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Concrete structures undergo integral fragmentation under explosion loads. The fragmentation degree and particle-size dis-
tribution of concrete blocks under explosion loads must be considered during mining to ensure safety. In this study, the impulse is
calculated based on the relationship between overpressure and time, and the impact energy of the explosion wave is obtained
based on blast theory. Subsequently, the Mohr-Coulomb shear strength fracture criterion is introduced to determine the ultimate
shear stress of the concrete materials, and an empirical model that can effectively calculate the energy consumption of concrete
blocks under explosion loads is established. Furthermore, concrete fragments with different particle sizes under explosion
scenarios are quantitatively predicted with the principle of energy conservation. Finally, explosion tests with different top stand-
off distances are conducted, and the concrete fragments after the explosion tests are recovered, sieved, weighed, and counted to
obtain experimental data. The effectiveness of the fragment empirical model is verified by comparing the model calculation
results with the experimental data. The proposed model can be used as a reference for civil blasting, protective engineering

design, and explosion-damage assessment.
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1 Introduction

Concrete engineering structures are highly susceptible to
explosion loads during service, and predicting the fragment
behavior of concrete structures under explosion loads is
challenging. The explosive detonation process generates a
significant amount of energy that can be rationally utilized in
daily production. The fragmentation of brittle materials un-
der explosion loads is ubiquitous in fields that entail the
mining of rocky minerals [1], the splitting and fragmentation
of coal blocks [2], and the demolition of abandoned build-
ings [3]. The fragmentation of concrete materials is widely
investigated in the field of rock blasting and safety protec-
tion; furthermore, it is an important indicator in water con-
servancy and hydropower, construction transportation, and
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mineral exploitation projects. Therefore, an empirical cal-
culation model for fragments of concrete materials under
explosion loads must be established to promote blasting
technology, as it can reveal the fragmentation mechanism of
brittle materials and improve the quality and efficiency of
engineering.

The fragmentation of concrete blocks under explosion
loads is extremely complex; it involves the propagation and
attenuation of the explosion wave, the reflection, and en-
hancement of the stress wave, the stress concentration and
energy dissipation of the material, as well as the escape of
high-pressure explosion gas products. The typical methods
for calculating explosion energy in the current study are in-
direct-calculation and empirical-formula calculation meth-
ods.

The indirect-calculation method is primarily used to
measure the deformation degree, damage area, and other
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parameter information that can reflect the energy absorption
of the target [4—7]; subsequently, the information from these
parameters is used to indirectly convert the initial explosion
energy. However, this method is susceptible to significant
measurement errors, and the energy dissipation in each
physical process cannot be comprehensively considered in
the conversion calculation; thus, the calculation results
yielded by this method are generally unsatisfactory. Various
types of sensors are installed at the target to obtain more
accurate energy signals [8,9]; subsequently, the calculation is
performed based on the loading signals to compensate for the
significant measurement errors in indirect calculations. This
method is applied extensively in explosion tests involving
small charges and low strain rates. However, as the charge
mass and loading rate increase, the integrity of the sensor
may not be guaranteed in strong impact experiments, and the
test data acquired by the sensor are extremely volatile, thus
rendering the effective capture of explosion-load data diffi-
cult to achieve [10,11]. Moreover, the indirect-calculation
method is only applicable to specific explosion scenarios and
can not be used to predict results under unknown explosion
conditions. Accordingly, the empirical-formula calculation
method is applied to quantify explosion; it involves fitting
the existing experimental data as well as summarizing and
generalizing the empirical formula corresponding to the
explosion conditions. Moreover, the empirical formula can
be used to calculate the parameter information in unknown
explosion scenarios [12—-16]. However, effective empirical
formulas require a significant amount of experimental data,
and the applicability of these formulas is limited. Hence, an
empirical model with significant engineering value that can
rapidly calculate the initial explosion energy was established.

Concrete structures are susceptible to compression, de-
formation, fragmentation, loosening, and throwing under
explosion loads [17-22]. This process has been investigated
extensively, and many have concluded the fragments of
concrete structures under explosion loads are caused by ex-
plosion waves and gas products generated by explosion [23—
27]. However, the fragmentation of nonhomogeneous ma-
terials such as concrete is primarily due to the explosion
wave, particularly in explosion scenarios involving a stand-
off distance. The expansion pressure of the gas products is
small, which only accelerates the separation of fragments,
whereas the explosion wave possesses a high amount of in-
itial energy, which perturbs the concrete material sig-
nificantly and fragments the structure.

Studies pertaining to the fragment behavior of concrete-
like materials subjected to strong impact loads are primarily
based on elasticity, fracture, damage, and fractal damage
theories [28-32]. Based on the elasticity theory, concrete
materials are in the elastic deformation stage before frag-
mentation, which facilitates the simplification of the force
process of the material without considering the initial defects
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and irreversible damage of the material; consequently, the
calculation results obtained based on this theory are incon-
sistent with the actual situation. Meanwhile, fracture theory
considers the effect of internal microcracks in concrete ma-
terials based on elasticity theory and states that the frag-
mentation of concrete materials is due to the expansion of
internal microcracks [33—35]; however, this theory does not
provide an analysis and description of the material-dete-
rioration process, which limits its application scope. Damage
theory correlates the activation number of internal micro-
cracks in concrete materials with the damage degree of the
structure; moreover, a damage factor is introduced to char-
acterize the changes in the mechanical properties of the
material. However, a generalized construction of the damage
factor has not yet been established, and numerous basic
material parameters must be considered comprehensively
when the damage factor is introduced, thus limiting the wide
application of damage theory. Fractal damage theory in-
troduces the concept of fractal geometry into studies per-
taining to the dynamic properties of concrete materials and
uses the fractal dimension as the main parameter to char-
acterize the damage degree of concrete materials [36-38],
thus providing a basis for the construction of damage factors.
However, obtaining the key parameters of the fractal di-
mension is challenging, particularly when the concrete ma-
terial is subjected to explosion loads. Currently, this
parameter is primarily obtained experimentally; thus, rea-
sonable experimental techniques to obtain the effective
fragment parameters of concrete materials should be prior-
itized. Currently, the experimental methods for obtaining the
parameter information of concrete fragments include three-
dimensional (3D) scanning, image-recognition, and sieve
statistics methods [39-42]. Nevertheless, these methods re-
quire unique experimental equipment and analysis software;
furthermore, their efficiency and accuracy are unsatisfactory
when used in cases involving a significant amount of para-
meter information pertaining to concrete fragments.

