag Kal TNG SUCKAUWIag TNG ETTIKGAUYWNG OTOV UTTOKEIUEVO QOpEa (UNXAVIOHOG adpaveIakng
avtiotaong). O1 dIAPopeg KAPTIUAEG £XOUV TTPOKUWEI yia Adyo avToxng Ru/Pe = 2, KaT@ TOV OTT0i0 EUPa-
viCeTal EAAOTIKI) CUPTTEPIPOPE aTNV MKAAUYWN. OTTwg TTapouacidletal, 600 XaunAoTepn €ival n duoKa-
Yia ka1 600 uywnAoTepn N pada Tng emKAAUYWNG, T600 XapnAdTepn eival n iy Tou DLF,. EmimTAéov, n
CUUTTEPIPOPA QUTH eP@aviCeTal oe OAO TO QACHA TIHWV ta/T2, dnAadn o 6Aoug TUTTOUG aTTOKPIoNG (W-
OTIKA, SUVAIKI KOI OIWVEI-OTATIKA ATTOKPION) TOU UTTOKEINEVOU Qopéal.

r T T T T T T — 1 T 1T o ) R
—— my/m =01 lo/k =10
ok my/m; =0.1  ky/k; =10.0
e mma/my = 0.1 ko /k; = 100.0
.......... my/m; =1.0 ko/k; =0.1
my/m; = 1.0 ky/ky = 10.0
—my/my = 10 ky/ky = 100.0
.......... my/m; = 10.0 ky/k; = 0.1
1 5k|— — -ma/m; =100 ko/k; =10
oy /my = 100 ky/k; = 100.0
.......... my/m; = 100.0 ke /k; = 0.1
— — -my/m; =100.0 ky/k; = 1.0
my/m; = 100.0 ky/k; = 10.0

DLF,

0.5

aad - —

2xNAHa 7: DLF, Tou utrokeipevou @opéa yia didgopoug AGyous palwv Kal SUGKAUWIWY OTNV TTEPI-
TTwan Adyou avToxng Ru/Po = 2
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To ZxAua 8 kal To ZxAPa 9 ptropolv va XpnoihoTroinBoulyv yia TV ££ETacn Tou TPOTTOU ETMPPONAS TNG
avtoxAg (MNXavioPog TTAACTIKAG atroppd®nong evépyelag). Oswpwvtag oTtabepr) Tn PéyioTn Trieon Po
TWV QOPTIWV £€Kpnéng, TTaparnpeital 61l 6TN {WVN WOTIKAG ATTOKPIONG dev UTTAPXEI KATTOIO dIAQOPOTTOi-
non, Tapd Poévo yia e€alpeTIKA XAPNAEG TIMEC avToxNG. AVTIBETWG, oTn CWvn OUVAUIKAG ATTOKPICNG Kal,
KUpiwg, 0Tn Cwvn OIOVEI-OTATIKAG ATTOKPIONG TTAPATNPEITAI ONUAVTIKY attopgiwon Tou DLF,, avéAoyn pe
TO TTOOO XOauNAn €ival n avtoxr]. Evw, n euvoiki CUPTTEPIPOPA TNG ETTIKAAUWNG EUPAVICETAI HEOW OXEDOV
OPICOVTIWY YPAPUWV.

m2/m1201\k2/k1:10 mz/m1=10|k2/k1=01
2r Ru/Po =20 | 2r i RH/PD =&
= Ry/Po=1:5 | | o oc e o] e R,/P,=1.0
1.5}¢ ] 1.5}¢ — == ]
- R,/Po=10 |  C TR
3 1 | 1+ fme == Ru/Py = 0.5
. — — Ry/P,=05 AREELL RN NELLC
0.5 05F o
Ry/Po=01| | Y Ry/Po = 0.1
0 1 1 1
107 10° 10° 1072 10° 10°
ta ta
T2 T2
mg/ml :Ol|k2/k1:100 mg/m1=10|k2/k1=100
2 2 - Ru/Py = 2.0
15k Ry/Po =20 | s — Ry/Po =15
L f: . = Ry/Py=1.0
& 1 R./Po=10| 5 1
A A Ru/Py = 0.5
05 ~ '— Ry/Py=05 05
Ry/Po = 0.1 Ry/Po = 0.1
0 1 1
1072 10° 1072 10°
m2/1n1 =0.1 | kz/kl =100.0 1112/m1 =1.0 ‘ k2/k1 =100.0
2 2t
/Py = 2.
1.5 15 s B/ 0]
) )
= Ru/Po=20] = 1 Ru/Po =10
0.5 — " Ru/Py =05 ; 05k o/Po =05
0 e Ry /Py = 0.1 Ru/Po = 0.1
102 10° 10 102 10
ta
T

2xnAua 8: DLF, Tou utrokeipevou @opéa yia Adyo palwv my/m;= 0.1, 1.0, yia Adyoug avtoxns Ru/Po =
0.1 - 2.0 (n padpn ypauun avatmapioTd TNy KAuTTUAN Ru/Po = 2.0) kail d1d@opous AGyoug DUCKAUWIWY
kalky
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AUTA N CUPTTEPIPOPA UTTAPXEI 0€ OAOUG TOUG TTIBavoUg AGyoug SUCKAUWIWY Kal palwyv. EmiTAéoy, yia
o1aBepr] Tieon kal petaBaAAopevn wonon, péow auénaong Tng dIAPKEIOG TOU QOPTIoU ty, TTApaATNEEITAI
OTI apXIKG Oev UTTAPXEI KATToIa OIAPOPOTIOINGN. ZTNV TTOoPEia, Kal 600 autdveTal N wlnaon, n emKaAuywn
eI0€pXeTal oTOV TTAAOTIKG TNG KAASO Kal apxiCel va €€l EUVOIKI CUUTTEPIPOPA YIA TOV UTTOKEIUEVO POpEQ.

mg/ml =10.0 | kQ/kl =0.1

my/my = 100.0 | ke /k; = 0.1

2t Ru/Po =20 T 2t Ru/Py = 2.0 1
] S A 1.5¢ A ;
N BRI 4t IR AN IR R | I
2 1t ~— — — = R/p=05{ & 1t fe——— - Ry/Po = 0.5 1
0.5F o 0.5F SRR P 1
——————— Ry/P, =0.1 s — — — — Ry/P,=01
0 1 1 0 1 1
102 10° 10% 107 10° 10°
ta ta
T, T,
m2/m1:100|k2/k1:10 mg/m1=1000\k2/k1=10
== R,/P, = 2.0 ] 2t Ro/P, =20
st 1
E‘“ 5: ..................
A S NS PRUSAAR, /P, =05 I e e A R./P, = 0.5 -
0.5F b 1
R./Po=01]| | A e — — = R./P, = 0.1
0 | l I !
1072 10° 10° 1072 10° 10
ta ta
T2 2
2r - Ru/Py =20 | 2t 5 Ru/Py =20 -
LT CoRPo=10 | LT te ey 1
= = & Fiial L
N &~ JJimiveg p 05| B 11 L b Ry 1
05f 05f SRR :
Ry/P, = 0.1 <o B o M A b1 Ry/Po =0.1
0 : 0 :
1072 10° 10° 1072 10° 10°
ta ta
T2 T2

>xnua 9: DLF; Tou utrokeipevou gopéa yia Adyo palwv myo/my = 10.0, 100.0, yia Adyoug avtoxrg Ru/Po
= 0.1 - 2.0 (n yatpn ypauunR avatmapioTd TNV KAauTTuAn Ru/Po = 2.0) kai diadgopoug Adyoug duCKa-
Wiwv kao/ks

QoT600, 0TTWG QaiveTal aTo ZxAua 10 yia Tuxaioug Adyoug padwy Kal SUCKAPWIWY, JE TRV alénon Tng
wenang ka1 apou €xel eI0€ABEI N eTMKAAUWN OTOV TTAACTIKO TNG KAABO, e€avTAeital n oAKIpSTATA TNG Kal
TTPOKOAOUVTAI PHEYAAEG PETAKIVIOEIG. MAAIOTA, QEPETAl VO UTTAPXEI OMOAR KOTAVOMN TG eTTiTEUXOeicag
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oAKIuOTNTAG. QG €K TOUTOU, UTTAPXE! MIa TTEPIOXN (N OTTOIa €XEI AVATTOPACTABEI JE YKPI XPWHA) TTOU gival
avevepyn.

