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PPV distribution of sidewalls 
induced by underground cavern 
blasting excavation
Yi Luo1, Xiaoqing Wei1,2, Junhong Huang1,2,3*, Guang Zhang3, Xing Bian1,2 & Xinping Li1 

The peak particle velocity (PPV) is an important indicator for predicting blasting excavation 
disturbances. However, the PPV distribution in the deep underground space is significantly different 
from that on the outdoor ground. Therefore, it is difficult to predict the underground PPV by 
Sadovsky’s vibration formula. The PPV sidewall distribution characteristics were studied during site 
blasting in an underground cavern in the Taohuazui mine in China, and a similar numerical model was 
used to verify the site test data. We derived a PPV prediction formula for the underground cavern 
sidewall surrounding rock using a mechanical analysis model of a simply supported plate and beam 
in combination with dimensional analysis. The model considered derived boundary constraints, 
comparison with site measured data, the value predicted by Sadovsky’s vibration formula, and 
numerical simulation results. The results showed that the PPV distribution on the middle 1/3 section 
of the underground cavern sidewall showed a “platform” or “bulge” different from the curve from 
Sadovsky’s vibration formula. The PPV amplification coefficient in this section was distributed in a 
drum shape. The PPV prediction formula for the middle section of the sidewall derived in this paper 
was highly consistent with the data measured on-site and the numerical simulation results. The 
mechanical analysis model with a simply supported plate and beam included an underground cavern 
sidewall length–height ratio of 5 and effectively supplemented the PPV prediction formula for the 
middle section of the traditional underground cavern sidewall.

To date, drilling-blasting is still the main excavation method for constructing tunnels, mines, underground 
hydropower stations, and other underground spaces. Researchers continue to study blasting safety during 
 construction1–4. With rapid developments in the scale and buried depth of underground  excavation5, the con-
struction of a large number of underground caverns has been commenced successively, and the associated 
difficulties in blasting excavation construction and vibration prediction control of upright high sidewalls have 
been  increasing6–9. During blasting excavation, energy propagates along the sidewall in the form of vibration 
waves, inducing damage to the surrounding rock and lining and leading to sidewall instability, closed function 
failure, and other problems. This greatly increases the construction safety risk and operation maintenance costs. 
Engineering practices have shown that there is a good correlation between the PPV and structural  failure10. A 
large number of studies on the attenuation law of PPV and its fitting formulas have emerged, such as empirical 
prediction formulas represented by Sadovsky’s cube-root  formulas11 and USBM square-root  formulas12. There-
fore, the PPV of underground cavern sidewalls should be strictly and accurately tested and  predicted13.

The theoretical and empirical formulas derived by Sadovsky from spherical charge initiation conditions in 
an infinite free field (i.e., Sadovsky’s vibration formula) have significant limitations when used to predict the 
PPV distribution of blasting vibrations in underground jointed rock  masses14–17. Many researchers have stud-
ied the slope elevation effect under blasting  vibration18–22 and proposed modified Sadovsky’s formulas. These 
modifications use a power function or an approximate curve to predict the PPV monotonicity attenuation with 
the distance from the blasting centre or survey point  elevation23. Besides, many scholars have developed a series 
of soft computing methods based on modern computer technology for PPV prediction model, such as artificial 
neural  network24, gray relational  analysis25 and genetic  programming26. Compared with the traditional empirical 
prediction formulas, through the soft science method, generally more input parameters can be considered, and 
the predicted value and measured value can have a higher degree of fitting through intelligent algorithm based 
learning and training of the  model27. Table 1 shows several recently-investigations with their performances in 
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predicting PPV using soft computing techniques. Other scholars used a large amount of PPV measured data to 
train different algorithm models with better blasting vibration PPV  prediction28–32.

The boundary constraints of underground upright sidewall planes or cylindrical sidewalls are significantly 
different from those of the infinite space considered by Sadovsky’s vibration formula or the semi-infinite space 
on open ground. Many studies have proven that the vibration attenuation of underground structure blasting 
is different from that of surface  blasting40–42. Therefore, describing underground sidewall PPV simply by the 
amplification effect has limitations due to the lack of a reasonable mechanical model for dynamic analysis and 
a formula suitable for underground engineering practices. As a result, the industry requires a PPV prediction 
formula suitable for underground high sidewalls. Some scholars believed that, different from blasting vibration 
propagation in continuous ground media, blasting vibration attenuation in underground projects is affected by 
special spatial geometry and constraints, and attempted to consider the high sidewall as a simply supported beam 
for vibration modal and mode analysis, but no in-depth study or discussion was carried  out43,44.

Based on the blasting excavation project of the underground space in Taohuazui mine of China, the mechani-
cal calculation model of PPV prediction and amplification effect distribution characteristics of underground 
engineering blasting is established through the combination of in-situ test, theoretical analysis and numerical 
simulation. Combined with dimensional analysis method, the PPV prediction formula of surrounding rocks 
induced by underground engineering blasting excavation is obtained and the application scope of the simplified 
end constraint method is determined.

PPV distribution sidewalls induced by underground blasting excavation
Design of blasting test on the sidewall of an underground cavern in the Taohuazui mine. The 
underground cavern in the Taohuazui mine located in the middle and lower reaches of the Yangtze River in 
Daye City, Hubei Province, China was chosen as the site for this test in consideration of its spatial structure and 
surrounding rock characteristics representative of underground projects. Geological conditions of surrounding 
rocks in the underground cavern: the orebody is simple in shape and lenticular as a whole. The ore is a skarn 
bearing copper–gold ore, with the main minerals of pyrite and chalcopyrite, followed by magnetite and siderite, 
and a small amount of bornite. Generally, the ore is compact and massive. The upper and lower walls of the ore 
block are skarn or skarn with quartz syenite diorite porphyritic. The surrounding rock of this cavern was highly 
intact and unsupported, which reflected the vibration performance of the original cavern sidewall surrounding 
rock. The overall dimensions of the underground cavern were 32 m × 10 m × 12 m (L × W × H). The section of the 
underground cavern tested is shown in Fig. 1.

