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ABSTRACT

The paper presents the method of determining the impact of an external explosion on construction barriers,
taking into account the angle of the shock wave. For the presented two variants of the analysis, i.e. for the load
placed at a distance of 5 and 10 m from the construction barrier, the initial pressure of the reflected wave, the
duration of overpressure and the course of load variability over time were determined. For the assumed para-
meters of the barrier and the blast load, the values of overpressure were determined, taking into account the
angle of incidence and the angle of reflection. Additionally, a comparative analysis of the proposed method
with other methods available in the literature was made. The convergence of the results did not exceed 10%.
The proposed method allows to determine the boundary between the Mach and the incident waves.
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INTRODUCTION

The most common methods of determining explosive
loads in an analytical manner include the methods
of Sadovskiy (1952), Sachs (1955), Henrych (1979),
Baker, Cox, Weslina, Kulesz and Strehlow (1983), Bul-
son (1997). However, some of the more recent studies
are the methods of Cormie, Smith and Mays (2009),
Hussein (2010), Kelliher and Sutton-Swabi (2011),
Dragani¢ and Sigmund (2012), Parisi and Augenti
(2012), Siwinski and Stolarski (2015), most of these
methods are based on approximation and analytical
studies and are often transformations of Baker’s and
Henrych’smethods. Inthe Polish literature, there are de-
scriptions of methods for determining explosive loads,
including, among others, in a textbooks by Krzewinski
(1982, 1983), the monographs by Wtodarczyk (1994),
and Cudzito, Maranda, Nowaczewski, Trebinski and
Trzcinski (2000), a technical study by Krzewinski

and Rekucki (2005). An alternative method of de-
termining the explosive loads is to use ready-made
procedures, e.g. the TM5-1300 procedure, developed
by the US Department of the Army and included in
the study of Brun, Batti, Limam and Gravouil (2011).
In turn, the most common software for determining
explosive loads is the ConWep program, which was
used, among others, by in the papers of Kelliher and
Sutton-Swaby (2011), and Lin, Zhang and Hazell
(2014). Another used software of this type is the
ATBLAST (Fu, 2012). In the publication by Birn-
baum, Clegg, Fairlie, Hayhurst and Francis (2012),
consider the comparison of the variability over time
of the explosion load determined according to various
analytical procedures and with the use of software.
It was found that the analytical procedures show
a high agreement of the results with computer meth-
ods, which is most likely a result of using the same or
similar starting assumptions.
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This paper presents a phenomenological approach to
the method of determining the load on building struc-
tures due to the explosion of an explosive charge located
outside the structure. The overpressure on the front of
the incident wave was determined on the basis of tabu-
lated algorithms for determining the characteristics of
the external impact, generalised on the basis of proce-
dures known in the literature, based on the article by
Siwinski and Stolarski (2015). The paper presents the
differentiation of the type of wave affecting the building
barrier depending on the angle of incidence. Examples
of determining the explosive load on buildings have
been developed with simplifying assumptions consist-
ing of: (1) using approximation formulas, (2) treating
the construction barrier as a rigid body subject to only
the explosive load, (3) disregarding the influence of load
waves reflected from opposite or neighbouring build-
ings located in the street development.

The purpose of the paper is to present the distri-
bution of shock waves depending on the angle of in-
cidence and reflection angle on the surface of a rigid
construction barrier.

EXTERNAL EXPLOSION PARAMETERS

Detailed information on the procedure of determining
the external load is presented in the paper by Siwinski
and Stolarski (2015). Figure 1 shows a diagram of the
propagation of a Mach wave, that is, a blast wave with
a smooth, evenly distributed waveform and an incident

wave defined by the reflection angle. The Mach wave
can be defined as the resultant of the incident wave and
the reflected wave from the ground with an almost even
distribution. The incident wave is represented by the
continuous line, the wave reflected from the ground is
represented by the dashed line. On the other hand, the
straight lines indicate the Mach waves above the triple
point, the building is affected by the incident wave, and
below the triple point, the Mach wave. The triple point
is the point where the three depicted waves intersect and
marks the boundary between the waving and incident
waves. The triple point is found using a reflection angle
of 40° according to Cormie, Smith and Mays (2009).

