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Purpose. Substantiation of a two-layer roof design for shallow-buried protective structures of
critical infrastructure and quantitative assessment of its stress—strain state under the combined impact-
and-blast action of a munition in comparison with the action of a surface-laid (contact) charge.

The methods. Numerical simulation in the coupled Euler—Lagrange formulation of ANSYS Ex-
plicit Dynamics. Concrete is described by the RHT strength model with the P—a equation of state,
detonation products by the JWL equation of state, and air by the ideal gas model. The roof consists
of an upper sacrificial slab 600 mm thick, an air gap, and a load-bearing deck of adjacent concrete
beams. The munition contains 100 kg of high explosive in an aluminum casing, with an approach
velocity of 139 m/s and a detonation delay of 14.1 ms. A parametric series of simulations was per-
formed for charge masses of 100-500 kg TNT equivalent.

Findings. The combined impact-and-blast loading is shown to produce peak tensile stresses of
25.5 MPa in the lower part of the structure, compared with 2.78 MPa for a contact charge of the same
mass. For the contact charge, a power-law dependence of peak stress on charge mass,

Ulp ~ 020w 031, was obtained, consistent with the energy similarity laws of explosion; the peak

stress in the impact-and-blast scenario is practically independent of charge mass (26.5 = 1.0 MPa)
and is governed by the impact velocity and the acoustic impedances of the materials. Damage to the
deck is localized within one to three beams beneath the impact zone.

The originality. For the first time, the stress time histories of a spaced two-layer roof have been
compared for a contact charge and for the coupled "impact + detonation" scenario; an engineering
relationship for peak tensile stresses is proposed based on the transmission coefficient of the impact
contact stress.

Practical implementation. The simplified contact-charge design scheme is shown to underesti-
mate the loading by a factor of 3 to 12 depending on charge mass; therefore, the impact-and-blast
scenario should be adopted as the design case for protective structure roofs. The beam deck ensures
repairability and rapid restoration of critical infrastructure facilities.

Keywords: protective structure, two-layer roof, combined impact and blast loading, contact
charge, RHT model, ANSYS Explicit Dynamics.
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Introduction. Introduction. Against the background of an increasingly complex
global security environment and the growing frequency of extreme threats, protective
technologies for shallow-buried structures have acquired critical importance for mili-
tary security, wartime civilian sheltering, and the protection of critical infrastructure.
Shallow-buried structures offer tactical adaptability and deployment flexibility in
countering precision strikes while maintaining operational stability. The surface pro-
tective layer converts the kinetic energy of an incoming munition into internal energy
and thereby substantially reduces the transmitted shock: a near-instantaneous impact
load is transformed into a load with peak values that the structure is able to sustain.
Damage to the buried structure itself is thus avoided, as energy concentration is pre-
vented by confining the damage within the protective layer. Improving the protective
performance of such roofs remains a long-standing and decisive line of research in
protective engineering [1].

For many urban critical infrastructure facilities — transformer substations, pump-
ing stations, water distribution nodes, and district heating plants — shallow embedment
is the rational choice: it preserves access for service openings, ventilation, and cooling,
while providing the best cost-to-protection ratio in the form of a buried structure with
a protective roof and little or no earth cover. In such a configuration, the roof becomes
the governing element of the protection system, and its resistance to combined impact
and blast action is of fundamental importance.

Literature analysis. Engineering practice offers several established approaches
to enhancing the resistance of roofs over shallow-buried structures. Modular shelters
based on paired 12-metre containers filled with a concrete—sand composite have
demonstrated effective protection against modern weapons; Atlas Survival Shelters
(USA) employs standardized combinations of I-beams and steel plates at a 610 mm
spacing. The use of polyurethane foam layers enabled Royal HaskoningDHV (Nether-
lands) to achieve a 50 % reduction in transmitted pressure (from 42 to 21 kPa) under a
lateral detonation of a 15 kg TNT charge. Numerical LS-DYNA simulations of a con-
crete structure incorporating a polyurethane foam interlayer [1] showed that the pro-
tective layer dissipates and transforms the blast energy, extends the duration of shock
wave action, and reduces the peak load on the roof, with thicker interlayers providing
a marked improvement in blast resistance.