We conducted two blasts in this test and recorded the blasting vibration information on the two survey lines 
during each blast. We modelled the underground cavern sidewall surface as a simplified rectangle, and the 
intersection of the sidewall bottom plate and the left boundary was set to the origin. The bottom plate and the 
left boundary were defined as the X-axis and Y-axis, respectively, to establish a rectangular coordinate system as 
shown in Fig. 2. The blastholes were named Blasthole I and Blasthole II with coordinates in Fig. 2 of (15, 0) and 
(25, 0), respectively. The two blasts were performed in Blastholes I and II. The diameters of the blastholes and 
the cartridge were 38 mm and 32 mm, respectively. The depth of the blastholes was 2.0 m. The blastholes were 
charged with φ32 mm emulsion explosive. The maximum single shot dose was 4 kg.

The two survey lines arranged for the survey points in this test were named Survey Line I and Survey Line II 
as shown in Fig. 2. Eight survey points were arranged on each survey line along the sidewall surface from bot-
tom to the top. The space between adjacent survey points was 1 m. The survey points at positions with a relative 
elevation difference of 3–10 m were named I1–I8 and II1–II8, respectively. PPV sensor installation at the site 
survey points is shown in Fig. 3.

Table 1.  Some studies of PPV prediction using soft computing  methods33–39. SVM support vector machine, 
ICA imperialist competitive algorithm, ANN artificial neural network, ANFIS adaptive neuro-fuzzy inference 
system, CART  classification and regression tree, FS fuzzy system, GMDH Group Method of Data Handling, GS 
generalized structure, GOA grasshopper optimization algorithm, CA cultural algorithm, DI distance from the 
blasting face, C charge per delay, BS burden to spacing, ST stemming, Vp P-wave velocity, E Young modulus, 
PF powder factor, W weight charge per delay, D distance from the blasting point, SC specific charge, RD rock 
density, S spacing, B burden, R2 coefficient of determination.

Technique Input parameter No. of dataset R2

SVM DI, C 80 R2 = 0.96

ICA-ANN BS, ST, C, DI, Vp, E 95 R2 = 0.98

ANN
C, PF 232

R2
ANN = 0.92

ANFIS R2
ANFIS = 0.98

CART C, DI 86 R2 = 0.95

FS-ICA W, D 50 R2 = 0.94

GMDH
SC, W, D 96

R2
GMDH = 0.91

GS-GMDH R2
GS-GMDH = 0.94

ANFIS-GOA
PF, ST, RD, S, B 80

R2
ANFIS-GOA = 0.97

ANFIS-CA R2
ANFIS-CA = 0.95
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Analysis of measured PPV data. Blasthole I was initiated first to obtain the three-dimensional PPV of 
survey points I1-I8 is shown in Fig. 4a; then, the three-dimensional PPV of survey points II1-II8 was obtained 
and is shown in Fig. 4b. Next, Blasthole II was initiated to obtain the three-dimensional PPV of survey points 
II1-II8 (Fig. 4c) and I1-I8 (Fig. 4d).

Line 14

T570-S4 Stope

T570-14-1
Fill-mass

Line 12

Mining
area

Measuring
area

T570-14-2
Fill-mass

Channel

Figure 1.  Section of horizontal line 12–14 slope at − 570 m.

Figure 2.  Sidewall blasting vibration survey points.

Figure 3.  Installation drawing for site survey points.
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According to Fig. 4, the PVV reached the maximum in the Y-axis direction perpendicular to the sidewall and 
the minimum in the horizontal Z-axis direction (i.e., VY > VX > VZ). Therefore, the study was carried out on 
the PPV in the Y-axis direction perpendicular to the sidewall. Comparing the PPV of survey points on Survey 
Lines I and II under the initiation conditions of Blastholes I and II showed that the smaller the horizontal dis-
tance from the blasting centre, the higher the PPV. Although the PPV variation in the three directions did not 
completely monotonically decrease with increasing elevation difference, it showed an overall decreasing trend. 
The separate analysis of each set of data showed that the PPV in the upper section of the underground cavern 
sidewall varied with the elevation difference. The PPV in the middle section of the sidewall showed a “platform” 
or “bulge” generally distributed in the elevation range of 5–8 m. The data on the two blast test survey lines were 
compared with Sadovsky’s vibration formula (1) to verify whether the sidewall PPV had drum distribution.

First, the data measured on Survey Line I were used to determine the site coefficients in Sadovsky’s vibra-
tion formula: k = 128.2 and β = 1.74 . The predicted PPV values on Survey Line I were obtained by substitut-
ing other known quantities into the formula. Finally, the measured PPV on Survey Line I was compared with 
the PPV predicted by Sadovsky’s vibration formula, and the ratio was defined as the amplification coefficient. 
Similarly, the PPV of the survey points on Survey Line II were fitted to obtain the Sadovsky’s vibration formula 
coefficients k = 86.34 and β = 1.57 . The PPV on Survey Line II was predicted by Sadovsky’s vibration formula, 
and we obtained the amplification coefficient.