TNV ouadia, o€ AuTAV TNV TTEPIOXT OE UTTOPEI va €I0EABEI e EUKOAIQ N TTIKAAUWN KOBWG aTtaiTeital du-
vaToTNTa VIO €EAIPETIKA OAKIUN CUUTTEPIPOPA KAl UPNAEG ETTITPETTOUEVEG HETAKIVAOEIG. KaTd OuvEéTTElq, N
Cwvn AeIToupyiag Tou Pnxaviouou TTAGCTIKAG atToppoPnong evépyelag PpioKeTal avauesa atnv avw-
aploTePd KapTTUAN Ry/Po = 2.0, n oTT0ia GUCYKETICETAI UE TOV HNXAVIOUO adpaveIaKAG avTioTaong [ZxAua
7], kai TNV KATW-6€EI& KAPTTUAN TTOU QVTIOTOIXEI 0T PEYIOTN OAKINOTNTA, N OTToia dUvaTal va EPPAVIOTE]
oTnNV €MKAAUYN.

mg/m1:10\kz/kl:100
T T — T T T T

T T T
o op=1
2kl * ﬁii & Ru/P, = 2.07
u=>5
p=10
u=20 _.— R,/P,=15
% =40 ~ -
151 -
.............. R./P, =1.0
)
a
1_ o e T
B = K=o~ R,/P, =05
0.5 i
————————— R, /P, = 0.1
0 1 | 1
102 107! 10° 10!

ZxApa 10: OAkiyéTNTa TNG EMKAAUWNG Yia Adyoug ma/my = 1.0, ko/ks = 10.0 kai Ry/Po=0.1- 2.0

EmmpooBiTwg, kal dedopévou 6T ol dUo Babuoi eAeubepiag cival culeuyuévol ag évav dIE0BuIo TaAa-
VTWTA, diveTal N duvatdTnTa va diepeuvnBoUv oI TTEPIOXES OTIG OTTOIEG UTTOPET VA EUPAVIOTEI CUVTOVIONOG
010 oUOoTNUA ETTIKAAUWNG KAl UTTOKEINEVOU QOPEA, KABWG KAl TO TTWG ETTNPEACETAI O UTTOKEIUEVOG QPOPEAG
OTO £VOEXOUEVO GUVTOVIOHOU.

2& aQUTAV TNV KateuBuvan, o BACIKOG TTAPAYOVTAG TTOU QEPETAI Va TTaiel onuavTiké pOAO OTOV OUVTOVI-
OMO gival 0 AOyoG 1I010TTEPIOdWY TNG ETTIKAAUWNG T1 KAl TOU UTTOKEINEVOU Qopéa T2. ZnuElwvETal OTI Ol
1010TTEPiodOI UTTOAOYICovTal OTOV ekdoTOTE BaBUS eAeuBepiag, aav va gival aveEdpTnTol Kai 6X1 Gav KO-
MATI evOG OUEUYUEVOU CUOTANATOG.

O1rwg @aivetal 010 ZXAua 11, o€ TTePIiTITWON TTOU 01 1I010TTEPIODOI €ival iOEG, TTPOKUTITEI N PEYIOTN TIUNA
Tou DLF3. ZnuavTikdg ouvtovioudg TTPoKaAEgiTal, £TTiong, yia AGyoug IDI0TTEPIOdWVY PEXPI Kal 2.5, evw yia
MEYOAUTEPEG TINEG eV ePPavieTal TUVTOVIOPOG. OTTOTE, AGYOI IDIOTTEPIOdWY PIKPOTEPOI TOU 2.5 TTpETTEl
va atro@eUyovTal, yia va eu@avifovTal 000 YiveTal XaUNAGTEPEG JETAKIVIOEIG TOOO GTOV UTTOKEIUEVO PO-
péa, 600 Kal TNV EMKAAUYN.
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DLF,

ta
T,

SxApa 11: KautruAeg Ry/Po = 2 6TaV N €TMIKAAUWN KAl O UTTOKEIUEVOG QOpPEG BPioKOoVTal OE CUVTOVIGHO

O1 TpoavaepBeiceg TTapaATNPROEIG cuvowifovTal 0TO ZXANA 12, onUEIWVOVTAG TIG IAPOPES CWVEG €-
VEPYOTTOINGNG TWV PNXAVICUWY adPAVEIOKAS AVTIOTAONG KAl TTAAGTIKAG aTToppOPnong EVEPYEIAG, KOBWG
KaI TO CUVAKOAOUBA OpId TOUG. ZUPTTEPATUATIKA, TTPOKUTITOUV Ta £EAG:

O pnxaviopog adpaveiakng avrioTaong gival evepyog a€ 6Ao To pAcua Twv ASYywv ta/T2, eV O
MNXavIOPOG TTAACTIKAG aTToppd®NONG EVEPYEIAS Eival EVEPYOS KUPiwg aTh wvn SUVANIKAG Kal
OIWVEI-OTATIKAG ATTOKPIONG.

lNa Tnv gvepyotroinan Tou PNXaviopoU TTAACTIKAG aTmoppo@nong EVEPYEIOG ATTAITEITAI OAKIUN
ETMKAAUYN, EVW YIO TV EVEPYOTTOINGT TOU PnXaviopou adpavelokAg avTioTaong ataITeital Xa-
MNAR 1810TTEPIOdOG 0TV ETTIKAAUWN, dNAABA £TIKAAUWN €iTe e augnuévn pada ite he peIwpPévn
duokapyia.

O1 800 pnxaviopoi utropolv va XpnaoiyoTroinBouyv ite aveEdpTnTa 0 £vag atrd Tov dAAo, &iTe o€
ouvduaopd peTagl Toug. MNa va emiTeuxOei autd, atraiteital TOoo xaunAn 1810trepiodog 600 Kai
XOMNAL avtoxr Kail uwnAn oAKINOTNTA GTNV ETTIKGAUYD.

O pnxaviopég adpavelakng avtiotaong epeavicetal oe GAoug Toug TBavoug ouvduaopuous Jé-
YIOTNG TTEONG Kal WONOoNG. AVTIBETWG, O NXAVIOPOG TTAACTIKAG aTTOPPOPNONG EVEPYEIOG EUGA-
viCeTal yIO OUYKEKPIPNEVOUG TUVOUACHOUG, OTTOTE ATTAITEITAI N €K TWV TTPOTEPWY EKTIMNGN TNG
MEyIoTNG TTieong Kal wlnong.

[evikéTepa, eMOIWKETAI UPNAR pada, xaunAl duokapyia, xaunAf avroxr kal uwnAr oAkipétnTa
oTnVv emMKAAUYn, oUTWG WOTE va UTTAPXEl BEATIOTN A&ITOUpPYIQ yIa TOV UTTOKEIUEVO Qopéa. Ta Tpia
atrd Ta TEOOEPA AUTA XOPAKTNPIOTIKA, dNAadr N uwnAf pada, n xaunAn duckapwia kai n xaunAn
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avtoxn, YEVIKG Ogv eTTIAEyovTal aTnV TTPAEN agoU augdvouv Ta BAapn Kail TIG GEICHIKEG QUVAEIG,
AUEAVOUV TIG PETOKIVATEIG KAI JEIWVOUV TNV 0OQAAEIQ, AVTIOTOIXWG.

