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A PHYSICALLY BASED ANALYTICAL METHOD FOR DETERMINING
BLAST-INDUCED ACCELERATION TIME HISTORIES FROM THE
ACOUSTIC IMPEDANCE OF THE MEDIUM

This paper presents a physically based analytical approach for
determining blast-induced acceleration time histories, which is
developed by establishing the relationship between the time-
dependent overpressure of a blast wave and the kinematic
parameters of particle motion in the surrounding medium. The
relevance of the study is associated with the need to obtain reliable
acceleration time histories for the dynamic analysis of building
structures subjected to impulsive blast loading. Existing design
approaches generally provide the main parameters of a blast wave,
including peak overpressure, specific impulse, and positive phase
duration; however, the determination of acceleration time histories
often requires additional assumptions or complex numerical
simulations.

The proposed method is based on the one-dimensional wave
propagation model in a homogeneous elastic medium and the concept
of acoustic impedance. Using the relations of wave theory, a
correlation between blast overpressure and particle velocity is
derived, which enables the determination of particle velocity from a
known pressure-time function. Further differentiation of the obtained
relationship provides a direct procedure for calculating the
acceleration time history induced by blast loading. The proposed
mathematical formulation is universal and can be applied to various
pressure-time functions describing blast wave propagation. The
practical application of the developed approach is demonstrated using
two commonly adopted blast impulse models: a linearly decaying
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triangular pressure pulse and the exponential Friedlander waveform.
The characteristics of the resulting acceleration time histories are
analyzed, and the influence of the pressure-time function shape on
acceleration response is evaluated. It is shown that the triangular
pulse model produces an acceleration history with an approximately
constant acceleration level during the positive phase of the impulse,
whereas the Friedlander function results in a gradually decaying
acceleration response that more accurately represents the physical
attenuation of a blast wave. The analysis demonstrates that the
acceleration response is governed not only by the peak overpressure
but also by the rate of pressure variation and the duration of the
positive phase of the blast pulse. This confirms the importance of
considering the temporal structure of blast loading when evaluating
the dynamic response of structural systems. The proposed approach
is characterized by a clear physical interpretation, computational
efficiency, and ease of implementation, making it suitable as an
intermediate procedure between blast wave parameter determination
and dynamic structural analysis.

The obtained results can be applied for generating design
acceleration time histories for time-domain and spectral analyses of
structures, as well as for improving methodologies used to assess the
load-bearing capacity and structural performance of buildings and
protective structures subjected to blast effects.

Key words: blast wave, acceleration time history, acoustic
impedance, overpressure, particle velocity, Friedlander waveform,
dynamic analysis, impulsive loading.

Review of previous studies and problem statement. A key step in
assessing the dynamic effects of blast loading on building structures is
obtaining an acceleration time history of ground or foundation motion.
Such a record describes particle acceleration as a function of time and
is used in direct time integration of the equations of motion, in
response-spectrum analysis, and in numerical modelling of structural
response. The preferred method for constructing the acceleration time
history depends on the required accuracy, the available input data, the
complexity of the problem, and the computational resources. Analytical,
spectral, numerical, and experimental approaches are all used to obtain
blast-induced acceleration time histories, each with its own advantages,
limitations, and scope of application. The main approaches are
summarised below.
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1. Analytical methods based on one-dimensional wave theory [1,2,3];

2. Spectral methods based on the Fourier transform [4, 5];

3. Finite-element numerical modelling in modern analysis software
[6,7,8];

4. Semi-empirical scaling of measured acceleration time histories [9,
10];

5. Direct field measurements [11, 12];

6. Differentiation of measured particle-velocity records [13, 14].

Analytical methods based on one-dimensional wave theory treat
blast-wave propagation in a one-dimensional medium and use acoustic
impedance to relate overpressure to particle velocity. Once a pressure-
time history is prescribed (for example, a triangular pulse or a
Friedlander waveform), the acceleration time history follows by
differentiating velocity with respect to time. This approach is used in
engineering practice and underpins UFC guidance [1] on medium motion
under blast loading. It has a clear physical basis, is straightforward to
implement, and requires little computational effort, so acceleration time
histories can be generated quickly for different pressure-time laws. Its
principal limitation is the assumption of one-dimensional propagation,
which means that complex geometry, soil heterogeneity, reflections,
and wave interference are not fully captured.

Spectral methods based on the Fourier transform convert a time-
domain signal into the frequency domain using the fast Fourier
transform (FFT). After the spectrum of velocity or pressure has been
obtained, acceleration is recovered by multiplying each harmonic
component by the corresponding circular frequency and applying the
inverse transform. The method is widely used to process experimental
blast records: it accommodates arbitrary signal shapes, provides
spectral content, and supports digital filtering. It is computationally
efficient and integrates readily with modern signal-processing tools.
However, it does not describe the physics of blast-wave propagation
and requires a measured or otherwise prescribed input signal; the
results also depend on the sampling rate and may be affected by edge
effects.