Sandwich panels have been studied extensively as blast-resistant elements. It was
established in [2] that within a certain loading range monolithic panels outperform sand-
wich panels with polymer foam cores: owing to the lower transverse stiffness of the
components, a higher transverse velocity of the face sheet develops at the early stage of
the response, leading to larger deflections and in-plane stresses despite the high energy-
absorbing capacity of the core. Under impulsive loading, however, the core undergoes
substantial compressive deformation and absorbs a large amount of impact energy, so
that at equivalent mass the sandwich configuration provides better blast resistance than
its monolithic counterpart; optimization of the core configuration remains one of the key
open issues. Aluminum honeycomb cores have been proposed for the protection of re-
inforced concrete walls [3], as well as stepwise graded honeycomb cores [4], for which
experiments and LS-DYNA simulations demonstrated greater attenuation of the trans-
mitted force compared with concrete panels under identical conditions, and superior
blast resistance of graded configurations within a certain loading range.
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A parallel line of development concerns composite concrete roof systems. In
bridge engineering, the adjacent precast beam system is widely used for spans of 10—
30 m: precast reinforced concrete beams are placed on the supports side by side in
contact with one another, and a cast-in-place composite topping slab 130-200 mm
thick is constructed above them; transverse load distribution is provided by shear-
keyed joints, the topping slab, and transverse ties [5]. Structurally, such a system be-
haves as a single orthotropic plate and, for the same material consumption, possesses
a higher flexural stiffness in the span direction than an equivalent solid slab (Fig. 1).

Pretensioned
box beam

Cast-in-place concrete

Transverse post-tensioning

Mid-depth shear key
Diaphragm

Precast, prestressed concrete box beam

Fig. 1. Structural scheme of a roof composed of adjacent precast beams with
a cast-in-place composite topping slab

Fortification practice has long employed spaced (two-layer) roof systems compris-
ing a detonation (sacrificial) burster slab, an air or damping interlayer, and the main load-
bearing roof; this concept is embodied in the protective design manuals TM 5-855-1 and
UFC 3-340-01 [6, 7]. It has been shown numerically and experimentally [8] that a lay-
ered concrete structure with an air gap effectively mitigates the effects of a contact
explosion owing to the large mismatch in wave impedance between concrete and air,
while double-roof reinforced concrete systems with an energy-absorbing interlayer
have confirmed their protective performance in full-scale close-detonation trials [9].
Nevertheless, the combination of a spaced configuration with a load-bearing deck of
adjacent beams has received little attention in application to shallow-buried critical
infrastructure facilities, particularly for the most dangerous scenario — the impact of a
munition followed by delayed detonation.

Formulation of the unresolved part of the problem and the purpose. State-
ment of the unsolved part of the problem and the objective. The review shows that
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spaced (double-layer) protective roofs and adjacent precast beam decks have so far
been developed as separate lines of engineering practice: the former in fortification
design, the latter in bridge construction. Their combination — a burster slab and an air
gap over a load-bearing deck of adjacent beams — has not been investigated for shallow-
buried critical infrastructure facilities. Furthermore, the available studies of combined
penetration and explosion effects deal mainly with cratering and perforation of massive
targets, whereas the stress time histories of a spaced roof under the sequential action of
projectile impact and delayed detonation have not been compared with those produced
by the simplified contact-charge design scheme; the error introduced by such a simpli-
fication therefore remains unquantified.

The aim of this study is to substantiate, by means of numerical simulation, the ef-
fectiveness of a two-layer roof for a shallow-buried protective structure — consisting of
an upper solid slab (burster layer), an air gap, and a load-bearing deck of adjacent con-
crete beams — under the impact of a munition followed by its detonation. To this end, the
stress-strain state of the roof is analysed in a coupled "impact + detonation" formulation,
compared with the response to a surface-laid charge of the same mass, and examined in
a parametric series of charge masses from 100 to 500 kg TNT equivalent.

Main part (Results). The simulations were performed in ANSYS Explicit Dy-
namics using a coupled Euler-Lagrange formulation. The computational model (Fig. 2)
comprises a box-type reinforced concrete structure with a two-layer roof: an upper
solid slab 600 mm thick, an air gap, and a load-bearing deck of 23 concrete beams with
a cross-section of 1200600 mm; the wall thickness 1s 1200 mm, and the overall di-
mensions of the structure are 14,320x12,200x13,750 mm. The structure 1s surrounded
by an air domain with a flow-out boundary condition prescribed on its outer faces to
eliminate non-physical wave reflections.