J J T T J J T T J J T T
7 L[| — — — Mn onpovtuen adpavetoxy avricta _
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oLl S A . . . Lo T
- - S ; A N L &N
. Emilowrpcn .(x6.pa.va.u%1<n owncsmcm I HE &\6& > 7 : 56&6 PICRE
: A : ol : W7
1 5 - . . . . Lo . . . . . c“)\?’/ . \é{(/ . . . Z‘/ —
. : : : oo : : : : @ 7 : @fuy : 2
s S/ #
oS S/ 7
S SRR v 7
~ . /o S/ /
g & s )
S S / oot UL R Y
1+ =/ S 7 =
://:/05&0?9: ok / /
27 e, /
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S — . L= ’
i / P _/,/ oV SELK(I}\,D\II'I]
o E— — T
1072 107! 10° 10!
ta
T

2xAua 12: Opia Kal CUVEG EVEPYOTTOINONG TWV INXAVIOUWY TTAACTIKNG aTToppO@nongG EVEPYEIAG Kal
adpavelokAg avtioTaong

B4. Emppon Tng peppavikng dpdong Tng emMKAAUYng

TNV TEPITITWAN Tou TUTTOU €MIKAAUWNG O OTTOIOG XPNOIKOTIOIEITAI YIa TN YEQUPWON avOIyUdTWY, GTO
didypapua dUVANNG—HETAKIVNONG ApPXIKA ETTEVEPYEI EAACTIKA N KAUTITIKI duoKauwyia Tng emKAAuyng,
oTnV TTopEia ep@avigetal o opICOVTIOS TTAACTIKOG KAABOG Kal, TEAOG, UTTEICEPXETAI N HEURBPAVIKA BUCKA-
Yia NG emKAAUYNG. AuTO CulBaivel OTAV O TUVOPIOKEG OUVONKEG £XOUV BIaUOPPWOE PE TETOIO TPOTTO
WOTE VA EMTPETTOUV TNV avATTTUEN PEPPBPaVIKAG dpdong. O TpOTTOG TTIPPONG TNG MEUPBPAVIKAG dpaang
OTOV UTTOKEIPEVO Qopéa avalnTeiTal oTnv TTapoloda evotnTa.

MNa TNV €€€Taon TG emMppong, epapudletal avdAuon dUO BnUATwWY PE TN XPrion HovoRaduiwy TaAavTw-
Twv. H avdAuon cival adlooTaToTroinuévn, TTPOKEIUEVOU VA €XEI YEVIKT) EQaPUOYH o€ OAOUG Toug TTIBa-
voUg ouvOuaapoUg TTIKAAUWNG KAl UTTOKEIHEVOU @opéa. Méoa atrd Tnv adlaoTaToTToiNan, TTPOKUTITOUV
TTEVTE TTAPAUETPOI TTOU KaBopifouv Povadikd TO aTTOTEAECUA TUUPWVA ME TIG §I0WaEIS Kivnong. O1 Téo-
OEPIG €K TWV TTEVTE gival oI iBIEG TTAPAPETPOI UE TNV TTPONYOUHEVN EVOTNTA, EVW N ETTITTAEOV TTOPAUETPOG
givalr o Aoyog peuPpavikng duokapyiag ki a/kii. To HOVTEAO TTOU XPNOIUOTTOIEITAI TTAPOUCIAZETAI OTO
ZxNMa 13, evid Ta OXETIKA ATTOTEAETUATA VIO CUYKEKPIMEVES TIMEG OTIG TTAPAPETPOUG EPPavifovTal OTO
Zxnua 14.
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% =~ X
o B T s B
m, [€— V(t) m € P(t)
] o O ] [oXie] >
S A /A X

(a)
Zxnua 13: MovTtéAo yia Tnv e€€Taon mMpPpPong Tou pePBpavikng dpdaong: (a) Availuon 0o Bnudtwy e
N XPAon HovoBaduiwyv TaAavTwTwy Kal (B) Mn ypappikd eAatrpio ki

) Ry/P, = 0.1 ) Ry/Po = 0.5
1. 1.5}
5 =
=) =)
0.5} 05}
I I . 0 - )
10° 10! 10? 102
ta
Ty
) Ry/Po = 1.0 ) R,./P, =15
1.5} 1.5}
5o =
=) =)
0.5} 0.5}
O = 0 - 1
1072 102 10! 102
- —k1‘3/k1‘1 =0.10 k]ﬁg/k]\l =0.25 ———-= k1,3/k1y1 =0.50
k1~3/k171 =0.75 k1'3/k1,1 =1.00 —-=-=-- k173/k1,1 =2.00

2xnAua 14: DLF, Tou uttokeipevou @opéa yia Adyo palwv my/ms = 0.1, Adyo duokauwiwy Ka/ky 1 = 10.0,
Kal d1dgopoug Adyoug pepfpavikig duokapwiag (kiz/ki1 = 0.10, 0.25, 0.50, 0.75, 1.00, 2.00) oToug
Aéyoug avtoxng Ry/P, = 0.1, 0.5, 1.0, 1.5
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To ZxAua 14 cival o€ CUP@WYVIa PE TA OXAMATA TNG TTPONYOUNEVNG EVOTNTAG KAl 0dNYEi 0€ KOIVA CUUTTE-
paopata. EmiAéov o€ autd, TTapartnpeital 0TI O TTEPITITWON TIOU UTTAPXEI ONUAVTIKA HEMPBPAVIKA
Opdon, €T TNG oUCIag ATTEVEPYOTTOIEITAI N EUPEVAG ETTIPPONA TNG TTAACTIKAG ATTOPPOPNONG EVEPYEIAG.
ATIO Tn pia uTTdpxouVv TTAOCTIKEG TTAPAUOPPWOEIS GAAd atrd TRV AAAN N avTioTaon Kal Ol avTiOTOIXEG
avTidpdoeig Baivouv auéavoueveg Adyw uepBpavikig dpdong.

AVTIBETWG, OTAV N YEUBPavIKR dpaaon Oev ival ONUAVTIKA, TOTE TTAPATNPEITAI EUPEVIG ETTIPPON GTOV U-
TTOKEIPEVO Qopéa. AlatnpwvTtag oTaBepr) Tn PEyioTn Trieon Kai audvovTag Tnv wbnon (Péow auénong
NG JIAPKEIAG TNG €KPNENG), apXIKG N TIpA Tou DLF; opieTal péoa atmd Tov pnxaviopd adpaveiokig avTi-
otaong. Me mepairépw aldgnaon TG wONong, n EMKAAUYN EIGEPXETAI OTOV TTAACTIKO TNG KAGDO (KOUTITIKI
OUNTTEPIPOPA) KAI OI AVTIOPACEIG UETAPEPOVTAI PEIWNEVEG OTOV UTTOKEIUEVO PopEéa. ANAG, TEAOG, O€ TTe-
paItépw augnon NG wlnong, n Tipf Tou DLF, apyiCel va aufaveral Adyw Tng pePBpavikng dpacng.