ANALYSIS OF THE EXTERNAL BLAST LOAD

The analysis of the load from detonation of the external
charge was carried out for the conditions of an undis-
turbed standard atmosphere, also known as the inter-
national standard atmosphere — ISA (Cudzito et al.,
2000).

The calculation procedure was performed for the
following assumptions:
spherical shape of the charge,
distance between the charge and the building: Vari-
ant 1: »=5.0 m, Variant 2: » = 10.0 m,
charge placed 2 m above ground level,
a construction barrier as non-deformable, with
a variable height of 10 and 14 m and a width of 36 m,
rigid connection to the ground,
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Fig.1. Wave propagation diagram (own elaboration)
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- an explosive charge TNT,
- charge density p, = 1,560 kg-m™,
- load weight m = 10 kg.
The analysed construction barrier is treated as
a separate object, for the analysis of which only the
load from the explosive charge is taken into account.
Parameters included in the calculation under con-
ditions of an ISA:
- atmospheric pressure value, initial pressure in the
medium p, = 101,325 Pa = 0.1 MPa,

temperature 7= 288 K,
- speed of sound in the medium a, = 340 m-s™".

In order to determine the value of overpressure, the
surface of the construction barrier was divided into
sectors and equal squares with a side width of 2 x 2 m,
as shown in Figure 2.

Figures 3 and 4 show the results of changes
in overpressure in time for the S1-3 Sector for the
adopted assumptions, respectively for Variants 1
and 2.
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Fig.3. Overpressure in time for Variant 1 in the S1-3 Sector (own elaboration)
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In order to compare and verify the obtained re- Figure 5 shows the distribution of the reflectance
sults, calculations of the value of overpressure at the  coefficient (C,,) determined with respect to the range
front of the incident wave (Ap,,) were performed of incident overpressure:
for selected sectors using the method of Cormie

et al. (2009). Apoa = Cra A"

o |
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Fig.4. Overpressure in time for Variant 1 in the S1-3 Sector (own elaboration)
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Fig.5. Effect of angle of incidence on reflection coefficient (Cormie, Smith & Mays, 2009)
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The value of the C,, coefficient was determined on
the basis of the Figure 5, on the basis of the value of
the angle a = 40° and the value of the maximum over-
pressure (Ap”).

Then the value of the overpressure on the reflected
wave front was calculated. A calculation example for
the S1-1 Sector, Variant 1 presents as follows:

C.,=3.5,

ro

Ap"=0.219 MPa,

Ap,y=3.50.219=0.766 MPa.

Comparing the results obtained from both meth-
ods (Ap,;=0.766 MPa and Ap,; = 0.752 MPa), it was
found that the calculated values are similar, the differ-
ence is 2%, which allows to confirm the correctness of
the proposed method.

In order to take into account the distribution of ex-
plosion gases along the height and width of the sec-
tors, the distribution shown in Figure 6 and described
in detail in the paper by Siwinski and Stolarski (2017)
was applied.
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Fig.6. Diagram of the location of loads in relation to
any point on the construction barrier surface (own

elaboration)

aspa.sggw.edu.pl, content.sciendo.com/aspa

DETERMINATION OF THE COURSE OF
THE DIVIDING LINE ON THE SURFACE

Based on the size of the incidence angle and the
reflection angle a =40°, Figures 7 and 8 show the
schemes for determining the location of the dividing
line at the height of the construction barrier for
Variants 1 and 2. On the considered surface of the
construction barrier, a parabola-shaped line was
marked, the course of which defines the pressure value
that should be taken for further calculations (p,,, Ap").
The course of the angle of incidence was determined
for each of the sectors.
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Fig.7. Schemes for determining the location of the divid-
ing line at the height of the construction barrier for
Variant 1 in cm (own elaboration)
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Fig.8. Schemes for determining the location of the divid-

ing line at the height of the construction barrier for
Variant 1 in cm (own elaboration)

Based on the above dependencies, the course of the

dividing line was determined, which is the boundary
between the Mach and the incident waves, and they
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are shown in Figure 9 for Variant 1 and in Figure 10  sure determined according to Cormie et al. (2009).
for Variant 2. For sectors located below the line, the = We can notice that the values are very close. The
value of Ap,, was assumed, while for sectors located ~maximum differences are about 9.5% in the sectors
above the line, the value of pressure was Ap™. with the highest overpressure and drop to about 3.0%

In Figures 9 and 10, two values of overpressure in the sectors with less overpressure, with the pres-
are presented on selected sectors, where the value sures determined by the own procedure being higher.
above is the value determined according to the pro-  Figures 11 and 12 show the change in the peak pres-
posed procedure, and the value below is the overpres-  sure value along the width of the partition (along
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Fig.12. Distribution of overpressure on the construction barrier surface at times #, to ¢; — Variant 1 (own elaboration)
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the x axis) and along its height (along the z axis), in
the following time moments: ¢, =0 m-'s ™', z, =5 m-s !,
t;=10m-s, 4, =50m-s ' and £, = 100 m-s".