’ L
0,000 4500 9,000 (m) 5
]

2250 6750

Fig. 2. General view of the computational model:
the structure with a two-layer roof, the air domain, and the munition

233



G19 — Construction and Civil Engineering

The munition is modeled as a moving cylinder containing a 100 kg high-explosive
charge in an aluminum casing of 667 kg (total mass 767 kg). The initial velocity of
139 m/s is directed at the upper slab of the roof; detonation is prescribed with a delay
0f0.0141 s from the start of the simulation, corresponding to the actuation of a delayed-
action fuse after the munition has penetrated into the material of the upper slab — the
combined penetration and explosion scenario most dangerous for the structure. The
detonation products are described by the JWL equation of state (Table 1), air by the
ideal gas equation of state (Table 2), the behavior of concrete by the RHT model (Ta-
ble 3), and the casing material by an aluminum plasticity model.

The detonation products are described by the JWL (Jones-Wilkins-Lee) equation
of state [10]. Library parameters for TNT are used (Table 1); where required, they can
be adjusted to match experimentally obtained data:

p=A -2 RV gl 1- -2 e_R2V+a)—E
RV R V

where p 1s the pressure of the detonation products; V is the relative volume, V = po/p,
with po the initial density of the explosive and p the current density; E is the internal
energy per unit of current volume (£ = poe), e is the specific internal energy; A, B, R,
R, w are empirical constants of the particular explosive; w is the Griineisen coefficient.

Parameters of the JWL equation of state for the explosive (TNT) et

Parameter Symbol Value Units
Density p 1630 kg/m?
Coefficient A A 3.7377-10!! Pa
Coefficient B B 3.7471-10° Pa
Coefficient R1 R 4.15 —
Coefficient R2 R> 0.9 —
Coefficient ® ) 0.35 —
Detonation velocity (C-J) D 6930 m/s
Specific detonation energy (C-J) Eo 3.681-10° J/kg
Detonation pressure (C—J) Py 2.1-101° Pa

The air domain is described by the ideal gas equation of state; the parameters used
are given in Table 2.
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Table 2
Parameters of the air model (ideal gas equation of state)

Parameter Symbol Value Units
Density p 1.225 kg/m?
Specific heat at constant volume Cv 717.6 J/(kg-°C)
Adiabatic exponent Y 1.4 —
Reference temperature To 15.05 °C
Specific internal energy e 2:10° J/kg

i

0.000 5.000 10.000 (m)

2,500 7.500

Fig. 3. Eulerian mesh

The behavior of concrete under high-rate loading is described by the RHT (Riedel-
Hiermaier-Thoma) model [11], developed at the Fraunhofer Ernst-Mach-Institut specif-
ically for hydrocode simulations of concrete subjected to blast and penetration. The
model was calibrated against inverse planar plate impact tests and penetration experi-
ments and has since become one of the standard concrete models in ANSYS Explicit
Dynamics for problems of this class. It combines, within a single formulation, the fea-
tures essential for the present problem: the pressure dependence of strength over the
range from tensile spall to high-pressure confinement, the dependence on the third in-
variant of the stress tensor, the increase of strength with strain rate, porous compaction
described by the P—a equation of state, and the accumulation of damage with subsequent
softening and transition to the residual strength of the crushed material. This makes it
possible to reproduce, in one simulation, both the local crushing of the burster slab in the
contact zone and the predominantly elastic wave response of the load-bearing deck.

The numerical values of the parameters for B50 reinforced concrete are given in Table 3.
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Table 3
Parameters of the B50 reinforced concrete model (RHT model)
Parameter Symbol ‘ Value ‘ Units
General properties
Density p 2786.9 kg/m?
Specific heat at constant pressure Cp 654 J/(kg-°C)
P—a equation of state
Solid material density Ps 2750 kg/m?
Sound speed in the porous material o 2920 m/s
Initial compaction pressure P. 2.33-107 Pa
Solid compaction pressure Py 6-10° Pa
Compaction exponent n 3 -
Polynomial equation of state
Coefficient Al A 3.527-10% Pa
Coefficient A2 A> 3.958-10% Pa
Coefficient A3 Az 9.04-10° Pa
Coefficient BO By 1.22 —
Coefficient Bl B; 1.22 —
Coefficient T1 T 3.527-10% Pa
Coefficient T2 1> 0 Pa
RHT concrete strength model