Katé ouvémeia, Tépa ammd Tnv TAAoTIKr Bpalaon Kai TIG UTTEPROAIKEG JETAKIVATEIG, N HEUBpavikr dpdon
atroTeAei €va emITTAoV OPIO yia TN WV EVEPYOTTOINONG TOU INXAVIOUOU TTAACTIKAG aTTOppOPNnNoNnG evEp-
YEIOG. Z€ KABE TTEPITITWON TO BACIKO CUUTTEPACHA gival OTI N JePBpavikr dpdon Ba TTPETTEN va aTToPeU-
YETaI /KAl VO XPNOIKOTIOIEITAI HOVO YIa TNV TTapoXn ETTITTAEOV AOQAAEIAg OTNV AvVTOXK TNG ETTIKAAUWNG.

B5. MeipapaTtiki digpeivnon HETAAAIKAG EMIKAAUYNG o€ €KpNén

Ta cuuTTEPACUATA TWV TTPONYOUNEVWY EVOTATWY ETIRERAIIONKAV PNEPIKWG PECQ ATTO TNV TTEIPANATIKN
dlgpelivnon OU0 CUCTNUATWY ETTIKAAUYNG KOl UTTOKEIUEVOU popéa. o ouykekpipéva, Bewprdnkav ol
TUTTOI ETMIKAAUYNG TTOU TTapouacidlovTal aTo 2xAua 15, dnAadr éva cuptrayEg HETAANIKG EAaapua TTayxoug
4 mm kal éva éAaogpa TTAXoug 2 mm UE VEUPWOEIG Twv 5 mm. Autoi o1 dUo TUTToI OUYKpPiBnKav peTagu
TOUG WG TTPOG TOV TPOTTO TTOU ETTNPEAGCOUV TOV UTTOKEINEVO Popéa, ONAAdH TIG UNKIBES TTOU gival dIATOUNG
TETPAYWVIKAG KOIAODOKOU 50 mm x 2.75 mm.

H ouciwdng dlagopd peTagu Twv dUo TUTTWV €ival To yeyovog OTI OTO CUPTIAYEG EAACHO EPPAVIOTNKE
XOUNAAG duokauwiag pepBpaviki dpaan, eV OTO EAACUA JE VEUPWOEIG EPPAVIOTNKE IOXUPN KAUTITIKN
duoKapyia pe TTAAOTIKO KAG®O. ZnueiwveTal 611 o dUo TUTTOI ETTIKGAUWNG gixav TTepitrou ion pada. Eto-
MEVWG, O TPOTTOG ATTOKPIONG AUTWY TwV U0 TUTTWV £XOUV AUECN CUOXETION WE TIG TIPONYOUUEVEG EVO-
TNTEG Kal, IDIAITEPA, PJE TA CUPTTIEPACHUATA OO0V APOPA GTOV TPOTTO ETTIPPONG TNG KANTITIKNG SUCKAUWIag
Kal TG MEPPBPAVIKAG DUOKAUWIOG TNG ETTIKAAUYNG.

Aokipo sA Aoxkio sB
Yopmayég Eracpa "Elacpa e veupdoelg
4 mm (1400%2)/(50%5)

i’
Ve I
Topm
\ 1
v

v
Tetpaymvikn Kothodokog
50x2.75

2xApa 15: Oywn dokipiwv sA kai sB

Design of Cladding to Mitigate Blast Effects on the Supporting Structure



164

Appendix B

MNa 1N die€aywyr] Tou TTEIPAPATOG KATAOKEUAOTNKE N TTEIpapaTikh dIGTagn Tou epgavifetal oTo ZXrua
16. ZxediaoTnkav €vag TTOAUOTNAOG HETAANIKOG PopEag Kal pia TraxId BAan oTTAICHEVOU OKUPOBEUATOG
ME TPOTTO TETOIO, WWOTE VA Eival AKAUTITA KAl VA TTAPAPEVOUV EAACTIKG UTTO T opTia TNG £KpNENG. AUTEG
01 OXeOIA0TIKEG ETTIAOYEG £YIVAV TTPOKEIMEVOU VA PNV ETTNPEAZETAl TO GUOTNHPA ETTIKAAUWNG KAl UTTOKEIE-
VOU QopEa, aAAG Kal yIa va Eival ETTAVAXPNOIMOTTOIOUYEVN N TTEIPAUATIK dIdTagn.

To eKPNKTIKO TOTTOBETABNKE 0TV KOpU®r Tou [, n oTroia ATaV TOTTOBETNUEVN CUUMETPIKA G€ KATOWN,
600V a@opd aToug dUOo TUTTOUG £TTIKAAUWNG. EiTTAéoV, OTTWG avapEépBnKe dn, O UTTOKEIUEVOS POPEAG
(o1 pnkideg) eixav koivl diatopr]. OToTE, TG00 TO POPTIO (AOYyW CUPMETPIOG) OGO KAl N YEWMETPIO TOU
UTTOKEIEVOU Qopéa (AOyw Kovwv dIaToPwYV) ATAV KOIVA PETAEU Twv OUO CUCTNHATWY ETTIKAAUYNG Kal
UTTOKEINEVOU PopEa. To pbdvo TTou SIEPEPE NTAV N YEWMETPIA TWV idIWV TWV TUTTWV ETIKAAUYNG.

(@)

1860 mm

(69]

Inpeio ompiéEng eKpnKTIKOD

IMaioo opigng

~-HEA 220

2700 mm

1940 mm

4100 mm

500 mm

4000 mm
®)
1650 mm

T~HEA 100

Inpeio oTHPENG EKPNKTIKOD

IThaiclo othpEng
1940 mm

(©)

1150 mm

2xNua 16: Oyeig eipapatikng diatagng: (a) 3D own, (B) Katown, (y) MtrpooTiviy 6wn kai (3) MAgupikn

oyn
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To ekpnkTIKG Bdpoug 2.495 kg TNT (5.5 Ib) ToroBeTrBNKE G€ amméoTacn 2 m até TNV Avw TTapEId Twv
EMKOAUWEWV Kal armmoteAolvtav ammod eévre ouokeuaoie¢ TNT piag Aifpag, kaBwg kal pia cuokeuaaoia
MIONG AiBpag, 6TTWG @aiveTal aTo ZXNUa 17. H TTEPINETPOG TNG TTEIPAPATIKAG KAEIOTNKE PE OOAKIA AUMOU,
TIPOKEIUEVOU VA W UTTOPE va €10€ABEI TO WOTIKO KUPA oTNV KATW TTAEUPA TNG TTEIPAPATIKAG dIATagng
Kal, apa, va pnv €Tnpeddel TIG ETMKOAUWEIG aTTO TNV KATW TTAEUpd TOUG.

(B)
Zxnua 17: dwroypagieg Teipapatikig didragng: (a) ExpnkTikd kai (B) MeipapaTikr didTagn pe oakid
dupou oTnV TTEPIPETPO

H ékpnén [Zxnua 18(a)] dnuiolpynoe pia oTiyuigia PraAa ewTidg. MNpayuatotroindnkav dUo dIa@opETIKA
€idn peTpricewv. To éva agopolae Tn PEYIOTN PETOKIVNON TNG ETTIKAAUWNG KAl TOU UTTOKEINEVOU QOpPEQ,
€VW TO AANO agopouce Tnv TTapaPEvoUCSa PETAKIVNOT Toug. H pérpnon Tng PEyioTng PJETOKIVNONG ETTE-
TEUXON pe OIaTAEEIG HOPPRG XTévag [ZxAua 18(B)] evw n péTpnaon TNG TTAPAUEVOUCAG PETAKIVNONG £YIVE
ME XpAON METPNTIKOU laser PeTd TNV €Kpnén.

e

© T
?'3-’