In order to easily assess the amplification coefficient distribution of each survey point, the measured value 
in the Y-axis direction perpendicular to the sidewall, the value predicted by Sadovsky’s vibration formula, and 
the amplification coefficient were drawn in the same figure (Fig. 5). The PPV along the sidewall surface decayed 
with the elevation distribution as a whole. However, there was no obvious decrease in the PPV of the survey 
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Figure 4.  Variation of the measured sidewall PPV with elevation difference.
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points within the relative elevation difference range of 5–8 m, but a “platform” or “bulge” indicated that the 
survey points near the middle elevation positions had an amplification effect. It can be seen by observing the 
peak value of the amplification coefficient curve that the maximum value of the amplification coefficient in 
the middle of the sidewall was close to 2.0. The amplification effects of Survey Lines I and II were different; the 
survey points on Survey Line I closer to the centre of the sidewall had a greater amplification effect, indicating 
that the degree of amplification was associated with the position. The closer to the centre of the sidewall, the 
greater the amplification effect.

Since the amount of site measured data was limited and the survey points had discrete distributions, further 
systematic analysis will be conducted in combination with ANSYS/LS-DYNA45, the numerical simulation soft-
ware for dynamic finite elements.

Numerical simulation of the on-site test. The model boundary dimensions are typically approximately 
5–10 times the dimensions of the cavern when the analysis software for dynamic finite elements is used to analyse 
an underground cavern to prevent influence on the results. The underground cavern in the Taohuazui mine was 
used for this blasting excavation simulation. The boundary dimensions of the model were 200 m × 100 m × 150 m 
(L × W × H). The dimensions of this cavern were 32 m × 10 m × 12 m (L × W × H). The whole model included 
535,028 units and 556,632 nodes, as shown in Fig. 6. Two rectangular holes (1 m × 1 m × 3 m) are reserved in 
the model to apply the equivalent explosion load. According to the charging parameters of the blasting holes in 
Fig. 2, the equivalent mean stress applied on the inner wall of the rectangular hole can be calculated. As shown in 
Fig. 7, the mean stress rose from 0 MPa, suddenly increased to the peak stress, and then decreased quickly. The 
maximum mean stress was 15.8 MPa at 1.56 ms. The mean stress decreased to 0 MPa at 8.5 ms. The mechanical 
parameters (as shown in Table 2) of the rock material were obtained from testing site rock samples.

The PPV at the survey points of the same positions as the on-site test was extracted and compared with the 
site survey points, as shown in Fig. 8. The measured PPV curve was consistent with the PPV curve from the 
numerical simulation, indicating that the numerical simulation results were reliable. The PPV in all directions 
had central amplification, and VY > VX > VZ.

To study the distribution characteristics of the amplification effect on the sidewall, we extracted the PPV 
at all nodes on the sidewalls in the whole model cavern over time The PPV was extracted and divided by the 

2 3 4 5 6 7 8 9 10 11
0

4

8

12

16

20

24

28

32

36

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

A
m

pl
ifi

ca
tio

n
co

ef
fic

ie
nt

(c
m

/s
)

Elevation (m)

Measured PPV ( ) Predicted PPV ( )
Measured PPV ( ) Predicted PPV ( )
Amplification coefficient ( )
Amplification coefficient ( )

Figure 5.  Elevation distribution curve for the sidewall PPV and amplification coefficient in the underground 
cavern in the Taohuazui mine.

Figure 6.  Diagram of the numerical model established.
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Table 2.  Rock material mechanical parameters.
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corresponding value predicted by Sadovsky’s vibration formula to obtain the sidewall PPV amplification coef-
ficient, as shown in Fig. 9. It can be seen from Fig. 9 that the PPV sidewall blasting amplification coefficient had 
a drum distribution. The amplification coefficient in the middle section on each survey line in the sidewall length 
direction was greater than 1, with a maximum of 1.91. The amplification coefficients close to the left and right 
ends of the sidewalls were much smaller than that in the middle section, indicating that the left and right ends of 
the sidewalls were subject to greater constraints. However, the amplification coefficients on the upper and lower 
ends in the elevation direction of sidewalls were smaller than 1, indicating that the underground sidewall blasting 
vibration waves were subject to greater constraints than those in semi-infinite planes. Therefore, the influence of 
constraints on the four sides and at the upper and lower ends on the sidewall PPV should be considered when 
conducting a theoretical study of the underground sidewall blasting vibration PPV distribution.

Simply supported plate and beam mechanical analysis model and PPV prediction 
formula
Since the PPV prediction in the middle section of underground cavern high sidewalls by Sadovsky’s vibration 
formula are consistent with actual conditions, in this section we describe a mechanical analysis model more 
in line with actual conditions. The model considered structural dynamics in combination with high sidewall 
constraint conditions during underground blasting excavation. In addition, the vibration characteristics and 
dimensional methods were analysed to obtain a prediction formula suitable for blasting vibrations in the middle 
sections of high sidewalls.

Analysis of the vibration response in the mechanical model of a simply supported plate. Under 
actual engineering conditions, the upper and lower ends of the surface rock surrounding underground cavern 
sidewalls are subject to constraints from the roof and the bottom plate, while the left and right ends are subject to 
constraints from the boundaries. Therefore, the surrounding rock typically has simply supported plates on four 
sides, but are different from those of ordinary four-sided simply supported plates. Simplified conditions were 
used in this study to analyse such characteristics, as shown in Fig. 10a, the total length of the cavern was equiva-
lent to that of plate a, and the total height was equivalent to that of plate b. The simplified mechanical model is 
shown in Fig. 10b, with the sidewall length direction as the X-axis, the sidewall height direction as the Y-axis, 
and the cavern width direction as the Z-axis. The first-order vibration mode is shown in Fig. 10c.