Cap on the elastic surface - Yes —
Compressive strength fe 7.019-107 Pa
Tensile strength ratio filfe 0.2147 —
Shear strength ratio filfe 0.34 —
Intact failure surface constant A 2.05 —
Intact failure surface exponent n 0.7 -
Tension/compression meridian ratio 020 0.6805 —
Brittle-to-ductile transition BO 0.0105 -
Hardening slope — 2 —
Elastic strength / f — 0.7 -
Elastic strength / fc — 0.53 -
Residual (fractured) surface constant B 1.6 —
Residual (fractured) surface exponent m 0.61 —
Compressive strain rate exponent a 0.032 —
Tensile strain rate exponent 0 0.036 -
Maximum fracture strength ratio SFMAX 1-10%° -
Damage constant D1 D; 0.06 -
Damage constant D2 D; 1 -
Minimum strain to failure Ef min 0.01 —
Residual shear modulus fraction - 0.25 —
Shear modulus G 1.875-101° Pa
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An adaptive approach was adopted for the Lagrangian mesh of the structure: the
element size varies from 0.15 m in the impact zone to 0.5 m away from the detonation
point, which made it possible to economize computational resources without loss of
accuracy 1in the critical region; the mesh contains 142,534 nodes and 442,800 elements.
The air and the detonation products are discretized with an Eulerian mesh with an ele-
ment size of 0.5 m (see. Fig. 3). The interaction between the Eulerian and Lagrangian
domains is handled by a coupled contact algorithm; the response parameters are rec-
orded by gauges located in the upper slab, in the air gap, and in the deck beams.

Results and discussion. The interaction of the munition with the roof exhibits a
clearly staged character. During the first stage, the kinetic impact takes place: the mu-
nition strikes the upper slab at 139 m/s, local crushing of concrete develops in the con-
tact zone, and the munition decelerates and embeds itself into the slab material, ex-
pending its kinetic energy on penetration.

During the second stage, 14.1 ms into the process, the charge detonates. The det-
onation products expand predominantly into the upper half-space and into the crater
formed by the impact; a zone of intense damage develops in the upper slab, localized
around the point of detonation. The sequence of stress wave propagation through the
structure: the compression wave travels through the upper slab and is partially reflected
from its lower free surface (which gives rise to the characteristic spallation confined to
the burster layer), so that only a substantially attenuated air-transmitted load reaches
the beam deck through the gap.

The air gap plays the key role here. Because of the wave impedance mismatch at
the concrete—air interface, direct transmission of the stress wave from the upper slab
into the deck is precluded, and what began as a contact—penetration explosion is trans-
formed, as far as the load-bearing layer is concerned, into an air load distributed over
the deck area with far lower peak pressure and impulse. The stress fields in the upper
slab and in the deck in Figs. 4 (, b): in the upper slab the stresses reach failure levels
within a radius of several metres from the detonation point, whereas in the deck beams
the stress peaks are concentrated directly beneath the impact zone and at the supports
and decay rapidly along the span; the joints between adjacent beams restrict the spread
of damage to neighbouring elements, effectively acting as energy dissipators.

The overall picture of the stress—strain state (Fig. 4) confirms the design intent of
the structure: the upper slab performs its function as a burster layer, taking upon itself
both the penetration and the detonation, while damage to the load-bearing deck is con-
fined to one to three beams beneath the impact zone and the rest of the deck retains its
load-bearing capacity — the recorded peak stresses in the beams do not exceed the dy-
namic strength of concrete, allowing for the strain-rate strength enhancement captured
by the RHT model. A comparison with the design case of contact detonation directly
on the load-bearing roof shows a reduction of the transmitted load by an order of mag-
nitude or more, in agreement with the results of [8].

In the detonation zone, the contact pressures reach gigapascals, and the material
of the upper slab exceeds its strength limit almost instantaneously. Once the strength
limit is reached, the RHT model activates damage accumulation and softening: failed
elements shed their stresses. This is why the stress plots show only modest residual
stresses in the impact zone of the upper slab — not because the loading is small, but
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because the material has already failed and can carry no more. The deck, by contrast,
remains largely elastic and therefore exhibits genuinely high elastic peaks.