The fragment empirical model is an effective method for
calculating the fragment behavior of concrete structures
under strong impact loads. Ref. [41] investigated the frag-
mentation behavior of concrete using sieve analysis, but the
fracture criterion was not sufficiently involved in this re-
search process. Concrete structures are bound to fragments
under explosion loads, and appropriate fracture criteria must
be selected to describe such phenomena reasonably. The
existing fracture criterion is proposed from the aspects of
stress, strain, and energy, and the fracture criterion based on
the stress and strain perspective is more intuitive; thus, it has
been applied to most scenarios [43—45]. The typical fracture
criteria include the Tresca-Mises, Drucker-Prager, and
Mohr-Coulomb criteria. The Tresca fracture criterion is ex-
cellent for characterizing the damage of a single shear plane
of a material, whereas the Mises fracture criterion fully
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considers the shear stress on the octahedron of a material.
These two fracture criteria have been used primarily for the
damage and fracture prediction of metals, whereas they are
unsuitable for brittle materials. The Drucker-Prager fracture
criterion couples the effects of friction and characterizes the
volume expansion when materials are loaded. Nevertheless,
it is derived from the Mohr-Coulomb fracture criterion for
the plane strain. The Mohr-Coulomb fracture criterion con-
siders the effects of compressive strength, the friction of
particles inside a material, the water content of a material,
and the history of loads; hence, it is applicable to brittle
materials with a compressive strength much higher than the
tensile strength. In fact, it is widely used to describe the
mechanical properties of brittle materials such as concrete
and rocks [46]. The fragment behavior of concrete structures
subjected to explosion loads is typically determined by the
external loads on the structure, which exceed the shear limit
of the material itself; hence, the Mohr-Coulomb fracture
criterion is coupled with the empirical model to characterize
the fracture mechanism of concrete blocks under explosion
loads. Moreover, the strain from shear stress is used to cal-
culate the fragmentation energy, which is included in the
empirical model for concrete fragmentation.

In this research, the loading characteristics of explosion
waves are analyzed, the impulse is calculated based on the
relationship between overpressure and time, and the effective
impact energy of the explosion wave is obtained based on
blast theory. Subsequently, the Mohr-Coulomb shear
strength fracture criterion is introduced to determine the ul-
timate shear stress of concrete materials, and an empirical
model is established by combining this fracture criterion.
Additionally, concrete fragments with various diameter sizes
in an explosion scenario are quantitatively predicted with the
principle of energy conservation. Finally, the explosive was
used to carry out the explosion test at various top spacing
distances, furthermore, the concrete fragments resulting from
the tests were collected and recycled fragments were further
sieved with a variety of screen sizes. The sieved concrete
fragments are subjected to weighing and counting to obtain
experimental data on fragments of various particle sizes. The
effectiveness of the fragment empirical model is demon-
strated by contrasting the model calculation results with the
experimental data. The fragmentation process of the con-
crete-resembling material and its energy-consuming beha-
vior during the load-bearing period can be explained by this
empirical model, thus benefitting the development of blast-
ing technology and the design of protection engineering.

2 Calculation of explosion energy

A charge explosion is a complex and rapid process that re-
leases significant amounts of thermal energy and generates

Sci China Tech Sci

August (2024) Vol.67 No.8 2517

high-pressure explosion gas products. The static medium in
air is perturbed by the gas products and the media state
parameters are changed. Compression waves propagating in
all directions are generated in space and these compression
waves are superimposed repeatedly to form the initial ex-
plosion wave. An extremely high initial energy is borne by
the explosion wave in the form of a wavefront that continues
to propagate outward. The wavefront surface continues to
expand during the propagation process, whereas the shock-
wave energy attenuates gradually. Effectively calculating the
explosion energy in different explosion scenarios is crucial
for the assessment of explosion hazards and the design of
protective engineering.

2.1 Propagation of explosion wave

Explosion energy can be classified into two categories: full
work and local work. Full work involves a certain distance
from the detonation source and is closely related to the re-
lease of all energy, whereas local work is determined by the
burst pressure on the surface of the explosion wave. The
explosion work depends on the initial energy of the explo-
sion wave when the concrete block from the explosion
source is at a certain interval distance. The overpressure-time
relationship for an explosion wave in air is shown in
Figure 1.