¥
®

(a) B)
2xNua 18: MpdkAnon £kpnéng: (a) ZmiyuidTutro £€kpnéng Kai (B) Mapaudpewaon YETPNTIKWY dIOTALEWV
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EmmAéov, oTa TTAaicia TngG diaTpIfrg, TTpayuaTtoTroinOnkav dU0 JIGPOPETIKA JOVTEAQ GE OXEON HE TNV
QATTOKPION TOU CUCTAMATOG ETTIKAAUWNG KOl UTTOKEIMEVOU Qopéa TOU TTEIPAUATOG. 10 GuyKeEKpIPEva, TO
éva (Zxnua 19) agopd £TTakpIBWG T OTOIXEIQ TTOU XPNOIKOTTOINBNKAY OTO TTEipaua evw To GAAO (ZXAMA
20) a@opd TIG iDIEG ETMIKAAUYEIG PE QUTEG TOU TTEIPANATOG AAAG PEYAAUTEPNG DIATONNG UNKIOES PE EAD-
OTIKN atmokpion. Méoa atd Ta apiBunTikd povtéAa, Aoimrdv, Ta oTToia emIRERaIVOVTAl ATTO TIG TTEIPAUA-
TIKEG METPAOEIG, EMOIWKETAI N TEKUNPIWON TOU TPOTTOU TTPOETOILOCIAG VOGS apIBUNTIKOU POVTEAOU O€
€KpPNEN Kal N TMOTOTT0INGN KATTOIWY €K TWV GUUTTEPACTHUATWY TWV TTPONYOUHUEVWY EVOTATWV.

OT1w¢ Qaivetal aTo ZXAUa 19, o1 TINEG TWV TTEIPAUATIKWY PMETPAOEWY EXOUV MIKPN aTTOKAION 0 GUYKPION
ME Ta aTTOTEAECUATA TOU APIBUNTIKOU JovTéAou. ETTITTAE0V, N €TMIKAAUWN PE CUUTTAYEG EAAOHA QEPETAI
va 00NYEi 0€ HIKPOTEPEG METAKIVIOEIG OTOV UTTOKEINEVO POPED OE OXEDN UE TNV ETTIKAAUWN UE VEUPWOEIG.
To avTioTpo®o IoXUel yia TRV idla TV ETTIKAAUWN, a@oU eupavifovTal JeEYaAUTEPES NETOKIVATEIG OTO OU-
pTTaVEG EAACUa O OUYKPIoN ME TNV ETTIKAAUWN UE VEUPWOEIG.

Xpovoictopia petakivnong dokiptiov sA
Xpovoictopio petakivnong dokipiov sB
—— Ilelpapotikn pétpnon Péylomg petokivong @ @ @@ @ @
Tepopatikn PETPNON TOPAUEVOVGAG HETOKIVIIONG

Kévtpo axpaiov unkidov (P1, P6)
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(B) Mhaotikég Tapapopedoelg (y) Xpovoictopieg petakivnong twv onueiov P1, P2, P3, P4, P5, P6

ZxApa 19: MeipapaTikd amoteAéopara: (a) Katakopu@eg JETAKIVIOEIG OTO apIBuNTIKG HOVTEAO OTa
oTiypidTuTIa t = 4.5 ms (Péyiotn petakivnon) kai t = 100.0 ms (Trapapévouca petakivnon), (B) MAaoTi-
KEG TTAPAPOPPWOEIG aTo oTIyIdTUTTO 100.0 ms (TrTapapévouca peTakivnon) kai (y) XpovoioTopieg Je-

Takivnong apiBunTikou povtéAou oTa onueia P1, P2, P3, P4, P5 kai P6, kaBwg kal oUyKpIon WE TIG TTEl-
POUATIKEG UETPAOEIG
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AuTO onuaivel OTI N XapunAéTepNG duoKauwiag Kail, dpa, uwnAoTepng 1810TTEPIOdOU ETTIKAAUYWN TOU CU-
MTTayoUG EAAOUATOG £XEI EUVOIKOTEPN ETTIPPON OTOV UTTOKEINEVO QPOopEa O OUYKPION PE TNV uwnAdTEPNG
duokapyiag Kal, apd, XaunAoTepng 1810TTEPIOdOU ETTIKAAUYWN HUE VEUPWOEIG. AUTO TO CUMTTEPACHA ETTI-
OlwkeTal va emBeRaiwbei péoa atro TG o SUCKAPTITEG Kal EAACTIKEG INKIOEG TTOU TTapouaiGlovTal GTO
2xnAua 20. O1 PETOKIVAOEIG KAl O€ AUTAV TNV TTEPITITWON €XOUV KOIVO WOTIBO YE TIG METAKIVAOEIG OTO
ZxApa 19. Kata ouvéteia, eReRalwVETal TTEIPAPATIKA TTWG N XAUNAR SuoKauwia atnv emKAAuywn odn-
VEI 0€ YEIWON TWV CUVETTEIWY OTOV UTTOKEIMEVO QOpPEQ, EXOVTAG EITE EAAOTIKI €iTE EAACTOTTAQCTIKI ATTO-

Kpion.

Xpovoictopio petakiviong dokipiov sA
Xpovoictopia petaxiviong dokipiov sB @ @ ®® @ %
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(B) Katakdpoeg petakwnoerg (peyébuvon 3x) (y) Xpovoiotopieg petaxiviong twv onueiov P1, P2, P3, P4, PS5, P6

2xAua 20: AtroteAéopaTa apiBunTikoU govTéAou Pe eAAOTIKEG PnKideg: (a) AlakpiToTroinon apiBunTikou
povTéAou, (b) KatakOopu@eg HETAKIVATEIS apIBUNTIKOU HOVTEAOU OTa OTIYMIOTUTTA t = 3.9 ms (u€yioTn
peTakivnon) kai t = 14.7 ms (apvnTikA @acon) Kai (y) XpovoiaTopieg YeTakivnang apiBunTikoU JovTEAou
ota onueia P1, P2, P3, P4, P5 kal P6

B6. MegBodoAoyia EKTinONG TNG IKAVOTNTAG TNG EMKAAUYNG YIO MEIWON TWV OUVE-
EIWV a1ré £€Kpnén

IevikdTEPQ, UTTAPXE! TTAEIAdA TUTTWY ETTIKAAUWNG TTOU dUvVATAl Va EQApPoaTolyV EvavTi ékpnéng. QaTdoo,
OEV UTTAPXEI KATTOIA YEVIKEUPEVN HEBOBOG HEoa aTTd TV OTToia va UTTOPET va yivel ouykplon JETAEU TOUG
Kal €mmAoyr] Tou KaAUTepou OuvaTtoUu, oUTWG WOTE VA ETTITUYXAVETAI HUEIWON TWV CUVETTEIWV OTOV
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UTTOKEIUEVO QOopPEA. Z€ QUTAV TNV vOTNTA avaTrTUcOoETal Yia peBodoAoyia TTou va EMITPETTEI TRV AUEDN
ouykpion PeTagl Twv SlIoQOpwVY TUTTWV ETTIKAAUYNG, OVEEAPTATWS YEWUETPIAGS ) UAIKOU.

AuTA n peBodohoyia epapuodleTal péoa aTrd Ta BAPaTa TToU TTEPIyPAPovTal 0To ZXAHa 21. Mo cuykekpl-
péva, kaTd To Brua 1 utroAoyileTal To diIdypapua TTiEoNG—wWONONG PIag Tuxaiag eTTIKAAUYNG. TNV TTOpEia
(BAua 2), yia did@opoug eTTIAeyUEVOUG auvOuaauoUg TTieang—woinang uttoAoyifovTal Ol XpovoioTOopPIES
avTidpaong Tng emKAAuUWNG. MNa kdBe cuvduaouod uttoAoyileTal N aTTOKpPIon adIACTATOU Kal EAACTIKOU
povoBaBuiou TaAavTwTh o€ dId@opeg 1610TTEPIGdOUG (Bripa 3).