Time: 1.3501¢-002 5

230712026 2106
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Fig. 4. Stress-strain state of the deck: a) upper part; b) lower part

On the lower surface of the deck beams, the tensile stresses reach 18.7-25.3 MPa.
According to the material card (B50: f- = 70 MPa, f/f- = 0.2147), the static tensile strength
1s approximately 15 MPa, so that without allowance for dynamic strengthening, cracking
would have to be expected. At the strain rates typical of blast loading, however, the dy-
namic tensile strength of concrete increases by a factor of two or more (accounted for in
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the RHT model through the exponent 9), so the peak values lie at the strength limit, prob-
ably without through-thickness failure — consistent with the fact that the maxima are lo-
calized only in the zone beneath the impact. In a real structure, this tension is carried by
the bottom flexural reinforcement of the beams, which is absent from the homogenized
concrete model; the actual safety margin is therefore higher than the simulation indicates.

At the same time, the lower part of the structure sustains appreciable damage,
which may be accompanied by concrete debris falling onto the equipment housed in-
side; it is advisable to allow for this by providing anti-spall protection (a suspended
mesh or lining) beneath the deck.

The question of methodology that deserves separate attention is whether the full
"casing impact + detonation" sequence has to be modeled, or whether the simplified
design scheme with a contact charge of the same mass is sufficient. To answer it, a
comparative simulation of a contact charge acting on the same roof was carried out
(Fig. 5); for spaced roofs of critical infrastructure facilities, such a comparison is vir-
tually absent from the literature.

In the penetration—explosion scenario, the casing strikes the slab at t = 13 ms, and
o1 jumps from about 2.9 to 25.5 MPa — a roughly ninefold increase — while the detonation
of the charge at 14.1 ms sustains the high stress level. Thereafter, the stresses oscillate
in the range of 18-25 MPa with a slight downward trend as the energy is gradually dis-
sipated through fracture and wave scattering. The contact charge, lacking the kinetic
component, produces only about 1.5-2 MPa; in other words, the pre-detonation impact
raises the maximum tensile stresses in the structure by roughly an order of magnitude.

Cycle Number: 2461
Custom Obsolete
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Min: -1.2237e5

23/07/2026 2113
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8.067666 E
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Fig. 5. Maximum principal stresses under a contact charge of the same mass acting
on the roof of the structure
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The practical implication is that what is critical for the roof of a protective struc-
ture 1s not the contact explosion as such, but the "penetration + detonation" combina-
tion — in agreement with the conclusions [12—14] on the amplification of blast damage
by prior impact-induced damage.

The maximum tensile stresses develop in the lower part of the structure and
amount to ;7 = 2.78 MPa for the contact charge and o:” = 25.48 MPa for the penetra-

tion—explosion loading, giving a ratio M ~9.2.
Glp (contact)

Such a difference is to be expected: a contact charge delivers its energy through an
air shock wave, most of which is reflected from the surface, whereas impact followed
by detonation in contact establishes a direct mechanical link with the structure. This
agrees with [12], where it was shown experimentally and numerically that prior penetra-
tion of the projectile substantially amplifies the destructive effect of the explosion — pen-
etration damage weakens the target and facilitates crack initiation and growth; similar
conclusions on the mutual amplification of the two factors were reached in [13, 14].

Overall, the results obtained are consistent with the experimental and numerical
studies of combined penetration and explosion effects [12—17]; at the same time, the
vast majority of those works deal with cratering and perforation of massive targets,
whereas a comparison of the stress time histories of a spaced two-layer roof is, to the
best of the authors' knowledge, performed here for the first time.

The practical value of damage localization lies in repairability: after an attack,
only the upper slab (or a portion of it) and the individual damaged beams need to be
replaced rather than the entire roof, which for critical infrastructure facilities translates
into rapid restoration of service. A further advantage of the beam deck is its construc-
tability: precast factory-made beams are erected without formwork, and, where re-
quired, the deck can be strengthened with a composite topping slab following the
proven bridge-engineering scheme [5].

At the next stage, a parametric series of simulations was performed for explosive
masses of 100, 200, 300, 400, and 500 kg TNT. The mass of the metal casing in the
penetration—explosion scenario remained practically constant (= 700 kg), and the im-
pact velocity was kept unchanged (139 m/s). The resulting peak stresses are summa-
rized in Table 4.