As shown in Figure 1, the explosion wave overpressure
zone can be partitioned into positive- and negative-pressure
zones. The positive-pressure zone within the shockwave
overpressure comprises upward and downward phases. The
explosion wave required a duration of 7| to reach the con-
crete block, at which time the shockwave overpressure from
the original atmospheric pressure P, required a duration of 7,
to reach the peak overpressure P,. As the explosion pro-
gressed, the surface of the shockwave front passed through
the concrete block, at which point the overpressure of the
shockwave block decreased rapidly. Subsequently, after T3,
the initial value of the atmospheric pressure attenuated ex-
ponentially. The units for time and pressure used herein are s

Decreasing stage
Rising

stage Positive pressure area

Negative pressure area

0 ! ! z
|T;-' Tl 4

Figure 1 Relationship between blast wave overpressure and time after
blast occurs in air. Blast-wave overpressure zone is partitioned into
positive-pressure zone (pressure > 0) and negative-pressure zones (pressure
<0).
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and MPa, respectively. A negative-pressure zone appeared as
the shockwave overpressure continued to decrease, and the
negative-pressure peak gradually returned to the atmospheric
pressure. The peak overpressure of the explosion wave is
calculated as follows [47]:

R=M"/H, (1)
P,=-0.0197R*+0.3133R*+3.8109R

~4.0715 (1<R<12), 2)

where M is the mass of the charge (kg), H is the stand-off
distance (m), and R is the scale distance (kgm/m). The time
required by the explosion wave to reach the concrete block,
the duration of the shock-wave overpressure rising phase,
and the duration of the falling phase can be calculated as
follows, respectively [48]:

T,=0.34M H"/C, (3)
7,=0.0019H"/ M %, (4)
T, = 0.0005H *"M 6, (5)

where C is the speed of sound propagation in air (340 m/s).

The overpressure value of the blast wave changes with the
propagation time and the movement positions, and this
functional relation of the shockwave overpressure value at
different times and positions is as follows:

526.3P,TH 13
P(T,H):W(OQTQTZ), (6)
P(T,H) =[P, ~(T-T)P,/ ;] ‘" ™' (1,< 1), 7)

where a is a constant that controls the decay rate of the
overpressure of the explosion wave, which can be calculated
as follows:

)—LOSP,?,'”(T—TZ)/T3

a=1.62P)+(5.13P)% (8)

2.2 Calculation of energy exerting on concrete block

The positive-pressure zone is the main source of energy for a
concrete block under explosion loads; hence, the parameters
in the positive-pressure zone are calculated, and information

Charge

Blast waves

Concrete block
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regarding the overpressure and time of the explosion wave is
obtained. Furthermore, the fragmentation effect of concrete
blocks is affected by the shock wave overpressure and the
impulse is relatively large; thus, these effects are compre-
hensively considered in the calculation of the impact energy.
The propagation of explosion waves in air is complex.
Therefore, the following assumptions are introduced to cal-
culate the impact energy.

(1) The instantaneous explosion of the explosive detona-
tion is adiabatic.

(2) The radiation energy, light energy, acoustic energy loss,
and viscous friction caused by energy dissipation are dis-
regarded during the detonation of explosives.

(3) The energy distribution of the explosion wave during
the propagation process is uniform throughout the wavefront.

(4) The shock wave energy acting on the concrete block is
assumed to originate primarily from the positive pressure
region, and the negative pressure region is disregarded.

(5) The acceleration distance of the impact energy on the
concrete fragments is minute in this study; thus, the influence
of kinetic energy on the concrete fragments is neglected.

Moreover, the impulse and momentum changes in the
rising and decreasing stage of the shockwave overpressure
within the positive-pressure zone can be calculated sepa-
rately based on the relationship between overpressure and
time as follows:

T.=T,+T, ©)

r,
10=1R+1D=j0 P(T,H)dT, (10)

where T, denotes the duration of the positive pressure;
denotes the impulse of the concrete block under explosion
loads; and I and I, denote the impulses of the rising and
decreasing phases, respectively.

The explosion wave separates from the explosion products
during an air explosion and propagates forward after the
separation when the explosion products stop expanding.
Figure 2 shows the distribution of the shock-wave over-
pressure at different locations over a wide range. Adiabatic
compression and energy attenuation occur during the pro-
pagation of an explosion shockwave, and the energy loss

A

Hy H,<H,<H,<H,

Figure 2 (Color online) The relationship between blast wave over-pressure and displacement after a blast in air. (a) Schematic illustration of the principle
for a blast wave impacting the concrete block; (b) the attenuation of the over-pressure in the propagation direction.
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during this propagation process is proportional to the in-
tensity of the explosion wave. The explosion wave first ar-
rives at the concrete block surface. As the shockwave front
develops further, the block is subjected to impacts at dif-
ferent locations. Impulse is the cumulative effect of the im-
pact force on the concrete block, and the impulse of the block
is numerically equal to its momentum change. Different
types of impulse waveforms are generated under different
burst sources; thus, the damage effect at the concrete block
differs significantly for the same impulse value. The length
of the concrete block in the explosion-wavefront direction is
denoted as L, and integration can be performed in the di-
mension direction to obtain the energy of the entire concrete
block under explosion loads with the following formula:

et PXT,H

EO:I j P g, (11)
0 J0 poC

where E,, denotes the impact energy of the concrete block

under explosion loads, p, denotes the gas density, and C

denotes the speed of sound.

3 Empirical model

Concrete structures under explosion loads experience dif-
ferent degrees of damage, and the degree of damage to the
concrete structure is positively correlated with the strength of
the explosion load. Compressive tests were first performed
on concrete cube specimens to obtain the basic mechanical
properties of the concrete materials, and the ultimate com-
pressive strength and stress-strain relationship of the con-
crete materials were determined via several tests.
Furthermore, the Mohr-Coulomb fracture criterion was in-
troduced to describe the fragment behavior and fracture
mechanism of the concrete materials, and the fragmentation
energy of concrete materials was calculated according to this
fracture criterion. Finally, a fragment empirical model with a
coupled fracture criterion for a concrete block under explo-
sion loads was established by combining the impact and
ultimate deformation energies of the concrete block.

pecinien
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3.1 Mechanical properties tests

The mechanical properties of concrete materials were tested
via compressive tests to establish an effective empirical
model for the concrete blocks under explosion loads. The
geometrical dimensions of the concrete specimens used in
this study were 100 mm x 100 mm x 100 mm. The concrete
specimens used in the tests were prepared from the same
batch and contained the same constituent materials. The
strength grade of the concrete specimens was C30. The
concrete specimens were wrapped and sealed after pouring,
and the batch of poured concrete were stored at the normal
temperature room for curing.