We simplified the four-sided constraints and the lateral forces on the surface surrounding rock. Since the 
explosion source was near the bottom of the sidewall, the blasting load was equivalent to a simple harmonic 
concentrated load F(x, y, t) acting on any point (x, y) on the simply supported plate on four sides. The forced 
vibration equation for the simply supported plate on four sides is:

where w is the displacement in the z-axis direction; m is the mass per unit area of the plate; D is the bending 
stiffness of the plate, D = Eh3

12(1−µ2)
 ; and E and μ are the elasticity modulus and Poisson’s ratio of the material, 

respectively.
For the blast impact loads, when not considering the system damping effect, it can be assumed that:

(2)
∂4w

∂x4
+ 2

∂4w

∂x2y2
+

∂4w

∂y4
−

m

D

∂2w

∂t2
=

F(x, y, t)

D

(3)
F(x, y, t) = q(x, y) sinωt
w(x, y, t) = w(x, y) sinωt

}

Figure 9.  Amplification coefficient distribution diagram.
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where q(x, y) is the amplitude of the disturbance force; w(x, y) is the deflection surface amplitude equation; and 
ω is the driving frequency.

Then, the oscillatory differential equation changes to:

When the dynamic basic solution of the deflection surface equation of the simply supported rectangular 
plate on four sides acts as a simple harmonic transverse unit concentrated load on any point (ζ, η) on the  plate46:

where, Kmn =
(

m2π2

a2
+ n2π2

b2

)

−mω2

D .
It is not difficult to generalize from the dynamic basic solution that when the force F(t) at any point (ζ, η) on 

the simply supported rectangular plate on four sides is not a unit harmonic force, the deflection surface equa-
tion is:

where, Cmn(t) is the amplitude function.
The partial differential of the time t was calculated by Eq. (5). The PPV of any point on the plate at any time 

was obtained:

Generally, for rock and soil structures with higher stiffness, such as underground caverns, only the first-
order vibration mode is considered. Moreover, for each blast, the load acting on point (ζ, η) is a known point; 
namely, for each blast, ωK11

sin
πη
a sin

πζ
b  is a known quantity. Thus, the ratio of the PPV at any point on the plate 

to the maximum velocity peak on the whole plate can be obtained: sin(mπx/a) sin(nπy/b) and can be used as a 
dimensionless quantity to characterize the ratio of the PPV at any survey point on the sidewall to the maximum 
velocity peak on the whole sidewall.

Analysis of the vibration response in the mechanical model of a simply supported beam. We 
analysed the section of the underground cavern sidewalls with a greater length–height ratio, as shown in Fig. 11a. 
Since a certain section of the wall was constrained by the upper and lower ends, it could be simplified to a simply 
supported beam for analysis. The applied load could be equivalent to the axial load and the transverse load. The 
latter is provided by the inner surrounding rock. During the explosion, any position on the beam is different at 
different times; thus, the transverse load can be equivalent to a function q(y, t) = q(y) sin(p1t) of position and 
time. The axial load is jointly provided by the dynamite explosion and the surrounding rock at both ends and 
changes with time in the form of f (t) = A sin(p2t) , where p1 and p2 are driving frequencies. The total length 
of the cavern was equivalent to the total length of beam b. The simplified model is shown in Fig. 11b. To date, 
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the vibration of cavern sidewalls has been simplified to the dynamic response of simply supported beams under 
biaxial loads. The first-order vibration mode of the simply supported beam is shown in Fig. 11c.

When only the deflection of the beam caused by the bending moment is considered and the thickness of the 
selected surrounding rock is small, the plane cross-section assumption of the Euler–Bernoulli beam is satisfied. 
f (t) is a constant value at any time t. The differential equation for the bending vibration of a simply supported 
beam can be expressed by the D’Alembert principle:

where EI is the bending stiffness of the beam, m is the unit length mass of the beam, and Y  is the displacement 
function Y(y, t).

The initial conditions of beam vibration are:

The boundary conditions of beam vibration are:

The displacement equation solution form of Eq. (7) is obtained by separating variables:

The influence of the high-order vibration mode is ignored. Only the first-order vibration mode is considered.
When n = 1,

The equation above is used to obtain the partial differential of time t  and the vibration velocity at any posi-
tion at any time.

From the above equation, we can obtain the maximum vibration velocity of the simply supported beam 
appears in the middle of beam (1/2)H at any time with a value of C′

1(t) . The ratio of the vibration velocity 
C′
1(t) sin(πy/b) at any point on the beam to the maximum velocity peak C′

1(t) on the whole beam is sin(πy/b) . 
This ratio is a dimensionless quantity and can be used to characterize the influence of boundary constraints on 
the vibration velocity in a constrained space.