Table 4
Peak maximum principal stresses of the parametric series
TNT mass, | Contact charge Maximum | Penetration-explosion Maximum
kg Principal Stress, MPa Principal Stress, MPa
100 2.05 25.38
200 3.11 27.05
300 3.26 26.05
400 4.39 26.01
500 9.1 28.09
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The results of the parametric series are summarized in Fig. 6, which plots the peak
maximum principal stress in the lower part of the structure against the TNT charge mass
for both loading scenarios. The two curves behave in strikingly different ways. The con-
tact-charge curve rises steadily from 2.05 MPa at 100 kg to 4.39 MPa at 400 kg, following
the power-law trend, and then climbs sharply to 9.1 MPa at 500 kg, marking the change
in the load transmission mechanism analyzed below. The penetration-explosion curve, in
contrast, remains an almost horizontal line at 25.4-28.1 MPa over the entire mass range.
The vertical gap between the two curves — an order of magnitude at the lower masses —
narrows toward 500 kg solely because the contact-charge response grows, not because the
penetration-explosion loading weakens. The plot thus encapsulates the central finding of
the study: the explosive mass governs the structural response only in the contact scenario,
whereas the response to a penetrating munition is dictated by its impact velocity.

30
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o

y = 4E-07x"- 0,0003x? + 0,091x + 18,386
R?=0,9807
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Maximum principal stress , MPa

0 100 200 300 400 500 600

TNT mass, kg
—&—fixed contact charge, MPa —8— penetration-explosion charge, MPa

Fig. 6. Maximum principal stress as a function of TNT charge mass for fixed contact
charge and penetration—explosion scenarios

For the contact charge, a clear dependence on charge mass is observed. Within
the 100400 kg range, the peak tensile stresses under a contact charge grow according
to a power law obtained by regression analysis of the simulation results (R? = 0.93):

ol =020 0204w 100 <w <400

where O'lp 1s the peak maximum principal stress in the lower part of the structure, MPa,

and W is the charge mass in TNT equivalent, kg. The exponent of 0.51 falls within the
range of 1/3 to 2/3 characteristic of the energy similarity laws of explosion (Hopkinson—
Cranz scaling), which supports the physical soundness of the relationship obtained.
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At W=500 kg, an abrupt jump to 9.1 MPa is observed against the ~4.7 MPa predicted
by extrapolation — an indication of a change in the load transmission mechanism: severe
damage to the burster slab, after which the air gap partially loses its screening function.

The penetration—explosion scenario, by contrast, shows no dependence on charge
mass. The peak stresses are practically constant at 26.5 + 1.0 MPa (coefficient of vari-
ation 3.6 %) over the entire 100-500 kg range. This directly confirms the mechanism
described above: the o1 peak is generated by the kinetic impact of the casing, and the
contact stress is governed by the impact velocity and the acoustic impedances, both of
which are invariant within the series (v = 139 m/s = const; the munition mass of 667.7—
785 kg is nearly constant, Ex=6.4-7.6 MJ). The explosive mass affects the duration and
completeness of the damage, but not the peak tensile stress.

In the acoustic approximation of normal impact between two bodies, the contact
stress 1s determined by the impact velocity and the acoustic impedances of the materials:

ZyZ,. P P
Ok =V———— > Lp=PpCps 4c = PcCe
Z,+2, P PP

where v is the impact velocity, m/s; Z, and Z. are the acoustic impedances of the casing
material and of concrete; and p, ¢ are the density and the longitudinal wave velocity,
respectively. For the aluminum casing (p, = 2700 kg/m?, ¢, = 5300 m/s) and concrete
(pe = 2787 kg/m?, cc = 3600 m/s) at v =139 m/s, this yields ox = 820 MPa.

The peak tensile stresses in the lower part of the structure are related to the contact
stress through a transmission coefficient:

Z 7

O'Ip = ko =kyv re
Zy+Z,

where k: = 0.03 is the coefficient of transmission of the compressive contact stress into

the tensile stresses in the lower part of the structure, determined from the numerical

series (O'lp =26.5+ 1.0 MPa at ox = 820 MPa) and constant for the given roof geometry.