We can notice a significant difference in the
amount of pressure for both variants, which is caused
by the location of the charge at a different distance
from the partition. Then, in the case of both variants,
a large drop in the pressure value is observed for the
time moments (¢, and #,). In the case of Variant 1 it is
a decrease by 83%, while in the case of Variant 2 it
is a decrease by 96% compared to #,. For Variant 1,
the pressure value increases between ¢, and #;, while
between #; and 75 it decreases, to a value close to 0.
We can also notice that the peak value of the over-
pressure moved away from the charge location. In
Variant 2, the value of the overpressure between ¢,
and ¢, increases and decreases to a value approaching
0 between ¢, and ;.

SUMMARY AND CONCLUSIONS

As a result of the analysis of the formulas for deter-

mining the explosive interactions of various authors,

a method was developed that allows to determine

the basic parameters of blast waves, taking into

account the angle of incidence and reflection angle.

A phenomenological approach was proposed to define

the change in pressure over time in individual sectors

separated on the surface of the object. The results of
the analysis of the impact of changes in the parameters
of the explosive charge on the load variability over
time are presented. An example of determining the
pressure variation in time in the surface sectors is pre-
sented. The convergence of the results did not exceed

10%. Based on the research carried out, the following

conclusions can be presented:

- taking into account the angles of incidence and re-
flection allows for a more accurate determination
of the overpressure distribution on the surface of
the construction barrier,

- taking the vertical and horizontal angles of inci-
dence into account has a significant impact on the
course of the Mach wave line,

- the charts at particular points in time make it pos-
sible to present the course of overpressure in indi-
vidual sectors.

aspa.sggw.edu.pl, content.sciendo.com/aspa

Authors’ contributions
Conceptualisation: J.S. and K.K.; methodology: J.S.;
validation: J.S.; formal analysis: J.S.; investigation:
J.S.; resources: J.S. data curation: J.S.; writing — origi-
nal draft preparation: J.S. and K.K.; writing — review
and editing: J.S. and K.K.; visualisation: J.S.; supervi-
sion: J.S.; project administration: J.S.; funding acqui-
sition: J.S.

All authors have read and agreed to the published
version of the manuscript.

REFERENCES

Baker, W.E., Cox, P.A., Weslina, P.S., Kulesz, J.J.
& Strehlow, R. A. (1983). Explosion Hazards and Eval-
uation. Amsterdam—Oxford—New York: Elseiver.

Birnbaum, N., Clegg, R., Fairlie, G. E., Hayhurst, C. J.
& Francis, N. J. (2012). Analysis of blast loads on build-
ings. Oakland: Century Dynamics Incorporated & Read-
ing, Berkshire: Century Dynamics Limited.

Brun, M., Batti, A., Limam, A. & Gravouil, A. (2011). Ex-
plicit/implicite multi-time step co-computations for
blast analyses on a reinforced concreto frame structure.
Finite Elements in Analysis and Design, 52, 41-59.

Bulson, P.S. (1997). Explosive loading of engineering
structures. London—New York: Taylor & Francis.

Cormie, D., Smith, P. & Mays, G. (2009). Blast effect on
buildings. London: Cranfield University at the Defence
Academy of the United Kingdom.

Cudzito, S., Maranda, A., Nowaczewski, J., Trebinski, R.
& Trzeinski, W. A. (2000). Wojskowe materialy wybu-
chowe. Czgstochowa: Wydawnictwo Wydzialu Metalur-
gii 1 Inzynierii Materiatowe;.

Dragani¢, H. & Sigmund, V. (2012). Blast loading on struc-
tures. Tehnicki vjesnik, 19 (3), 643—652.