Finite-element numerical modelling solves the governing
equations of continuum dynamics using modern software packages
(e.g., LS-DYNA, Abaqus Explicit, AUTODYN). Shock-wave propagation,
soil-structure interaction, material nonlinearity, contact, and possible
structural failure can be treated within a single analysis, and the
acceleration time history is obtained from nodal accelerations. This
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approach offers the highest fidelity and can represent realistic
geometry, heterogeneous soils, complex wave fields, and nonlinear
material response; it is therefore the most versatile option for
demanding problems. Model development, however, is time-consuming
and computationally expensive, and requires detailed material data.
Result quality depends strongly on the chosen constitutive models and
analysis settings.

Semi-empirical methods start from measured acceleration time
histories and scale them with charge mass, standoff distance, and
medium properties. Their strength is that they retain features of real
blast-wave propagation; their use is limited by the available
experimental database and by how closely the test conditions match the
design case.

Direct field measurements record acceleration during full-scale
blast tests using accelerometers or geophones. Such records are the
most reliable observational data, but the tests are costly and logistically
demanding, and the amount of published data remains limited.

Acceleration time histories can also be obtained by numerical
differentiation of measured particle-velocity records. The procedure is
simple and common in geophysical data processing, but it amplifies
noise and therefore requires prior digital filtering.

Overall, existing methods for obtaining blast-induced acceleration
time histories are either computationally demanding or dependent on
experimental records. Design documents such as UFC [1] emphasise
blast-wave parameters, while procedures for converting those
parameters into acceleration time histories for structural analysis
remain comparatively underdeveloped. This motivates a simple,
physically based analytical method that yields acceleration time
histories directly from known blast loading parameters.

The objective of this study is to develop such a method from the
relationship between blast-wave pressure and particle velocity, using
the acoustic impedance of the medium. Specifically, we:

— derive an analytical relationship between blast-wave overpressure
and particle velocity;

— obtain a general expression for the acceleration time history by
differentiating the velocity history;

— develop closed-form acceleration time histories for the most
common pressure-time models (a triangular pulse and the
Friedlander waveform).

377



Cepist «TexHi4YHi Hayku» ISSN 2306-5478
Bunyck 2(114) 2026 p.

Proposed method.

Construction of the blast-induced acceleration time history begins
with the particle-velocity history. Consider a plane shock wave
propagating in a homogeneous medium, and adopt the wave-theory
relations that link overpressure to particle velocity.

Figure 1 shows an infinitesimal continuum (soil) element of length
dx, with stresses acting on the left face at o(x) and on the right face at
o(x+dx).

G(x) O(x+dx)

X

dx

Figure 1. Derivation of Newton’s second law in impulse form for one-
dimensional continuum waves

The resultant force F on the element is obtained by projecting all
forces onto the x-axis:

F = o(x +dx) — o(x). (1)
Expanding the first term of Eq. (1) in a Taylor series gives
o(x +dx) ~ G(X)+a—GdX. (2)
ox
Substituting Eq. (2) into Eq. (1) and simplifying yields
F:a—GdX. (3)
ox

The mass of the infinitesimal element is
m=p-dx, (4)
where p denotes the linear density of the material.
If uis the particle displacement, acceleration is the second time
derivative of displacement:
o’u

a(t)=—-. (5)
(t) o
Newton’s second law applied to the element in Fig. 1 then gives
F=m-a. (6)
Substitution of Egs. (3)-(5) into Eq. (6) produces
2
6—de =pdx6—121. (7)
ox ot
Cancelling dx in Eq. (7) leads to the governing equation of motion
0c o’u
— =p—. (8)
Ox P o’
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Particle velocity v is the first time derivative of displacement:
ou
P

Expressing the momentum balance (8) in terms of velocity via Eq.
(9) gives

(9)

V=

6—G=p@. (10)
ox ot
Invoking Hooke’'s law, the stress may be written as
c=E-e= Ea—u,
2 (11)

where E is the elastic modulus along the element. Substituting Eq. (11)

into Eq. (8) recovers the classical wave equation
Fu_Edu
o> poxt

CZ\/E:Ezpcz, (13)
P

where c is the longitudinal wave speed in the soil.
Equation (12) may then be written as
u_ ,0%u
ot? —¢ ox*’
A solution of Eq. (14) is sought in the form of a travelling wave
whose shape is preserved as it propagates. Introducing the
characteristic variable [15]

(12)

Introducing the notation

(14)

E=x-ct. (15)
the displacement may be written as
u(x,t) =f(§). (16)