Eight concrete specimens were selected for compressive
tests. The eight concrete specimens were first sanded before
the tests, and 2 mm strain gauges with 120 Q resistance were
fixed vertically on the surface. The pressure-bearing surfaces
of the concrete specimens were coated with lubricating agent
materials to minimize the influence of friction during the
experimental process, and the eight concrete specimens were
tested in compression with a material testing machine pro-
duced by Kexing Instruments, Inc., respectively. The ex-
perimental data were registered using sensors, the
displacement rate was set to complete the loading of the
concrete specimens in the tests. The strain gauges in the
concrete specimens were connected to BZ2205C static re-
sistance strain gauges, and the data of static resistance strain
were observed after the test to obtain the strain condition of
the concrete specimens. Figure 3 shows the stress-strain re-
lationship of a 5# concrete specimen; the compressive
strength of this concrete specimen was 31.87 MPa and the
corresponding ultimate compressive strain value was ap-
proximately 0.0033, as shown in the figure. The average
value of compressive strength of the concrete materials used
in this study was 29.40 MPa, which was obtained after
compressive tests were performed on eight concrete speci-
mens of strength grade C30.

Concrete is a typical strain rate-sensitive material that
exhibits different mechanical properties under different loads
[49,50]. The compressive strength of concrete gradually in-

35

Concrete specimen
30
25F
5 Compressive strength: 31.8 MPa
S 20
2
215
7]
10
5
0 1 L L
0.000 0.001 0.002 0.003 0.004
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Figure 3 Stress-strain relationship of concrete specimen, test results of 5# concrete specimen are shown.
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creases with the loading rate. The strain rate of a concrete
material under explosion loads will be high because the
duration of the blast process is short. In this study, a dynamic
compressive strength enhancement factor DIF, was in-
troduced to characterize the compressive strength of a con-
crete block wunder explosion loads. The dynamic
enhancement factor of concrete can be calculated as follows
[51]:

(€/6) "™, ¢<30s7,
DIF, = " (12)
were)”, £>30s7,
logy, = 6.1560,,— 2, (13)
o, = U5+ /f o) (14)

where ¢ is the equivalent strain rate; &, is the strain rate in the
static compression test; /. is the static compressive strength;
and £ is the reference strength, which was set as 10 MPa in
this study.

DIF, = (¢/£,.)""

) (15)
(16)

DIF,, and DIF, are the dynamic enhancement factors for the

)0.02

DIE = (§/¢,

elastic modulus and ultimate strain of the concrete material,
respectively.

3.2 Mohr-Coulomb fracture criterion

Concrete is a multi-component granular material that pri-
marily depends on the friction between particles to withstand
external loads. Damage to concrete materials is primarily
caused by shear stresses, which result in a relative slip be-
tween the particles of the material. Shear damage formed
under stress is considered in the Mohr-Coulomb fracture
criterion, which describes the yielding and fracture behaviors
of concrete materials using the maximum shear stress or a
single shear stress. Moreover, the criterion integrates the
influencing factors, such as the compressive strength be-
tween the internal microparticles of the material, the friction
effect between multiple interfaces, the water content of the
material, and the change in the historical process of external
loading. Hence, this fracture criterion is applicable to brittle
materials with compressive strengths much higher than
tensile strengths, and it is widely used to describe the me-
chanical properties of concrete and rock materials. There-
fore, the shear damage energy consumption of concrete
materials was calculated based on this fracture criterion. The
Mohr-Coulomb fracture criterion is expressed as [52]

7, = c+o,tang, an
where 7, is the ultimate shear stress of the concrete material;

c is the cohesive force of the concrete, which is related to the
material components, density, and moisture content; o, is the
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ultimate stress of the concrete material, which is calculated
using the compressive strength and strength enhancement
factor; and ¢ is the angle of internal friction, which is related
to the initial porosity ratio of the concrete, the shape of the
internal granules, the particle gradation, and the roughness of
the granule surface. In this study, ¢ =9.1 MPa and ¢ = 37°
were used [53]. tang is the coefficient of internal friction and
o,tang is the internal friction, which is affected by the
loading rate.

3.3 Empirical model with coupled fracture criterion

The concrete material unit is damaged when the strain energy
reaches the surface energy required to damage the unit; thus,
the concrete block exhibits an integral fragmentation beha-
vior when all concrete material units are damaged in-
stantaneously. In this study, the energy associated with
the failure of the concrete block unit E, is calculated as
follows:

E = jo 7, DIFde, (18)

where ¢ is the strain of the concrete material and ¢, is the
ultimate strain of the concrete material in the shear direction.
The shear force from the Mohr-Coulomb fracture criterion is
substituted into the above formula, which yields

2o 19 /3 0.02
o < RN VE ] PN
E = -[o ct+10 Y % fotanp(é/&,) |- (€/6,) de. (19)

The difference between the deformation and damage me-
chanisms of concrete and metal materials results in sig-
nificant differences in the damage characteristics. Damage to
metal materials is attributed to shear stress, which causes the
crystalline structure to undergo slip damage; thus, material
damage occurs under shear stress, and the angle between the
damaged surface and the main stress surface is 45°. How-
ever, the deformation and damage of concrete materials are
closely related to the law of friction, which causes the angle
between the damaged surface of concrete materials and the
main stress surface to change.