Fu, F. (2012). Dynamic response and robustness of tall
buildings under blast loading. Journal of Constructional
Steel Research, 80, 299-307.

Henrych, J. (1979). The dynamics of explosion and its use.
New York: Elsevier.

Hussein, A. T. (2010). Non-linear analysis of SDOF sys-
tem under blast load. European Journal of Scientific
Research, 45 (3), 430-437.

Kelliher, D. & Sutton-Swaby, K. (2011). Stochastic repre-
sentation of blast load damage in a reinforced concrete
building. Structural Safety, 34 (1), 407-417.

Krzewinski, R. (1982). Dynamika wybuchu. Czesé I: Metody
okreslania obciqzen. Warszawa: Wojskowa Akademia
Techniczna.

29



Siwinski, J., Kubiak, K. (2022). Blast effect on construction barriers from external load including angle incidence. Acta Sci. Pol.

Architectura, 21 (1), 21-30, doi: 10.22630/ASPA.2022.21.1.3

Krzewinski, R. (1983). Dynamika wybuchu. Czes¢ II:
Dziatanie wybuchu w osrodkach inercyjnych. Warsza-
wa: Wojskowa Akademia Techniczna.

Krzewinski, R. & Rekucki, R. (2005). Roboty budowlane przy
uzyciu materiatow wybuchowych. Warszawa: Polcen.
Lin, X., Zhang, Y. X. & Hazell, P. J. (2014). Modelling the
response of reinforced concrete panels under blast load-

ing. Materials and Design, 56, 620—628.

Parisi, F. & Augenti, N. (2012). Influence of seismic
design criteria on blast resistance of RC framed build-
ings: A case study. Engineering Structures, 44, 78-93.

Sachs, R. G. (1955). The dependence of blast on ambient
pressure and temperature (BRL Report 466). Aberdeen,
MD: Aberdeen Proving Ground.

Sadovskiy, M.A. (2015). Mekhanicheskoye deystviye
vozdushnykh udarnykh voln vzryva po dannym eksperi-
mentalnykh issledovaniy. Fizika vzryva, 1, 20-44.

Siwinski, J. & Stolarski, A. (2015). Analiza oddziatywania
wybuchu zewnetrznego na przegrody budowlane.
Biuletyn Wojskowej Akademii Technicznej, 64 (2),
173-196.

Siwinski, J. & Stolarski, A. (2017). Analiza porow-
nawcza procedur wyznaczania fali nadci$nienia
w wyniku wybuchu tadunku materiatu wybuchowego
zewngtrznego 1 wewnetrznego. Inzynieria i Budow-
nictwo, 2, 81-85.

Wiodarczyk, E. (1994). Wstep do mechaniki wybuchu.
Warszawa: Panstwowe Wydawnictwo Naukowe.

ODDZIALYWANIE WYBUCHU ZEWNETRZNEGO NA PRZEGRODY BUDOWLANE

Z UWZGLEDNIENIEM KATA PADANIA

STRESZCZENIE

W pracy przedstawiono sposob okreslania oddzialywania wybuchu zewnetrznego na przegrody budowlane
z uwzglednieniem kata padania fali uderzeniowej. Dla przedstawionych dwoch wariantdw analizy, tj. dla
fadunku umieszczonego w odlegtosci 5 i 10 m od przegrody, wyznaczono ci$nienia poczatkowe fali odbite;j,
czasy trwania nadci$nienia oraz przebieg zmiennosci obcigzenia w czasie. Dla zatozonych parametrow prze-
grody oraz tadunku wyznaczono warto$ci nadcisnien z uwzglgdnieniem kata padania. W rozwazaniach nad
wplywem wybuchu zewngtrznego wykorzystano rdzne procedury znane w literaturze, na ktorych podstawie
opracowano algorytm postgpowania przy wyznaczaniu charakterystyk oddziatywania na przegrody budow-
lane z podzialem na falg odbitg i fal¢ padajacg. Dodatkowo dokonano analizy poréwnawczej proponowanej
metody z innymi metodami opisanymi w literaturze. Zbiezno$¢ wynikow nie przekroczyta 10%. Zapropono-
wana metoda pozwala na wyznaczenie linii granicznej pomi¢dzy falami Macha a falg padajaca.

Stowa kluczowe: mechanika konstrukcji, oddziatywania wybuchowe, nadci$nienie fali padajacej
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