7Jv._
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ZxNua 21: Eeapuoyn Tng poteivouevng peBodoAoyiag yia ekTipnan TG duvatdTnNTag TNG ETTIKAAUWNG
YIO YEIWON TWV CUVETTEIWV OTOV UTTOKEINEVO Qopéa
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O 08€iKTNG PEIWONG CUVETTEIWV TTPOKUTITEI HECA OTTO TOV AGYO TG ATTOKPIONG TOUu JovoRdabuiou TaAa-
VIWTA 0T XpovoioTopia avTidpaong TTpog Thv aTTOKPICT) TOU aTo apxIkd @opTio €kpnéng (Bria 4). Me
auTév Tov TPOTTO BiveTal O EIKTNG PEIWONG CUVETTEIWV O€ KABE 1810TTEPI0d0 Tou TaAavTwTr. Méoa atd
TNV apIBUNTIKA EKTiUNON Tou O€ikTn o€ éva oUVOAO 1010TTEPIGOWY, TTPOKUTITEI £VAG EVIAIOG OEIKTNG GUVE-
TTEIWV YIa KABe ouvduaoud Trieanc—winaong (BAua 5), o otroiog duvartal va evowuatwOei oTo didypapua
Tieonc—wonong Tng emkaAuwng (Briua 6). ‘ETal, utropei va yivel dueon auykpion PMETAEU TwV dIaopwy
TUTTWV ETTIKAAUYNG aTTEUBEiag, £xovTag Ta dlaypdupaTa TTeong—winaorng Toug, Ta OTToia XPNOIUOTIoIoU-
VTl EUPEWG OTNV TTPAEN.

‘Eva Tuxaio mrapddelypa olykpiong divetal oTto ZxApa 22, étrou TrapouacidfovTal Ta dlaypAauuara Trie-
oNG—wOnaong Teoadpwv dIAPOPETIKWY EIOWV ETTIKAAUWNG, CUNTTEPIAQUBAVOVTAG TOV viaio OEiKTn peiw-
ong ouvetrelwv. OTrwg @aivetal, n emkaAuywn CT2 €xel TNV KAAUTEPN GUUTTEPIPOPA, N emKGAuwn CT1
TN Xe1pOTEPN, VW oI eTIKaAUWeIG CT3 kai CT4 £xouv evdiduean cuuTtrepiQopd. ETTopévwg, av UThpxe
WG povadikd KpIThpIo €MAOYAG N duvaToTNTA HEIWONG CUVETTEIWY, TOTE Ba €MAEyOTAV N ETTIKAAUYWN
CT2, a@oU odnyei OTIC XOUNAOTEPEG UETOKIVACEIC O £vav TUXaiag 1010TTEPIOOOU UTTOKEIUEVO QOpEa.
ZnueIw-veTal 0TI av gival yvwoTr) n 1IB10TTEPI0d0G TOU UTTOKEINEVOU QopEa, TOTE PTTOPET va yivel TTIo akpif
mm AG ava-Auan, Xwpig avaykn xpriong eviaiou d&ikTn YEIWONG CUVETTEIWV.
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ZxNua 22: Mapddeiyua diaypauuaTog Tieang—wonong yia Ta Téoaepa €idn emkdAuyng CT1, CT2,
CT3 kai CT4, cuptrepIAauBAvovTag Tov BEIKTN NEIWONG CUVETTEIWV
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B7. Z0voyn Kol CUUTTEPAOMATO

AvTIKEIHEVO TNG TTapoUoag JIBAKTOPIKAG OlaTPIBAG atToTeAEl n diepelivnon Twv TIKAAUWEewWY 600V a-
@opa oTn duvaTtoTNTA TOUG YIa PEIWAON TWV CGUVETTEIWV GTOV UTTOKEIPIEVO Popéa UTTO @opTio ékpnéng. MNa
TNV €TTiTEUEN AUTOU TOU OTOXOU, ETTIOTPATEUOVTAI SUO BIAQOPETIKOI UNXAVIOUOI: O INXAVIOHOS TTAACTIKAG
amoppdPNONG EVEPYEIAS KAl O INXAVIOHOS adpavelakrg avTioTaong. O TTpWTog UNXaviouog agopd TNV
TTPOKANGCN TTAQCTIKWY TTOPAPOPPUCEWY OTNV ETTIKAAUWD, YECQ aTTO TIG OTTOIEG ATTOPPOPATAI WEPOG TNG
evépyelag NG ékpnéng. O delTEPOG UNXaviouog agopd Tnv apyr ammokpion TNG EMKAAUYNG OTa QopTia
NG €KPNENG AOYw HEYAANG 1810TTEPIGOOU. Kal aTIG BUO TTEPITITWOEIG TO ATTOTEAET A €ival Koivo. Mo ou-
YKEKPIMEVA, TO uPnAoU TTAATOUG KAl GUVTONNG JIAPKEIOG QOPTIO EKPNENG UETATPETTETAI O€ XAMNAOTEPOU
TTAGTOUG Kal eyaAuTepnG SIAPKEIAG avTidpaan yia TOV UTTOKEINEVO QopEa.

210 TTAaiolo TNG d1aTPIRNAG, AoITTdv, avalnTolvTal BewpnTIKA Ta TTEdIa EQAPHOYNG TwV dU0 UNXAVIGHWY,
KaBwWGg Kal TTWG auTd eTTnpeddovTal atro TIG SIAPOPES TTAPAUETPOUGS TNG TTIKAAUYWNG. O1 TTAPAUETPOI TTPOG
e€éTaon cival n pada, n duokauwia, n avroxn Kal N oAKIYOTNTA TNG €TTIKAAUWNG, OTTWG ETTIONG Kal N
mOavA euPavion PePBpavikng dpdang. MNMapdAAnAa, TTpayUaToTTOIEITAI TTEIPAMATIKY dlEPEUvNON YIa TV
eMPBERaiwaN KATTOIWV €K TWV CUPTTEPACUATWY TNG BewpnTiKAG avdAuong. TEAoOG, avamTuooeTal oeipd
BNUATWY yia TNV eKTiKNON TNG duvaTtdTNTAG WIAg ETMIKAAUWNG VIO PEIWON TWV CUVETTEIWV £KPNENG.

Ta Bagik@ CUUTTEPACUATA TTOU TTPOKUTITOUV aTrd TO GUVOAO TNG d1aTPIRAG GuvowifovTal WG akoAoUBwG:

= Auénuévn pada, peiwpévn duokauwia, HEIWPEVN avToxn Kal augnuévn OAKINOTNTA OTNV ETTIKA-
Auyn odnyoulv G€ eUpEVH) TUUTTEPIPOPE OOV aPOPd OTIG AVTIOPATEIG OTOV UTTOKEIUEVO Popéal.

= O unxaviouég TTAACTIKAG aTTOpPOPNONG EVEPYEIAG EVEPYOTTOIEITAI OE OUYKEKPINEVEG (WIVEG OTTO-
KPIONG €V avTIBEDEI PE TOV PNXAVIOPO adpavelakrg avTioTaong, 0 OTToiog eP@avifeTal o€ Ao TO
Qacpa.

= H pepBpavikr dpdon TnG eMKAAUWNG €xEl BUTUEVH POAO YIA TOV UTTOKEINEVO QopEa. Q¢ eK TOU-
TOU, TTPETTEI VO ATTOQEUYETAI ) VA UTTAPYEl UTTO T HOP®A £TTITTAEOV AOQAAEIAS yia TV idIa TNV
EMKAAUYN.