0=

N0 450+ 8. (20)
Therefore, the shear-damage energy consumption of a
material unit under explosion loads can be calculated as
follows:
38447, 18,
+10 Y% fltang(E/ €,

cosé

0.02 —0.35
) )

& C(E/EC
E. = jo de. (21)

In the present study, the quantity for concrete fragments at
the corresponding diameter is assumed to be N, . The in-

tegral energy consumption in the fragmentation process can
be found by combining the shear-damage energy consump-
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tion of a material unit under explosion loads.

-3.844f, 18/,

e N2ENg + 2N, fotangle/8,) " 107 o * %
E — 1

' I de.
’ [cos% - sin%](é ré) """

(22)

The concrete block deforms before it fragments. Block
deformation is primarily attributed to the compression of the
concrete material in the explosion-wave direction. The de-
formation of the material absorbs the external impact energy,
and the deformation of the concrete block under explosion
loads can be classified into shape deformation and volu-
metric deformation. The energy can be obtained from the
strain energy density ¥, associated with the shape de-
formation of the concrete material and the strain energy
density V, related to volume deformation.

~7.688f,, —36/,

0.641
Vd—M 10 9%, 9 (23)

6Es . 0.641

~7.688f, 36,

0.641 _
s 15 1) B o (24)

v 6E 0.641

The energy absorbed by the deformation of a concrete
block under explosion loads can be determined by using the
dynamic enhancement factor and strain energy density as
follows:

~7.688f —36f.
v 22w 10 Yo%
Ed:J' Jo@2—p) o v, 25)
0 6E(E/E,)

where E,; denotes the deformation energy; ¥ is the volume of
the concrete block; and E and u denote the modulus of
elasticity and Poisson’s ratio, respectively.

In this study, the initial energy of the charge was calculated
based on the relationship between the overpressure and time,
and an empirical model coupled with the Mohr-Coulomb
fracture criterion was established to determine the fragment
energy of the concrete block under explosion loads. The
deformation energy consumption was obtained with the
strain energy density. However, a fragment empirical model
which could validly estimate the quantity for fragments at the
corresponding diameter of concrete blocks under an explo-
sion scenario requires further investigation into the energy-
distribution relationship of concrete fragments with the
corresponding particle sizes. The external energy on the
concrete to carry out impact damage, will make massive,
varying diameter sizes of the concrete fragments are formed,
these fragments consume the majority of the energy carried
by the explosion shock wave. Nevertheless, the weight of

concrete fragments at a particular diameter M, can be ex-

pressed as a function of the number of fragments N, , the
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density of the concrete material p, and the characteristic
particle size R :

My, =f(Ng-poR;). (26)

The relationship between the mass distribution of the
concrete fragments at a particular particle size can be ex-
pressed as follows:

1) - @

c

where f (M ®

specific particle size and M, is the mass of the recovered

) is the mass of concrete fragments with a

concrete fragments. Notably, the recovery rate of the frag-
ments results in energy loss, and the recovery rate # de-

creases because the concrete material is inevitably
pulverized under explosion loads.

M.
n=7 (28)

where M is the total mass of the concrete block. Therefore,
the effective energy of the concrete fragments with a specific

particle size f(ERi) is

S (Er,) =1 (M nE, (29)
That is

7 (E i)—NRpRSI jTP(T ) yrar, (30)

Consequently, a fragment empirical model of concrete can
be established based on the principle of energy conservation.

¢, N2¢DIEN; + /2 N DIE f.DIF tang

‘[0 cos% — sing
~ v f2(2~ wDIE,”
_f(ERi) IO de. (31)

A fragment empirical model of a concrete block under
explosion loads can be established by combining the ana-
lyses above as follows:

n RpR TP(TH)
Y=L dTdL

7. 688f =361,
_ Vv .fC2(2 _,u) -10 Sf(m +9f dV
IO 0.641
6E(6/8,)

73 844&'11 f

o 2Ny + 2N, fitanp(élé,) - 107 o %
) de.

= [ o .0 @ /éc)—o.oz

COS# — sinz
2 2

(32)
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4 Validation and prediction of the empirical
model

Explosion tests were conducted with different top stand-off
distances to validate the proposed empirical model. After
performing the tests, the concrete fragments resulting from
the explosion tests are collected and the recycled fragments
are further sieved with a variety of screen sizes. The sieved
concrete fragments are subjected to weighing and counting
to obtain parameter data on fragments under various explo-
sion conditions. The experimental data were compared with
the calculation results of the present empirical model. Fur-
thermore, the present empirical model was used to predict
the fragmentation behavior of a concrete block under ex-
plosion loads.

4.1 Test setup

The charges used in the tests were sheet rectangular B-ex-
plosives, and the specific material parameters of the charges
are listed in Table 1. The individual charge has a weight of
5 kg in the present experiment. The weight of the explosive
was changed by superimposing individual charge to con-
veniently set a variety of explosive amounts under different
experimental conditions for it to be used in the tests. The
concrete blocks used in the explosion tests were poured into
the same batch as the concrete specimens used in the com-
pression tests to ensure that the concrete material exhibited
consistent mechanical properties. The strength grade of the
concrete block after curing was C30, and a schematic illus-
tration of the concrete block with dimensions is shown in
Figure 4. The material parameters of the concrete block are
listed in Table 2.

The cured and molded concrete block was positioned
horizontally at the location indicated, an aluminum alloy
herringbone ladder was used in the experiment to suspend
the charge. First, the aluminum alloy herringbone ladder was
put up on the concrete block directly above, and the bottom
end of the aluminum alloy herringbone ladder was fixed on
the ground using steel pins. The safety net was sealed in a
carton box with a charge suspended above the concrete
block, and the height of the charge was controlled using the
safety net. Electric detonators were used in the tests, the

Table 1 Parameters of experimental charges
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Figure 4 Schematic illustration of concrete block used in test (created
using 3D modeling software).

electric detonators were also energized to achieve detonation
of the charges. In this research, the explosion tests were
performed thrice under a charge mass of 30 kg and the top
spacing of 500, 750, and 950 mm. The test arrangement is
presented in Figure 5.