Since none of the quantities entering this relationship depends on the charge mass W,
the peak stresses of the penetration—explosion scenario remain practically unchanged
throughout the series.

alp (pen —exp)

Relation between the two scenarios. The ratio decreases monoton-

alp (contact)

ically from 12.4 at 100 kg to 3.1 at 500 kg — the contact charge “catches up” only
through its own growth, yet even a fivefold increase in explosive mass does not reach
the load level produced by the impact of a munition carrying a 100 kg charge. The
practical conclusion is that the penetration—explosion scenario must be adopted as the
design case for two-layer roofs, its severity being governed by the approach velocity
of the munition rather than by the charge mass; substituting an equivalent contact
charge underestimates the loading by a factor of 3 to 12, depending on the mass.
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Conclusions. Numerical simulation in the coupled Euler-Lagrange formulation
of ANSYS Explicit Dynamics has substantiated the effectiveness of a two-layer roof
for shallow-buried protective structures of critical infrastructure, composed of an upper
solid slab (burster layer), an air gap, and a load-bearing deck of adjacent concrete
beams. The simulations show that: 1) the upper slab initiates the detonation of the mu-
nition at a distance from the load-bearing layer, converting the most dangerous con-
tact—penetration explosion into a distributed air load on the deck; 2) owing to the wave
impedance mismatch at the concrete—air interface, the air gap precludes direct trans-
mission of the stress wave and sharply reduces the transmitted pressure and impulse;
3) damage to the load-bearing deck is confined to one to three beams beneath the im-
pact zone, and the joints between adjacent beams restrict the spread of failure, which
ensures the repairability of the structure and rapid restoration of its service.

A quantitative comparison of the scenarios for the baseline case (W = 100 kg)
showed that the penetration—explosion loading (casing impact at = 13 ms followed by

detonation at 14.1 ms) produces peak tensile stresses of Glp =25.48 MPa in the lower

part of the structure, against 2.78 MPa for a contact charge of the same mass — roughly
nine times higher. The peak values lie at the limit of the dynamic tensile strength of
concrete when strain-rate strengthening is taken into account; in a real structure, an
additional safety margin is provided by the bottom flexural reinforcement of the beams,
which is not represented in the homogenized model.

A parametric series of simulations over the charge mass range of 100-500 kg TNT
revealed a fundamentally different character of the two scenarios. For the contact

charge, the peak stresses grow according to the power law Glp ~0.20 %1 (R*=0.93),

close to proportionality to \/W and consistent with the energy similarity laws of ex-
plosion; at W=500 kg, a jump to 9.1 MPa was recorded, associated with severe damage
to the burster slab and a partial loss of the screening function of the air gap. In the
penetration—explosion scenario, by contrast, the peak stresses are practically independ-
ent of the charge mass (26.5 = 1.0 MPa, coefficient of variation 3.6 %) and are gov-
erned by the impact velocity and the acoustic impedances of the materials, in accord-
ance with the impedance relationships presented above. The ratio of the peak stresses
of the two scenarios decreases from 12.4 at W=100 kg to 3.1 at W=500 kg, yet even a
fivefold increase in the mass of the contact charge does not produce a load equivalent
to the impact of a munition carrying a 100 kg charge.

It follows that treating penetration and explosive action separately fails to capture
the full destructive capability of modern munitions, above all large-caliber weapons
with delayed-action fuses employed against buried targets: the simplified contact-
charge design scheme underestimates the maximum tensile stresses by a factor of 3 to
12 depending on the charge mass. Protective structures should therefore be assessed in
the coupled “impact + detonation” formulation [12—17], with the penetration—explo-
sion scenario adopted as the design case for two-layer roofs — its severity governed by
the approach velocity of the munition rather than by the charge mass. Since the rela-

tionship O'lp =f (W) for the contact charge has been established in this work, further
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research should focus on a series of simulations over the impact velocity at W=const

to close the generalized relationship Glp =f (W,v) and to refine the transmission co-

efficient k; for other roof geometries, as well as on optimizing the air gap height, the
burster slab thickness, and the beam cross-section for typical threats, and on comparing
deck variants with and without a composite topping slab.
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AHOTAIIA
Meta. OOrpyHTYBaHHSI KOHCTPYKTHUBHOTO PIiIIEHHS JBOLIAPOBOTO MOKPHUTTS Maj03aryinOJIeHUX 3a-
XMCHUX CHOPYZ KPUTHYHOI 1HPPACTPYKTYPH Ta KUIbKICHA OLlIHKA HOr0o HaIpyKeHO-1e(OPMOBAHOTO
CTaHy IPH yAapHO-BUOYXOBIi i1 OoempuIacy NopiBHSIHO 3 Ai€10 HAKIAJCHOTO 3apsy.