=  Ta uttoAoyIoTIKG HOVTEAD TTOU XPNOIKMOTTOIRBNKAV YIa TNV ££aywyr Twv d10QOpwY CUUTTEPACUA-
TWV £XOuV PeaNIOTIKE atToTEAEOUATA, YEYOVOG TTOU OTTOBEIXONKE TTEIPAUATIKG.

»  Mia Tuxaiag yewUETPIag Kal UAIKOU €TTIKAAUWN UTTOPEI va UTTOAOYIOTEI UE YEVIKEUPEVO TPOTTO,
600V agopd aTnV IKAVOTNTA TNG YIA PEIWON TwV CUVETTEIWY £KPNENG, YEYOVOGS TToU BonBdcl oTo
va PTTopEi va ouykpiBei dueoa pe GAAOUG TUTTOUG ETTIKAAUWNG KAl VA Yivel KATAAANAN €TTIAOYH.

B8. MpwTéTUTTN CUMPBOAR KaI TTPOTACEIS YIA TTEPAITEPW EPEUVA

H mpwtdTUTn cupBoAn Tng diaTpIBrig oTNV EMOTAKN TOU UNXAVIKOU KAl TNV €TTAYYEAUATIKI) TTPAKTIKA
ouvouyileTal oTIG ENG EpYaTieg:

= Aedopévou OTI UTTAPXEl HEYAAN TTOIKIAIG TUTTWV E€TMIKAAUYNG TTOU PTTOPOUV va £QAPPOOTOUV
(loannou, Mantzourani and Gantes, 2020), uTTOAOYIiOTNKE PE TTOIOTIKA Kal TTOOOTIKG dlaypdp-
paTa o TPATTOG £TMIPPONG TNG NAlag, duokauwiag, avTioTaong Kal OAKIUOTNTAG PIag eTTIKAAUWNG
OTOV UTTOKEIEVO Qopéa. Ta atmmoteAéouaTa CUPBAAAOUV GToV KATAAANAO oxedIOauS TNG ETTIKA-
Auwng 6cov agopd oTtn duvatdTnTa TNG YIa PEiwaon Twv cuvettelwy (loannou et al., 2022a).

= YToAoyioTnKE PE TTOIOTIKA KAl TTOCOTIKA dlaypAuuaTa 0 TPOTTOG ETMIPPONAG TS MEURPAVIKAG dpd-
ong TG €MKAAUYNG OTOV UTTOKEIUEVO Qopéa Kal €€AXON TO CUPTTEPACUA OTI N PEUPBPAVIK
Opaan €xel duopevh poAo yia Tov uttokeipyevo gopéa (loannou and Gantes, 2021).
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= [lpayuaToTroIfBnKe N TTEIPAPATIKN dlEPEUVNON EVOG CUCTANATOG XAAURDIVNG ETTIKAAUWNG—UTTO-
KeieEVOU @opéa Péoa atrd To OTTOI0 TTIOTOTTOINONKAV T ATTOTEAETHATA TWV BEWPNTIKWYV HOVTE-
Awv Kkal avadeixBnke 1o yeyovog 6Tl Ta BewpnTIKA ATTOTEAEGUATA UTTOPOUV vVa OWOOUV PECAI-
oTIKG atmoTeAéapara (loannou et al., 2022c).

= AvarmtixOnke peBodoAoyia yia Tn YEVIKEUPEVN EKTIMNOT TNG BUVATOTNTOG YIOG TUXAIOG ETTIKAAU-
WNG YIO PEIWOT TWV CUVETTEIWY OTOV UTTOKEIUEVO QOPEQ, YEYOVOGS TTOU ETTITPETTEI TNV APECH OU-
YKPION TNG M€ GAAOUG TUTTOUG ETTIKAAUWNG YIa TNV TEAIKA €TTIAOYA TOU £TTIKpATESTEPOU (loannou
et al., 2022b). H yeBodoroyia mepihapBavel GAoug Toug TBavoug ouvduacuoug TTieong Kal w-
Bnong TTou PTTopPEl va TTPOKUYWOUV O€ HIa ETTIKAAUYN, Ol OTTOIOI £ival OTOXAOTIKAG UOEWG.

MNa TN YEANOVTIKN ETTEKTOON TWV EUPNPATWYV TNG dIaTPIBAG TTpoTEivovTal T £ENG:

= OI TTEPIOPIOUOI TWV TAAQVTWTWV YIA TIC BEWPNTIKEG AVAAUGCEIG TWV TTOPAPETPWY TNG ETTIKAAUWNG
MTTOPOUV va EETTEPACTOUV E TN XPAON MO GUVOETWY POVTEAWY, CUPPWVA PE TA OTToI VA Ad-
Baveral uTrdYn KatTaveunuévn Pala kalr SUCKaUWIa, KaBWS Kal akpIBECTEPES XPOVOIOTOPIES a-
vTidpaong, diaypduuara dUVaPNG—HETAKIVAONS KAl XPOVOoIoTOpiES TTiEong.

= JUYKPITIKEG avaAUCEIG TTpoTEIVOVTaI YIa TNV E€Taan d1a@OpwyV TUTTWYV ETTIKAAUYWNG 600V apopd
oTNV €TMAEYUEVN YEWMETPIO KAl TO UAIKO, OTTWGS GUYKPIoN doMIKoU XAAuBa Kal OTTAICUEVOU OKU-
POJEUATOG, KOOTOG PETAEU TWV OIGPOPETIKWYV TUTTWV K.Q.

= EmmAéov oTnV TTEIPAPATIKN BIEPEUVNON TTOU £YIVE, TTPOTEIVETAI VO EEETACTOUV TTEIPAUOTIKA KAl
GAAa ouoTAPATA ETTIKAAUWNG—UTTOKEIMEVOU QOPEQ VIO TNV TTIOTOTTOINON TWV ATTOTEAEOUATWY
TWV TTEIPAPATIKWY JOVTEAWY TWV CUYKPITIKWY avOAUCEWV.

= O d¢ikTng peiwang ouvetteiwy BacifeTal o€ éva TTIAEYUEVO €0POG I010TTEPIOdWV. AUTO TO €UPOG
MTTOPEl Va gpeuvnBel TTEpaITEPW, WOTE N €AY Twv 1810TTEPIGdWYV va gival akpIBEoTepn o€
oxéon e Ta KTipla TTou aTnVv TPA&n uTTéKEIvVTal o€ EKpnen.

= 01 xpovoigTopieg avTidpaong TTou XPNCIUOTTOIOUVTAI YIA TOV UTTOAOYIONO Tou O€iKTn pEiwong
OUVETTEIWV UTTOKEIVTaI € KATAAANAN eTTeepyania, oUTwG WOTE va avTaTToKpivovTal 600 YyiveTal
KaAUTEPA OTA TTEIPAPATIKA atToTEAETUATA. AUTEG Ol XpOVOoIioTOpiEg XpeldlovTal eTTITTAéOV BlEPEU-
vNon YIa TNV EQOPUOYA TOUG OTO JOVTEAO TOU POVORBABUIoU TAAQVTWTH.

=  Ta gopTia ekp&ewyv TToU EVOEXETAI VA EQAPUOCTOUV ETTI IS ETTIKAAUWNG XapaKTnpifovTal atro
MEYAAN TTOIKIANIO oUVOUOOUWY TTiEONG Kal WwBnong. Katd ouvéteia, KpiveTal onuavTikg n moo-
VOAOYIKI] EKTIINOTN QUTWV TWV QopTiwv. AuTr N epyaaia eival og e€€EAIEN (loannou et al., 2022d).