4.2 Test results

4.2.1 Damage morphology of concrete blocks
The experimental process of the concrete block under the
explosion load was photographed with a high-speed camera,
as shown in Figure 6. A large flame was rapidly generated
after detonation and the concrete block was encompassed.
Both the concrete block and metal ladder shattered, and
concrete fragments were formed under the high explosion
energy. These fragments dispersed rapidly along the center
of the detonation, as clearly observed in the explosion sce-
nario captured by the high-speed camera. Concrete frag-
ments and metal-ladder residues were observed in the tests.
Figure 7 shows the damage morphology of the concrete
blocks under explosion loads at various top spacing dis-
tances. As shown, the concrete block’s integral damage de-
gree decreased gradually as the top spacing distance
increased in this paper. The concrete exhibited an integral
fragmentation trend, where collapse originating from the
center and propagating to all directions was observed when
30 kg of B-explosive was detonated at a stand-off distance of
500 mm; consequently, several concrete fragments with
stripes have resulted. The fragmentation at the center of the

Materials Density (g/ Cm3)

Detonation velocity (m/s)

Detonation heat (kJ/kg) Detonation pressure (GPa)

B-explosives 1.63 7900

5180 25.90

Table 2 Parameters of experimental concrete

Materials Density (g/cms) Poisson’s ratio

Compression strength (MPa) Modulus of elasticity (MPa)

Concrete 2.28 0.20

29.40 3.00 x 10°
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Figure 5 Explosion experiments at various top spacing distances. (a) Top spacing distance is 500 mm; (b) top spacing distance is 750 mm; (c) top spacing

distance is 950 mm.

Stand-off distance=950 mm

Blasting products

Detonation

The remains of
the ladder

Fragments

Secondary products

Figure 6 The process of the explosion experiment. (a) The preparation stage of the explosion experiment; (b) the moment of the explosive detonation;
(c) the blasting products and smoke were produced; (d) the concrete fragments and the remains of the aluminum alloy herringbone ladder were observed.

block was higher than that around it, and larger concrete
fragments were found at all four corners of the block, which
were the largest concrete fragments observed (measuring
430 mm x 300 mm x 290 mm). When the 30 kg B-explosive
was detonated 750 mm above the block, the concrete frag-
ments were scattered from the center outward, and the con-
crete was severely fragmented at the center. The larger
concrete fragments remained at one of the corners in the
block and symmetrical penetrating cracks appeared in the
fragments; the largest concrete fragments measured
590 mm x 350 mm % 290 mm. Damage to the concrete
block was reduced significantly when 30 kg of B-explosive
was detonated 950 mm above the concrete block. The re-
sidual height of the concrete block was remarkably higher

than that in the previous two tests, and the overall cumulative
height of the various large fragments on one side of the block
was approximately 800 mm. Several large penetrating cracks
were formed, which segmented the block from the center
into four damaged areas; here, only one damage zone yielded
smaller diameter concrete fragments, while the concrete
fragments yielded at other locations were all larger in dia-
meter, of which the largest concrete fragment measured
560 mm % 510 mm x 430 mm.

4.2.2.  Collection of concrete fragments

The concrete fragments were collected and screened at the
end of the explosion tests to obtain parameter data under
various explosion environments. The diameters of the sieves
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510 mm

A K XK T RN XA TR XK

Stand-off distance=950 mm

Figure 7 The damage morphology of concrete blocks at various top
spacing distances. (a) Top spacing distance = 500 mm; (b) top spacing
distance = 750 mm; (c) top spacing distance = 950 mm.

used in this study were 10, 30, 50, 70, and 90 mm, and the
sieved concrete fragments were categorized based on the size
of the particles as 10-30, 30-50, 50-70, 70-90, 90—150, and
> 150 mm. Concrete fragments were recycled and categor-
ized as presented in Figure 8. The recycled fragments were
weighed and counted separately at the end of the experiment.
Concrete fragments with smaller quantities and larger dia-
meters were counted individually, and the statistics were
carried out after mass averaging the concrete fragments with
larger quantities and smaller diameters to obtain the ex-
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perimental data. The experimental data of concrete frag-
ments at various top spacing distances are shown in Table 3.

4.3 Verification of empirical model

An empirical model of fragmentation was established to
determine the state of fragmentation for concrete blocks due
to explosion loading in detail. Furthermore, the problem
pertaining to the quantitative prediction of fragment behavior
can be solved using the present model. The fragment beha-
vior of concrete blocks under explosion loads was calculated
with the empirical model. The charge mass was set as 30 kg,
whereas the top spacing distances were set as 500, 750, and
950 mm. A comparison between the experimental data and
the calculation results is shown in Figure 9.