Dimensional analysis of sidewall PPV considering four-side and two-end constraints. Com-
bined with the dynamic analysis results in “Analysis of the vibration response in the mechanical model of a sim-
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Figure 11.  Simplified calculation of the ultra-long cavern model.
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ply supported plate”, we see that the PPV of any survey point on the surface of the underground cavern blasting 
sidewall was related to the X-coordinate of the survey point x , the total length of the cavern a , the Y-coordinate 
of the survey point y , the total height of the sidewall b , and the sine function of x/a and y/b . In addition, accord-
ing to the traditional blasting vibration response analysis, blasting vibration was also mainly influenced by rel-
evant factors such as topography and geomorphology, geological conditions, the maximum single shot dose Q , 
the distance from the survey point to the blasting centre R , the rock mass natural vibration frequency f  , vibra-
tion wave propagation velocity c and detonation time t  , surface rock mass particle vibration displacement µ , 
surface rock mass particle vibration acceleration a , and rock mass density ρ . According to dimensional analysis, 
the underground cavern blasting sidewall PPV can be expressed as:

According to the number of parameters, there is a total of 12 physical quantities analysed. The independent 
variable is (Q, R, c) according to the π theorem, and there are 9 π components. πi represents a dimensionless 
quantity, then:

Equation (14) is substituted into Eq. (13), then:

In addition, the following dimensionless quantity can be obtained:

Under the same site conditions, ρ and c are approximated as constants. Therefore, from Eq. (18) there is a 
functional relationship between V and 

(

3
√
ρ

3
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)

[

sin
(
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)

sin
(πy

b

)]

 . Then, the function can be written as:

where α2 + β2 ln
[

sin
(

πx
a

)

sin
(πy

b

)]

 characterizes the influence of the four-side constraints of the sidewall on 
PPV. If this item is ignored, Sadovsky’s vibration formula can be solved as follows:

If the influence of the four-side constraints of the sidewall on PPV is considered, the following can be obtained 
by solving Eq. (13):

When k′ = eα1+α2 , β ′
1 = β1 , β

′
2 = β2 , then:

where α1 , α2 , k and k′ are coefficients considering geological factors, constraints on the four sides of the sidewalls, 
and topographic influence; β1 and β ′

1 are the blasting vibration PPV attenuation coefficients relevant to geological 
conditions; and β2 and β ′

2 are impact factors of constraints on the four sides of the sidewalls.
Similarly, considering the influence of the constraints at the upper and lower ends of the cavern sidewall on 

the PPV, the vibration velocity formula of the sidewall can be derived as follows:
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where k′′ is the coefficient considering geological factors, constraints at the upper and lower ends, and topo-
graphic influence; β ′

1 is the blasting vibration PPV attenuation coefficient relevant to geological conditions; and 
β

′
2 is the impact factor of constraints at the ends.

Verification of accuracy and applicability of prediction formula
Verification of accuracy of prediction formula. Unitary regression and binary regression analyses were 
performed on Sadovsky’s vibration formula and prediction Eqs.  (23) and (24) according to the data on Sur-
vey Lines I and II in the Taohuazui mine. We obtained formula coefficients: k = 128.2 , β = 1.74 , k′ = 53.06 , 
β1 = 0.75 , β2 = 1.11 , k′′ = 60.32 , β ′

1 = 0.92 and β ′
2 = 1.12 ; k = 86.34 , β = 1.57 , k′ = 43.57 , β1 = 0.39 , 

β2 = 1.5 , k′′ = 43.34 , β ′
1 = 0.88 and β ′

2 = 1.13 . The predicted PPV values at each survey point could be further 
obtained by substituting such parameters as single shot dose, the distance from blasting centre, and elevation 
difference corresponding to the data at each survey point into the prediction formula.

The variation in the measured value in the Y-axis direction at survey points on Survey Lines I and II, the value 
predicted by Sadovsky’s vibration formula, and the values predicted by the simply supported plate formula and 
simply supported beam formula with the elevation difference were drawn into curves on the same diagram for 
comparison (Fig. 12).

According to Fig. 12, the curve predicted by the simply supported plate formula was consistent within the 
elevation range of 5–8 m. The curve predicted by the simply supported beam formula also presents a certain 
degree of fitting within this range. However, the curve predicted by Sadovsky’s vibration formula had poor fitting. 
The fitting of Sadovsky’s vibration formula prediction curve within the elevation ranges of 3–4 m and 9–10 m 
with the measured curve was significantly higher than that of the curves predicted by the simply supported plate 
formula and the simply supported beam formula. This resulted from simplifying the boundary constraints in the 
mechanical analysis model when deriving the formula in this paper.

Since the dimensions of the selected underground cavern in the Taohuazui mine were limited to a 
length–height ratio less than 3, it was consistent with the mechanical model of the simply supported plate and 
not as consistent with the mechanical model of the simply supported beam. When the length–height ratio of 
the underground cavern sidewalls is great, the left and right constraint effects on the sidewall are insignificant. 
When the whole sidewall is simplified to the simply supported plate model, it is no longer applicable. Instead, the 
sidewall section should be simplified to a simply supported beam for analysis. The distribution characteristics of 
the PPV and amplification effect under different length–height ratios will be further studied.

Applicability of the prediction formula considering the length–height ratio of an underground 
cavern. We established a group of similar numerical models according to the parameters of the underground 
cavern in “Numerical simulation of the on-site test” to study the influence of the sidewall length–height ratio on 
PPV. Table 3 lists the parameters of the different numerical calculation models, and Fig. 13 gives the 1/2 section 
of the No. 2 numerical calculation model.

The blasting zone of the four models was designed in the middle of the sidewall. The blasting PPV was selected 
as the survey line directly above the blast zones which were located at 6 m, 18 m, 30 m, and 42 m. A schematic 
of the blast zones and survey points is shown in Fig. 13. After completing calculations with the four models, the 
PPV data within the elevation difference range of 5–8 m on the survey line were extracted (Fig. 14). The fitting 
curves of Eqs. (23) and (24) were also drawn in the same diagram.