B9. BiAloypagia

Alberdi, R., Przywara, J. and Khandelwal, K. (2013) ‘Performance evaluation of sandwich panel systems
for blast mitigation’, Engineering Structures, 56, pp. 2119-2130. doi:
https://doi.org/10.1016/j.engstruct.2013.08.021.

Bornstein, H. and Ackland, K. (2013) ‘Evaluation of energy absorbing materials under blast loading’, in
WIT Transactions on Engineering Sciences, pp. 125-136. doi: 10.2495/MC130111.

Chen, W. and Hao, H. (2012) ‘Numerical study of a new multi-arch double-layered blast-resistance door
panel’, International Journal of Impact Engineering, 43, pp. 16-28. doi:
10.1016/j.ijimpeng.2011.11.010.

Chen, W. S. and Hao, H. (2013) ‘Preliminary study of sandwich panel with rotational friction hinge device
against blast loadings’, in Advances in Engineering Plasticity XI. Trans Tech Publications Ltd (Key
Engineering Materials), pp. 530-533. doi: 10.4028/www.scientific.net/KEM.535-536.530.

Cormie, D., Mays, G. and Smith, P. (2009) Blast effects on buildings. ICE Publishing. doi:

Design of Cladding to Mitigate Blast Effects on the Supporting Structure



172 Appendix B

10.1680/beob.61477.

Dusenberry, D. O. (2010) Handbook for blast resistant design of buildings. John Wiley & Sons. doi:
10.1002/9780470549070.

Federal Emergency Management Agency (1996) ‘FEMA 277: The Oklahoma city bombing: Improving
building performance through multi-hazard mitigation’.

Goel, M. D., Matsagar, V. A. and Gupta, A. K. (2011) ‘Dynamic response of stiffened plates under air
blast’, International Journal of Protective Structures, 2(1), pp. 139-156. doi: 10.1260/2041-
4196.2.1.139.

Gouverneur, D., Caspeele, R. and Taerwe, L. (2013) ‘Experimental investigation of the load—
displacement behaviour under catenary action in a restrained reinforced concrete slab strip’,
Engineering Structures, 49, pp. 1007-1016. doi: https://doi.org/10.1016/j.engstruct.2012.12.045.

Grant, R. (1998) ‘Khobar Towers’, Air Force Magazine, pp. 41-77.

Guruprasad, S. and Mukherjee, A. (2000) ‘Layered sacrificial claddings under blast loading Part | —
Analytical studies’, International Journal of Impact Engineering, 24(9), pp. 957-973. doi:
https://doi.org/10.1016/S0734-743X(00)00004-X.

Hetherington, J. and Smith, P. (1994) Blast and ballistic loading of structures. New York: Taylor &
Francis.

Hoffmeister, B. et al. (2015) ‘Advanced design methods for blast loaded steel structures’, European
Commission Directorate-General for Research and Innovation.

Institute for Economics and Peace (2015) ‘Global Terrorism Index 2015, measuring the impact of
terrorism’.

loannou, O., and Gantes, C. J. (2021). “Membrane action of cladding subjected to blast loading and
effects on the supporting structure.” Vibration, 4(4), 768—786. doi: 10.3390/vibration4040043.

loannou, O., Hadjioannou, M., and Gantes, C. J. (2022a). “A 2DOF method to study the influence of
cladding characteristics on the response of the supporting structure under blast loading.” Journal
of Structural Engineering. doi: 10.1061/(ASCE)ST.1943-541X.0003494.

loannou, O., Hadjioannou, M., and Gantes, C. J. (2022b). “Evaluation of the potential of cladding to
mitigate blast effects on the supporting structure.” Practice Periodical on Structural Design and
Construction, 27(3). doi: 10.1061/(ASCE)SC.1943-5576.0000701.

loannou, O., Hadjioannou, M., Gantes, C. J., and Lignos, X. A. (2022c). “Experimental investigation of
a cladding to girt system subjected to blast loading.” Submitted in peer-reviewed scientific journal.

loannou, O., Mantzourani, A. P., and Gantes, C. J. (2020). “Energy absorption of steel cladding
subjected to blast loading.” 10th Greek National Steel Structures Conference (to be presented),
Athens, Greece.

loannou, O., Rigoutsos, G., Vamvatsikos, D., and Gantes, C. J. (2022d). “A baseline approach for
probabilistic blast risk analysis of building facades under far-field explosions.” In preparation for
submission in peer-reviewed scientific journal.

Khalifa, Y. A., Tait, M. J. and El-Dakhakhni, W. W. (2017) ‘Out-of-plane behavior of lightweight metallic
sandwich panels’, Journal of Performance of Constructed Facilities, 31(5), p. 4017056. doi:
10.1061/(ASCE)CF.1943-5509.0001018.

Doctoral Thesis of Orestis K. loannou NTUA 2022



Extended summary 173

Oswald, C. (2018) ‘Blast testing of energy absorbing connectors for blast resistant design’, WIT
Transactions on the Built Environment, 180, pp. 57—67. doi: 10.2495/SUSI180061.

Palanivelu, S. et al. (2011) ‘Close-range blast loading on empty recyclable metal beverage cans for use
in sacrificial cladding structure’, Engineering Structures, 33(6), pp. 1966-1987. doi:
https://doi.org/10.1016/j.engstruct.2011.02.034.

Rutner, M. P. and Wright, J. P. (2016) ‘Duality of energy absorption and inertial effects: Optimized
structural design for blast loading’, International Journal of Protective Structures, 7(1), pp. 18—44.
doi: 10.1177/2041419615622726.

Sivaraman, S. and Varadharajan, S. (2021) ‘Investigative consequence analysis: A case study research
of beirut explosion accident’, Journal of Loss Prevention in the Process Industries, 69, p. 104387.
doi: https://doi.org/10.1016/j.jlp.2020.104387.

Sun, G. et al. (2019) ‘Dynamic response of sandwich panel with hierarchical honeycomb cores subject
to blast loading’, Thin-Walled Structures. doi: 10.1016/j.tws.2019.04.029.

Xue, Z. and Hutchinson, J. W. (2004) ‘A comparative study of impulse-resistant metal sandwich plates’,
International  Journal of Impact Engineering, 30(10), pp. 1283-1305. doi:
10.1016/j.ijimpeng.2003.08.007.

Yang, W. Y. (2009) Signals and systems with MATLAB, Signals and Systems with MATLAB. doi:
10.1007/978-3-540-92954-3.

Yu, G. et al. (2022) ‘Holistic case study on the explosion of ammonium nitrate in Tianjin port,
Sustainability. doi: 10.3390/su14063429.

Zobec, M. et al. (2015) ‘Innovative design tool for the optimization of blast-enhanced facade systems’,
Journal of Facade Design and Engineering, 2(3—-4), pp. 183—-200. doi: 10.3233/fde-150019.

Design of Cladding to Mitigate Blast Effects on the Supporting Structure



174 Appendix B

Doctoral Thesis of Orestis K. loannou NTUA 2022



	OI_PhD_00_1_Intro_20220523_OI
	OI_PhD_00_2_TOC_20220513_OI
	OI_PhD_01_Introduction_20220628_OI
	OI_PhD_02_Loading_20220628_OI
	OI_PhD_03_Literature_20220523_OI
	OI_PhD_04_2DOFnomembrane_20220628_OI
	OI_PhD_05_2DOFwithmembrane_20220525_OI
	OI_PhD_06_Experiment_20220525_OI
	OI_PhD_07_Mitigation_20220525_OI
	OI_PhD_08_Summary_20220525_OI
	OI_PhD_09_Appendix_20220513_OI
	OI_PhD_10_ExtendedSummary_20220719_OI