The calculation results were obtained through explosion
tests. A comparison between these results and the experi-
mental data shows that the degree of fragmentation of con-
crete blocks under the action of the blast load reduced
gradually as the top spacing distance increased. This oc-
curred because the explosion-wave energy propagation time
was extended at a larger stand-off distance, which further
attenuated the explosion wave energy. Furthermore, the
quantity of concrete fragments with larger diameters was less
than the quantity of concrete fragments with smaller dia-
meters, which is consistent with the experimental recycling
phenomenon. A comparison of the empirical model calcu-
lations of concrete fragments with the experimental re-
cycling data is presented in Table 4. Under the test conditions
with top spacing distance was 500 mm, the errors range from
the test recovery data to the empirical model calculations
were —8.04%—12.75%, with the largest error value of
12.75% in this group. Under the test conditions with top
spacing distance of 750 mm, the errors ranging from the test
recovery data to the empirical model calculations were
—10.16%—14.47%, with the largest error value of 14.47% in
this group. Under the test conditions with top spacing dis-
tance of 950 mm, the errors ranging from the test recovery
data to the empirical model calculations were —14.96%—
12.13%, with the largest error value of 14.96% in this group.
By comparing the maximum error values of each group, it
can be concluded that the maximum error of the calculation
was —14.96%. The error in the results of the model calcu-
lations may be due to insufficient consideration of the shape
parameters of the concrete fragments and the mass-averaging
calculation method used in the recycling process. Notably,
concrete fragments larger than 150 mm were not considered
in this study to verify the calculation because the concrete
block within this range was extremely wide and the number
of fragments was relatively small. In summary, the frag-
mentation empirical model coupled with the fracture criter-
ion is used to evaluate the fragment behavior for concrete
blocks under explosion loads, thus demonstrating the effec-
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Figure 8 The recycling process and grouping for fragments (the top spacing distance is 500 mm).

Table 3 The experimental data at various top spacing distances

Top spacing distance is 500 mm, and Top spacing distance is 750 mm, and Top spacing distance is 950 mm, and
Particle size recycling rate of fragments is 88.69% recycling rate of fragments is 89.45% recycling rate of fragments is 90.74%
range (mm) Number Mass (kg) Number Mass (kg) Number Mass (kg)

10-30 2553 33.7 1909 25.2 1598 21.2
30-50 423 325 305 16.2 272 14.5
50-70 205 24.5 194 24.4 123 16.9
70-90 126 25.7 73 19.1 62 17.9
90-150 102 268.8 76 2493 52 227.1
>150 35 393.5 26 451.2 17 499.1

The number of fragments

3000 [~ m Experimental results H=500 mm
@ Model calculation data H=500 mm
o A Experimental results #=750 mm
L 2500 | ¥ Model calculation data H=750 mm
4 Experimental results =950 mm
The maximum < Model calculation data H=950 mm
error = -14.96%
/g T 7 2000
/
% = ;— -7
gLy, 1s0F L
2 | 100 i 30-50 50170 70-90 90-150
= \
g "\ 1000
= Experimental result= 1598
Model calculation data= 1359
g 500
3
<
R ' '

Figure 9 Comparative validation of concrete fragments.

tiveness of the present empirical model.

4.4 Prediction of fragment behavior

The explosion loads were instantaneous and possessed a
significant amount of energy; furthermore, the explosion
process produces strong light and heavy smoke; hence,
capturing the explosion using a high-speed camera or other
equipment is challenging. Moreover, a significant amount of
time is required to recycle the experimental data, and in-
formation regarding the fragment behavior under unknown
explosion conditions cannot be acquired. Therefore, an ef-
fective fragment empirical model was established to perform
the calculation rapidly and accurately. The laws and para-
meter information of the concrete block under explosion
loads at different top stand-off distances and the charge mass
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Table 4 Error analysis of empirical model results
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Particle sizes Top spacing distance is 500 mm

Top spacing distance is 750 mm

Top spacing distance is 950 mm

range (mm) Test Model Error (%) Test Model Error (%) Test Model Error (%)
10-30 2553 2706 5.99 1909 1715 —-10.16 1598 1359 —14.96
30-50 423 389 —8.04 305 324 6.23 272 305 12.13
50-70 205 223 8.78 194 213 9.79 123 136 10.57
70-90 126 139 10.32 73 66 -9.59 62 57 —8.06
90-150 102 115 12.75 76 87 14.47 52 46 —11.54

were obtained based on the empirical model presented
herein.

4.4.1 Top spacing distances
A fragment empirical model with a coupled fracture criterion
for concrete blocks under explosion loads was applied to
investigate the fragment behavior of concrete blocks with
large dimensions and high strength. The charge mass was
50 kg in the current example, the charge type was B-ex-
plosive, and the compressive strength for the concrete blocks
was selected to be 40 MPa, and the shape of concrete block
was similar to the specimen in the experiment. However, the
geometry of the concrete block was larger in this example,
with the geometric dimensions of the top surface being
1000 mm x 1000 mm, the bottom surface being
1500 mm X% 1500 mm, and the overall vertical dimension of
1000 mm. The locations of the charge placement were set at
400, 600, and 800 mm directly above the concrete block.
The prediction of the concrete fragments at various top
spacing distances is shown in Figure 10. The predicted data
showed that the number of concrete fragments decreased
with an increase in the top spacing distance, and that the total
amount of fragments formed was the lowest under the top
spacing of 800 mm. Moreover, the smaller the diameter, the

—— Model prediction data H=400 mm
Model prediction data H=600 mm
—A&A— Model prediction data H=800 mm

4096 -

)
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g
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10-30 30-50 50-70 70-90 90-150

Particle sizes (mm)

Figure 10 Prediction of fragmentation behavior with various top spacing.

higher the amount of concrete fragments, and the amount of
fragments decreased rapidly with the gradual increase in the
particle size. The fragment behavior patterns of the concrete
blocks under explosion loads were consistent with the ex-
perimental data.