We see from Fig. 14 that with the increase in the sidewall length–height ratio, the PPV numerical simulation at 
the same elevation showed a slight increase. Since the blasting dose, blasting position, and distance from the blast 
centre were the same, the constraints of the left and right boundaries on the sidewall surrounding rock decreased 
with increasing sidewall length–height ratio. The decrease was manifested as an increase in sidewall PPV.

(a) Survey points on survey line I (b) Survey points on survey line II
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Figure 12.  Comparative analysis of PPV at different elevations.



12

Vol:.(1234567890)

Scientific Reports |         (2021) 11:6647  | https://doi.org/10.1038/s41598-021-86055-y

www.nature.com/scientificreports/

By comparing the closeness of the two absolute value curves of the difference between the predicted values 
and simulated values to the curve y = 0 we observed that the closer to y = 0, the better the prediction effect of the 
formula. In addition, when the length–height ratio of the sidewall was 1, 3 and 5, the closeness of the red curve 
to the curve y = 0 was basically the same and better than the blue curve. When the length–height ratio of the 
sidewall was 7, the red curve started to deviate from the curve y = 0. However, the blue curve became increasingly 
closer to the curve y = 0 with the increase in the length–height ratio and was very close to the red curve when 
the length–height ratio was 5. The blue curve was even closer to the curve y = 0 than the red curve when the 
length–height ratio was 7. This indicated that when the length–height ratio of the sidewall was greater than 7, 
the values predicted by the two-end constraint model were more accurate than those predicted by the four-side 
constraint model. Therefore, to ensure more accurate prediction results, we suggest using the mechanical model 
of a simply supported plate or simply supported beam and its prediction formula in the underground space with 
a sidewall length–height ratio of 5.

Table 3.  Numerical calculation model parameters.

S. no.
Height of cavern sidewall
b (m)

Length of cavern 
sidewall
a (m)

Length–height 
ratio

Ground stress
σ (MPa) Model length Model width Model height

1 12 12 1 20 144 60 72

2 12 36 3 20 216 60 72

3 12 60 5 20 360 60 72

4 12 84 7 20 504 60 72

Figure 13.  Section of the No. 2 numerical calculation model and details of the blasting test area.
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Conclusion
In this paper, the four-side constraint and two-end constraint PPV prediction formulas were derived using an 
underground cavern blasting test in the Taohuazui mine in China with the mechanical model of a simply sup-
ported plate and simply supported beam. The following conclusions were drawn by comparing the measured 
sidewall PPV of the underground cavern with the PPV predicted by the formula:

(1) The PPV on the underground cavern sidewall showed a “platform” or “bulge” at the sidewall middle 
elevation. That is, an elevation amplification effect appeared in the middle 1/3 section of the sidewall. The 
maximum amplification coefficient in the middle of the sidewall reached 1.9.

(2)  We found by comparing the prediction ability of Sadovsky’s vibration formula and the PPV prediction 
formula herein that the prediction formula considering “boundary constraints” could more accurately 
predict the PPV drum distribution characteristics in an underground cavern sidewall middle section.

(3) When the length–height ratio of an underground cavern sidewall is smaller than 5, the mechanical model 
of the simply supported plate and its prediction formula are recommended.

The boundary conditions of an underground cavern sidewall surrounding rock are complicated. Therefore, 
we simplified the boundary constraints when establishing a mechanical analysis model, leading to some limita-
tions in the use of the model and prediction formula. However, the end constraints on the surrounding rock 
are actually a kind of force constraint between simple and clamped supports. Further study on this problem 
should be done. Since it is difficult to obtain complete and accurate data on the blasting PPV of underground 
cavern high sidewalls, the mechanical models and prediction formulas proposed in this paper need to be tested 
in more projects.

Received: 29 January 2021; Accepted: 9 March 2021

References
 1. Jiang, R., Dai, F., Liu, Y. & Wei, M. D. An automatic classification method for microseismic events and blasts during rock excava-

tion of underground caverns. Tunn. Undergr. Space Technol. 101, 103425 (2020).
 2. Foderà, G. M., Voza, A., Barovero, G., Tinti, F. & Boldini, D. Factors influencing overbreak volumes in drill-and-blast tunnel 

excavation. A statistical analysis applied to the case study of the Brenner Base Tunnel-BBT. Tunn. Undergr. Space Technol. 105, 
103475 (2020).

 3. Li, B., Xu, N. W., Dai, F., Gu, G. K. & Ke, W. Microseismic monitoring and stability analysis for the large-scale underground caverns 
at the Wudongde hydropower station. Bull. Eng. Geol. Environ. 79(7), 3559–3573 (2020).

 4. Li, R., Zhang, D. L., Fang, Q., Liu, D. P., Luo, J. W. & Fang, H. C. Mechanical responses of closely spaced large span triple tunnels. 
Tunn Undergr Space Technol. 105, 103574 (2020).

 5. Feng, X. T., Zhou, Y. Y. & Jiang, Q. Rock mechanics contributions to recent hydroelectric developments in China. J. Rock Mech. 
Geotech. 11(3), 511–526 (2019).

 6. Zareifard, M. R. Ground reaction curve for deep circular tunnels in strain-softening Mohr-coulomb rock masses considering the 
damaged zone. Int. J. Geomech. 20(10), 04020190 (2020).

 7. Sakai, K., Tani, T., Aoki, T. & Ohtsu, H. Inclination monitoring at tunnel crown to predict change in ground stiffness ahead of 
excavation face. Tunn. Undergr. Space Technol. 104, 103516 (2020).

 8. Iwano, K., Hashiba, K., Nagae, J. & Fukui, K. Reduction of tunnel blasting induced ground vibrations using advanced electronic 
detonators. Tunn. Undergr. Space Technol. 105, 103556 (2020).