Differentiating with respect to time once gives
oM@ 0 _dx—e) o ()
ot o0& ot ot ot ot o
and a second differentiation yields
ill:— ﬁ[%%j, % _Ox=ct) =—c> 82? =c’ 8f2(}). (18)
ot ot\ 0 ot ot ot ot o
The first spatial derivative is
ou_of©)dg 08 _dx=ch) | ou_ofE) (4
ox 0% Ox 0Ox 0x ox 0§
and the second spatial derivative is

(17)
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@_g(af@%j & _dx=c) | Fu_oE) 0

ox> ox\ o ox) ox ox ot o8
Substitution of Egs. (18) and (20) into Eq. (14) produces an identity
2 2
2 Q) 0T 21)
o0& 0,

Hence any twice differentiable function of (x - ct) satisfies Eq. (14).
For unidirectional plane waves, the solution of Eq. (14) therefore
takes the form
u="f(x—ct). (22)
With the characteristic coordinates ¢ = x - ct and n = x + ct, the
general solution becomes

u=f(x—ct)+g(x+ct). (23)
and the wave equation reduces to the canonical form
2
ou _ (24)
9&on

In this form, variations associated with one characteristic direction are
independent of those associated with the other. The same separation of
incident and reflected impulses is adopted in UFC [1].
For the plane waves considered here, particle velocity and strain
are
V:@:_C.af(x—ct); (25)
ot o(x —ct)
8:@: of (x —ct)
ox  O(x—ct)
The stress then follows from Eqgs. (11) and (26):
_E of (x —ct) —p-c? af(x—ct).
o(x —ct) o(x —ct)
From Eq. (25), the relevant time derivative is
of(x—ct) v
o(x —ct) ¢
Substituting Eq. (28) into Eg. (27) and rearranging gives the
pressure—velocity relation

Gzp-Cz(—ij—p-C-V. (29)
c

(26)

(27)

(28)

Thus, under the assumptions adopted for a homogeneous medium,
the kinematic response of the soil follows directly from the
overpressure history P(t) at the wave front and the particle velocity V(t):
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vty =20 (30)
.CV
where p is the soil density and Cv is the wave speed in the soil.

Equation (30) determines particle velocity from a known
overpressure—time history. Because acceleration is the time derivative
of velocity, the acceleration time history is

dVv(t)
a(t)= T
Substitution of Eq. (30) then yields the general expression
a = dv(t) 1 dP(t)' (32)
dt pC, dt

Equation (32) is now specialised to two representative pressure—
time functions.

First, consider a linearly decaying triangular pressure pulse

(31)

P(t)=P__ -(1—%),0990, (33)
0

where Pna is the peak pressure, expressed as a function of the scaled
distance Z = %V“ (R is the distance from the charge centre to the point

of interest and W is the TNT-equivalent charge mass), and t; is the
positive-phase duration. The corresponding particle velocity is

V(t) = @(1 —ij. (34)
pcv tO

and the acceleration time history reduces to

— dVV(t) _ 1 dP(t) _ Pmax (35)
dt pC, dt pCyt,

UFC [1] recommends the simplified expression (35) with a
constant load duration for all explosion types considered therein:

a, = 100Pm¢. (36)
pCy
A more realistic acceleration time history is obtained when the
pressure history is described by the exponential Friedlander waveform

P(t)=P,, -[1—%}-5‘0, (37)

0

ay

where Pmax depends on the scaled distance Z, to is the positive-phase
duration, and b is the waveform decay parameter. Restricting attention
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to the compressive phase, differentiation of Eq. (37) gives the
acceleration time history

. deV(t): 1 dP(t): P e_bi M—b—l (38)
v dt pC, dt  pCyt, t ’

The time at which the acceleration decreases to zero is

determined by
[E—b—lJ:OA t=tom. (39)
0 b

The shape of the resulting acceleration time histories is controlled
by the prescribed pressure—time history. For the triangular pulse, linear
pressure decay produces a rectangular acceleration history with
constant amplitude during the positive phase. This idealisation is
convenient for engineering estimates but does not capture the true
decay of a blast wave. The Friedlander waveform yields a decaying
acceleration history that is more consistent with shock-wave
attenuation. Peak acceleration depends not only on peak pressure but
also on the rate of pressure change. Accordingly, the Friedlander
representation is preferable when accounting for the realistic profile (or
actual shape) of the blast impulse is required.

0

Conclusions.

A physically based analytical method has been developed for
constructing blast-induced acceleration time histories from blast-wave
parameters and the kinematic response of the surrounding medium.
Using a one-dimensional wave model and acoustic impedance,
overpressure is related to particle velocity, and acceleration is obtained
by differentiating the pressure-time history. The approach is
independent of any particular impulse shape: both a linearly decaying
triangular pulse and a Friedlander waveform vyield closed-form
acceleration time histories without recourse to detailed numerical
simulation.