Metoauka. UncenbHe MOJENIOBaHHA y 3B's3aHii eiinepoBo-narpamkeBiid mocraHoBui ANSYS
Explicit Dynamics. beron onucano mozaemmto mirtHocti RHT 3 piBHsiHHAM cTany P—a, nmpoxykTH ne-
TOHalii — piBHAHHAM cTtany JWL, moBiTps — MOAEIUIO i/1eaibHOrO ra3y. Po3risHyTo MOKpUTTS Yy
CKJIa/li BEPXHBOI KEPTOBHOI IIUTH TOBHIMHOI 600 MM, TOBITPSHOTO MPOIIAPKY Ta HECYYOTo
HACTHITY i3 CyMi)KHI/IX O6eronnux Oanok. boenpunac mictute 100 kr BHOYXOBOI PEUOBHHHU B
AIIIOMIHIEBOMY Kopnyc1 MIBUIKICT Miu1boTy 139 M/c, ynoBinbHeHHs miapuBy 14,1 mc. Bukonano
napaMeTpuy4Hy cepiro po3paxyHkiB s mac 3apsny 100-500 Kkr y TpOTUIOBOMY €KBIBaJICHTI.

Pe3yabTaTn. BcranosneHo, 1m0 yJapHO-BUOYXOBE HABAHTAXKEHHS CTBOPIOE B HIKHIM YaCTHHI KOH-
CTPYKIIii MIKOB1 pO3TATYBaNbHI HanpyxeHHs 25,5 MIla npotu 2,78 Mlla npu HakiIaneHOMY 3apsiii
Ti€l )k Macu. J{Js HaKJIaJAeHOro 3apsay OTPUMAHO CTETEHEBY 3aJICKHICTh MIKOBUX HANPY>KEHb Bij

Macu O-lp ~ 0.20W 01, ysromxkeny 3 3akoHaMu eHepreTHUHOI MOAIGHOCTI BHOYXY; MK YIapHO-BHOY-

XOBOT'O CIICHAPII0 MPAKTUYHO HE 3aJICKUTH BiJl MacH 3apsay (26,5 + 1,0 MI1a) i Bu3HaYa€eThCs IIBU-
KICTIO y/1apy Ta aKyCTUYHHUMHU iMIeiaHcaMu MaTtepiaiiB. [TomKoKeHHS HACTUITY JIOKATi3yIOThCS B
MeXax OJIHI€I-TPhOX OAJIOK MiJ 30HOIO yaapy.

HaykoBa HoBU3HAa. Briepiiie BUKOHaHO NMOPIBHSHHS YaCOBUX ICTOPIi HANPYKEHb PO3ZHECEHOT'0 JIBO-
[IAPOBOTO MOKPHUTTS MPH Jii HAKIAJEHOTO 3apsAay Ta y 3B'3aHOMY clieHapii «yaap + IeToHaIis»;
3alPONOHOBAHO 1HXKEHEPHY 3aJIEKHICTh MIKOBHX PO3TATyBabHUX HANPYXKEHb Yepe3 KoeilieHT me-
penavi KOHTAKTHOTO HAIPY KEHHS CIIBYIapsHHSL.

IIpakTnyHa 3HaYnMicThb. [TokazaHo, 110 cpoIleHa PO3paxyHKOBA CXeMa HaKJIaJAEHOTO 3apsaay 3a-
HHKY€ HABAHTAKEHHA Y 3-12 pa3iB 3aJIe’KHO B1Jl MacH, TOMY PO3paxyHKOBHM BHIIA/IKOM /TSl IOKPUT-
TiB 3aXMCHHX CIIOPYJ CIIiJl NPUAMATH y1apHO-BUOYXOBHiA cLieHapii. bankoBnii HacTi 3abesneuye
PEMOHTONPUIATHICTS 1 IIBUAKE BITHOBJICHHS (PYHKIIOHYBaHHS CIIOPYA KPUTUYHOT iHPPACTPYKTYPH.

Knrwowuosi cnosa: 3axucna cnopyoa, 0owiapose nokpumms, YOApHO-6UOYX06€ HABAHMANCEHHS,
Haxaadenutl 3aps0, mooenv RHT, ANSYS Explicit Dynamics.
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