Furthermore, a percentage distribution for concrete frag-
ments at various top spacing was determined by using the
proposed empirical model. The specific percentage dis-
tribution of concrete fragments at various explosion condi-
tions is shown in Figure 11. This distribution trend of
concrete fragments under the same explosion conditions was
similar. The largest proportion was found in the 10-30 mm
diameter group, which accounted for approximately 65%—
68% of the total amount. Moreover, the proportion observed
in the group with diameters of 30—50 mm group was ap-
proximately 18%—-20%; the proportion found in the group
with diameters of 50-70 mm group was approximately 6%—
10%; and the proportion observed in the group with dia-
meters of 70-90 mm group was approximately 5%—6%. The
lowest proportion of amount was observed in the
90—150 mm group, which was approximately 1%—2%. The
percentage distribution with intermediate diameter size

[ 90150 mm Total number of concrete fragments
%;8‘38 mn Stand-off distance=400 mm: 7533
O 30_50 E:ii Stand-off distance=600 mm: 5358
iy Stand-off distance=800 mm: 4412
. |:| 10-30 mm
g
E :
5 800 68% 20% 6% [5% 1%
Q
=
<
2
=
? 600 67% 18% 7% | 6% (2%
& o k%
(=1
g
)
400 65% 18% 10% 5% [p%
1 1 1 1 L
0 20 40 60 80 100
Proportion of concrete fragments (%)
Figure 11 The percentage distribution for fragments at various top spa-
cing.
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groups was negatively correlated with the top stand-off
distance.

4.4.2 Charge mass

Similarly, a fragment empirical model with a coupled frac-
ture criterion was applied to evaluate the fragment behavior
of concrete blocks with larger sizes and higher strengths
under different charge masses. The charge type, strength, and
dimensions of the concrete block in the current example were
the same as those in the previous case. The locations of the
charge placement were set at 600 mm directly above the
concrete block, and the charge masses were set as 10, 30, and
50 kg.

The predicted concrete fragments under different charge
masses are presented in Figure 12, which demonstrates that
there is an increase in the amount of fragments with the
charge mass. Moreover, an increase in the diameter for
fragments significantly decreased the amount of concrete
fragments within the corresponding group. And the lowest
amount of concrete fragments were formed at a charge mass
of 10 kg.

Additionally, a percentage distribution for concrete frag-
ments at various charge masses was also determined in
conjunction with the proposed empirical model. The specific
percentage distribution of concrete fragments under different
explosion conditions is presented in Figure 13, which shows
that the distribution trend for the fragments at various dia-
meters remained similar in multiple explosion situations.
Moreover, the concrete fragments in the 10-30 mm diameter
size group accounted for approximately 67%—71% in the
three predicted explosion conditions. The lowest proportion
of concrete fragments was observed in the 90-150 mm dia-
meter size group, which was approximately 1%—2%. How-
ever, the total amount of fragments on the medium diameter
group increased slightly with the charge mass. In this case,
the proportion observed in the group with diameters of
30-50 mm was approximately 18%—19%; the proportion
found in the group with diameters of 50-70 mm was ap-
proximately 5%—7%; the proportion observed in the group
with diameters of 70-90 mm was approximately 4%—6%.

Impact energy is the direct cause of fragments in concrete
blocks and is extremely useful for quantitatively predicting
the relationship between impact energy and concrete frag-
ment behavior. The impact energies in the aforementioned
explosion scenarios with different stand-off distances and
charge masses were calculated separately with the present
empirical model. The predicted relationships among the
impact energy, concrete fragment particle size, and number
of fragments are presented in Figure 14. The maximum
amount of fragments was indicated when the impact energy
was high and the fragment diameter size was small, as shown
by the red area in Figure 14. Subsequently, the number of
fragments decreased exponentially as the impact energy
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Figure 12 Prediction of fragmentation behavior with different charge

masses.
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decreased, and the fragment size increased gradually. Ana-
lysis of the calculation results confirms that the results of the
present empirical model can be used to clearly reflect the real
state of the explosion and to quantitatively determine the
parameters of the fragmentation behavior for the concrete
members. Therefore, the analysis above shows that the
proposed empirical model with a coupled fracture criterion
for concrete blocks under explosion loads can reasonably
predict the phenomenon of concrete fragments.

5 Conclusions

Fractures and fragments of concrete and other rock-resem-
bling materials are key concerns in the field of ore mining
and engineering safety. The degree of rock fragmentation
caused by blasting determines the subsequent machining,
hauling, and transportation, which directly affect the effi-
ciency and cost of the mining project. Moreover, the concrete
fragments generated after the fragmentation of concrete
materials pose significant potential risks; thus, an effective
assessment of the damage capability of concrete fragments is
essential for structural safety and protection. However, it is
quite impossible to visualize the response process of con-
crete structures under explosion loads because of the highly
destructive nature of explosion loads and the complexity of
the blast physical field. Currently, studies regarding the
formation and distribution of concrete structures fragmen-
tation due to explosion loading are limited, and an effective
method for quantitative predicting the fragmentation beha-
vior for concrete has not yet been established.

The load-bearing characteristics of concrete members are
analyzed on the present research, the Mohr-Coulomb frac-
ture criterion was incorporated into the empirical model to
predict the fragment behavior of concrete blocks under ex-
plosion loads. Furthermore, the calculation results of the
present empirical model were compared and analyzed with
the experimental data, and the validity of the empirical
model was confirmed. In this study, the propagation and
attenuation process of the explosion wave was considered,
and a fragment empirical model with a coupled fracture
criterion for concrete blocks under explosion loads was es-
tablished. The main conclusions of this study are as follows.

(1) A method was proposed based on blast theory and the
relationship between overpressure and time, which can be
used to evaluate the explosion energy productively.

(2) The fragment empirical model with a coupled fracture
criterion for concrete blocks under explosion loads was es-
tablished to quantitatively calculate concrete fragment be-
havior.

(3) Explosion tests were performed on concrete blocks at
various top spacing, and the experimental data on concrete
fragmentation were obtained via recycling, sieving, weigh-
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ing, and counting after the tests.

(4) The empirical model was validated by using experi-
mental data and quantitatively predicted the amount and
distribution of fragments in new explosion situations.

This work was supported by the National Natural Science Foundation of
China (Grant Nos. 12032006 and 12372350).
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