 9. Han, H., Fukuda, D., Liu, H., Salmi, E. F., Sellers, E., Liu, T. J. & Chan, A. FDEM simulation of rock damage evolution induced by 
contour blasting in the bench of tunnel at deep depth. Tunn Undergr Space Technol. 103, 103495 (2020).

 10. Mcgarr, A. Estimating Ground Motions for Small Nearby Earthquakes. Seismic Design of Embankments and Caverns 113–127 (ASCE, 
1983).

 11. Ambraseys, N. R. & Hendron, A. J. Dynamic behaviour of rock masses. in Rock Mechanics in Engineering Practice 203–207 (Wiley, 
1968).

 12. Duvall, W. I. & Petkof, B. Spherical propagation of explosion generated strain pulses in rock. USBM Report of Investigation, 21–22 
(1959).

 13. Lu, W. B., Luo, Y., Chen, M. & Shu, D. Q. An introduction to Chinese safety regulations for blasting vibration. Environ. Earth Sci. 
67(7), 1951–1959 (2012).

 14. Li, J. & Ma, G. Analysis of Blast Wave Interaction with a Rock Joint. Rock Mech. Rock Eng. 43(6), 777–787 (2010).
 15. Li, J., Ma, G. & Zhao, J. Analysis of stochastic seismic wave interaction with a slippery rock fault. Rock Mech. Rock Eng. 44(1), 

85–92 (2011).
 16. Fan, L. F., Ren, F. & Ma, G. W. An extended displacement discontinuity method for analysis of stress wave propagation in viscoe-

lastic rock mass. J. Rock Mech. Geotech. 1, 73–81 (2011).
 17. Yu, C., Yue, H. Z., Li, H. B., Xia, X. & Liu, B. Scale model test study of influence of joints on blasting vibration attenuation. Bull. 

Eng. Geol. Environ. 80, 533–550 (2020).
 18. Song, D. Q., Chen, Z., Chao, H., Ke, Y. T. & Nie, W. Numerical study on seismic response of a rock slope with discontinuities based 

on the time-frequency joint analysis method. Soil Dyn. Earthq. Eng. 133, 106112 (2020).
 19. Song, D. Q., Chen, Z., Ke, Y. & Nie, W. Seismic response analysis of a bedding rock slope based on the time-frequency joint analysis 

method: A case study from the middle reach of the Jinsha River, China. Eng. Geol. 274, 105731 (2020).
 20. Luo, Y. H., Fan, X. M., Huang, R. Q., Wang, Y. S., Yunus, A. P. & Havenith, H. B. Topographic and near-surface stratigraphic 

amplification of the seismic response of a mountain slope revealed by field monitoring and numerical simulations. Eng. Geol. 271, 
105607 (2020).

 21. Havenith, H. B., Vanini, M., Jongmans, D. & Faccioli, E. Initiation of earthquake-induced slope failure: Influence of topographical 
and other site specific amplification effects. J. Seismol. 7(3), 397–412 (2003).

 22. Ashford, S. A. & Sitar, N. Analysis of topographic amplification of inclined shear waves in a steep coastal bluff. Bull. Seismol. Soc. 
Am. 87(3), 692–700 (1997).

 23. Tang, H. & Li, H. B. Study of blasting vibration formula of reflecting amplification effect on elevation. Rock Soil Mech. 32(3), 
820–824 (2011).



14

Vol:.(1234567890)

Scientific Reports |         (2021) 11:6647  | https://doi.org/10.1038/s41598-021-86055-y

www.nature.com/scientificreports/

 24. Khandelwal, M. & Singh, T. N. Prediction of blast-induced ground vibration using artificial neural network. Int. J. Rock Mech. Min. 
Sci. 46(7), 1214–1222 (2009).

 25. Li, H. B., Li, X. F., Li, J. C., Xia, X. & Wang, X. W. Application of coupled analysis methods for prediction of blast-induced dominant 
vibration frequency. Earthq. Eng. Eng. Vib. 15(1), 153–162 (2016).

 26. Dindarloo, S. R. Prediction of blast-induced ground vibrations via genetic programming. Int. J. Min. Sci. Technol. 25(6), 1011–1015 
(2015).

 27. Hasanipanah, M., Monjezi, M., Shahnazar, A., Armaghani, D. J. & Farazmand, A. Feasibility of indirect determination ofblast 
induced ground vibration based on support vector machine. Measurement 75, 289–297 (2015).

 28. Yu, Z., Shi, X. Z., Zhou, J., Guo, Y. G., Huo, X. F., Zhang, J. H. & Armaghani D. J. A new multikernel relevance vector machine 
based on the HPSOGWO algorithm for predicting and controlling blast-induced ground vibration. Eng. Comput. (2020).

 29. Arthur, C. K., Temeng, V. A. & Ziggah, Y. Y. Multivariate Adaptive regression splines (MARS) approach to blast-induced ground 
vibration prediction. Int. J. Min. Reclam. Environ. 34(3), 198–222 (2020).

 30. Amiri, M., Hasanipanah, M. & Amnieh, H. B. Predicting ground vibration induced by rock blasting using a novel hybrid of neural 
network and itemset mining. Neural Comput. Appl. 32(18), 14681–14699 (2020).

 31. Fattahi, H. & Hasanipanah, M. Prediction of blast-induced ground vibration in a mine using relevance vector regression optimized 
by metaheuristic algorithms. Nat. Resour. Res. 29, 691–709 (2020).