The acceleration time history is governed not only by peak
overpressure but also by the temporal evolution of pressure. For a
given peak pressure, changes in impulse duration can produce
substantially different accelerations, which should be accounted for in
dynamic structural analysis.

The method is physically transparent, easy to implement, and
compatible with existing procedures for the dynamic analysis of
building structures. It can be used to generate design acceleration time
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histories for blast assessment and provides an intermediate step

between evaluation of blast-wave parameters and calculation of the
structural response.
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' HauioHanbHW yHiBEPCUTET BOAHOIO rocnogapcTea Ta
NPMPOAOKOPUCTYBAHHSA, M. PiBHe

®I3UYHO OBI'PYHTOBAHUA AHANTITUMHUM METOL, BUSHAYEHHSA
AKCEJIEPOrPAM BUBYX0BOIro HABAHTAXXEHHS HA OCHOBI
AKYCTUYHOI O IMNEAAHCY CEPEAOBMULLA

Y crarTi npeactaBneHo ¢isuyHO O0GrpyHTOBaHMW aHaNiTUMHUMA MeTOA
BM3HAYeHHA aKceneporpaM BUOYXOBOro HaBaHTaXXEHHS HA OCHOBI
B3aEMO3B'SA3KY MidK HaAJIMIWIKOBAM TUCKOM YyaapHOI XBujai Ta
WBMAKICTIO PYyXy YAacTMHOK cepeaoBulla. 3anponoHOBaHWM nipxin
6a3yeTbCA Ha OAHOMIPHIN XBUNbOBIW Moaeni Ta BUKOPUCTAHHI
AKYCTUYHOrOo iMneaaHcy, Wo A03BOJIAE OTPUMATU YaACOBY 3aNIeXKHICTb
NPUCKOpPEeHHA 6e3 npoBeAeHHs CKMAQHOro YMCesibHOro MoAesloBaHHA.
BuBepeHo 3anexHicTb AN BU3HAYEHHA aKceneporpamu Yyepes nNoxigHy
byHKUiiT TMCKY B 4Yaci. Po3rnssiHyTo 3actocyBaHHsi 3anpornoHOBaHOI
MEeTOAMKU ANA Hanbinblw nowupeHnx moaenen BubyxoBoro iMnynbcy:
CNapHoOro TPUMKyTHOro iMnynbcy Ta PpyHKuii PpipneHpepa. NposeaeHo
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aHanis snauvBy ¢OpMM iMNysbCy Ha XapaKTep 3MiHU NPUCKOPEHHS.
BcTtaHoBneHo, WO BesIMYMHA aKceNleporpaMyM BM3HAYaETbCA He TiNIbKU
MaKCMManbHUM TUCKOM, ane W LWBUAKICTIO KOro 3MiHM Yy Yaci.
3anponoHoBaHa MeTOAMKA Mo)XKe 6yTM BMKOpMUCTaHaA ANA AWHAMIYHOro
poO3paxyHKy GyaniBeNnbHUX KOHCTPYKLIN 3a Ail BUOYXOBMX HAaBaHTa)KeHb.
OTpuMaHi 3aneXHOCTi A03BONAKTbL (POPMYBaTU  PO3PaXYHKOBI
aKkceneporpamm 6esnocepeaHbo 3a napamMeTpamu BMOGYxoBOi XBUJIi, AKi
BM3HA4YalOTbCA ICHYHYMMU HOPMAaTMBHMMU MeTtopamMu. Pesynbratn
DOCNIAKEHHS CTBOPHOIOTb OCHOBY AJSIA NOAANbLIOr0 BUKOPUCTAHHSA
3anponoHOBaHOro MniAxXoAy Yy CREeKTpasbHUX Ta 4acoBUX MeTopax
PO3paxyHKy cnopyA Ha Ailo iMNysIbCHUX BUOYXOBUX HABAaHTAXKEHbD.
KnwuoBi cnoBa: BubyxoBa XBWJSl, aKceneporpama, aKyCTUYHWUK
iMNefaHc, HaaMWKOBUM TUCK, ¢YyHKUia PpigneHpgepa, OUMHAMIYHUK
PO3paxyHOK.

OTtpuMaHo: 29 6epe3Hsa 2026 poky
MNpopeueH3oBaHo: 25 kBiTHA 2026 poKy
MpunHATO fo ApykKy: 29 TpaBHsa 2026 poky

© 2026 [Stoyanovych V.M., Martyniuk P.M., Kochkarev D.V.]. Licensee [NUWEE].

This article is an open access article distributed under the terms and conditions of

BY__NC the Creative Commons Attribution-NonCommercial (CC BY-NC) license
(creativecommons.org).

386