 32. Zhou, J., Asteris, P. G., Armaghani, D. J. & Pham, B. T. Prediction of ground vibration induced by blasting operations through the 
use of the Bayesian Network and random forest models. Soil Dyn. Earthq. Eng. 139, 106390 (2020).

 33. Hajihassani, M., Armaghani, D. J., Marto, A. & Mohamad, E. T. Ground vibration prediction in quarry blasting through an arti-
ficialneural network optimized by imperialist competitive algorithm. Bull. Eng. Geol. Environ. 74, 873–886 (2015).

 34. Hajihassani, M., Armaghani, D. J., Monjezi, M., Mohamad, E. T. & Marto, A. Blast-induced air and ground vibrationprediction: 
A particle swarm optimization-based artificialneural network approach. Environ. Earth Sci. 74(4), 2799–2817 (2015).

 35. Armaghani, D. J., Mohamad, E. T., Hajihassani, M., Alavi Nezhad Khalil Abad, S. V., Marto, A. & Moghaddam, M. R. Evaluation 
and prediction of flyrock resulting from blastingoperations using empirical and computational methods. Eng. Comput. 32, 109–121 
(2016).

 36. Hasanipanah, M., Faradonbeh, R. S., Amnieh, H. B., Armaghani, D. J. & Monjezi, M. Forecasting blast-induced ground vibration 
developing a CART model. Eng. Comput. 33, 307–316 (2017).

 37. Hasanipanah, M., Amnieh, H. B., Khamesi, H., Armaghani, D. J., Golzar, S. B. & Shahnazar, A. Prediction of an environmental 
issue of mine blasting: An imperialistic competitive algorithm-based fuzzy system. Int. J. Environ. Sci. Technol. 15, 551–560 (2018).

 38. Armaghani, D. J., Hasanipanah, M., Amnieh, H. B., Bui, D. T., Mehrabi, P. & Khorami, M. Development of a novel hybrid intel-
ligent model for solving engineering problems using GS-GMDH algorithm. Eng. Comput. 36, 1379–1391 (2020).

 39. Fattahi, H. & Hasanipanah, M. An integrated approach of ANFIS-grasshopper optimization algorithm to approximate flyrock 
distance in mine blasting. Eng. Comput. https:// doi. org/ 10. 1007/ s00366- 020- 01231-4 (2021).

 40. Kidybinski, A. Design criteria for roadway supports to resist dynamic loads. Int. J. Min. Geol. Eng. 4, 91–109 (1986).
 41. Chen, M., Lu, W. B. & Yi, C. P. Blasting vibration criterion for a rock-anchored beam in an underground powerhouse. Tunn. 

Undergr. Space Technol. 22(1), 69–79 (2007).
 42. Li, C. J. & Li, X. B. Influence of wavelength-to-tunnel-diameter ratio on dynamic response of underground tunnels subjected to 

blasting loads. Int. J. Rock Mech. Min. Sci. 112, 323–338 (2018).
 43. Li, X. P., Lv, J. L., Liu, T. T. & Luo, Y. Mechanism study on elevation effect of blast wave propagation in high side wall of deep 

underground powerhouse. Shock Vib. 11, 1–15 (2018).
 44. Li, X. P., Bian, X., Luo, Y., Lv, J. L. & Ren, G. F. Study on attenuation law of blasting vibration propagation of side wall of underground 

cavern. Rock Soil Mech. 41(6), 2063–2069 (2020).
 45. Livermore Software Technology Corporation (LSTC). LS-DYNA Keyword User’s Manual, Version 971 R6.1.0, Vols. 1 and 2 (2012).
 46. Fu, B. L. New Reciprocal Theory of Bending Plate Work (Science Press, 2003).

Acknowledgements
This work was supported by the Fundamental Research Funds for the National Natural Science Foundation 
of China (51779197, 51979208, 51774222), the Postdoctoral Innovation Research Post of Hubei Province of 
China (20201jb001), the Hubei Key Laboratory of Roadway Bridge and Structure Engineering (Wuhan Univer-
sity of Technology) (No. DQJJ201904), the Fundamental Research Funds for the Central Universities (WUT: 
2019IVA098).

Author contributions
Y.L.: conceptualization, formal analysis, funding acquisition. X.W.: data curation, writing—original draft. J.H.: 
writing—review and editing, formal analysis, funding acquisition, investigation. G.Z.: prepared Figs. 1, 2, 3, 4, 5 
and 6. X.B.: prepared Figs. 7, 8, 9, 10 and 11. X.L.: prepared Figs. 12, 13 and 14, funding acquisition.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to J.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1007/s00366-020-01231-4
www.nature.com/reprints


15

Vol.:(0123456789)

Scientific Reports |         (2021) 11:6647  | https://doi.org/10.1038/s41598-021-86055-y

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

http://creativecommons.org/licenses/by/4.0/

	PPV distribution of sidewalls induced by underground cavern blasting excavation
	PPV distribution sidewalls induced by underground blasting excavation
	Design of blasting test on the sidewall of an underground cavern in the Taohuazui mine. 
	Analysis of measured PPV data. 
	Numerical simulation of the on-site test. 

	Simply supported plate and beam mechanical analysis model and PPV prediction formula
	Analysis of the vibration response in the mechanical model of a simply supported plate. 
	Analysis of the vibration response in the mechanical model of a simply supported beam. 
	Dimensional analysis of sidewall PPV considering four-side and two-end constraints. 

	Verification of accuracy and applicability of prediction formula
	Verification of accuracy of prediction formula. 
	Applicability of the prediction formula considering the length–height ratio of an underground cavern. 

	Conclusion
	References
	Acknowledgements


