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Abstract
Active seismic velocity tomography as a powerful tool in inferring stress states has been widely used in the assessment of 
dynamic hazards such as rockbursts. However, the pre-set blasting delay in the detonators used in active tomography practice 
renders the tomographic results inaccurate. In this study, the influence of blasting delay on active inversions was analysed 
quantitatively using an inversion model. Thereafter, a method was proposed to eliminate the delay. Delay-eliminated seismic 
data was applied to an active tomography operation in panel LW3310 of a coal mine in Shandong province, China. Inver-
sion results show that there were four high-velocity areas in the panel. These areas were certified as being high-stress areas 
through field observations, which proves the reliability of the active velocity tomography technique and the accuracy of the 
proposed delay elimination method.
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Introduction

Seismic velocity tomography is a powerful tool for inferring 
rock stress characteristics by reconstructing the wave veloc-
ity distribution (Begg et al. 2009; Cao et al. 2015; Friedel 
et al. 1995; Sheehan et al. 2014; Ustaszewski et al. 2012; 
Young and Maxwell 1992). This technique has been used 
in determining high-stress areas and predicting rockburst 
hazards in mining (Gong et al. 2019; Hosseini et al. 2011, 
2012; Li et al. 2017; Wang et al. 2018). According to the 
types of wave sources, seismic tomography can be clas-
sified as “active” and “passive” (Lurka 2008; Luxbacher 
et  al. 2008). Passive tomography uses mining-induced 
microseismic events as its sources, while the sources for 

active tomography are normally produced by explosives at 
known positions (Cao et al. 2015; Su et al. 2020). One of 
the prominent advantages of active tomography is that it can 
provide important assessments before coal mining by ana-
lysing controllable human-made vibration signals (He et al. 
2011). Due to its precise source locations, identified study 
areas, and rapid and accurate inversion results, active veloc-
ity tomography has been paid increasing research attention.

For an active tomography test in a coal mine, explosives 
are generally arranged along the roadway as seismic sig-
nals, and geophones are arranged along the other roadway as 
receivers. Geophones can record vibration signals generated 
by the explosion in the coal-rock mass. The velocity distri-
bution in the coal and rock mass can be inversed according 
to the first arrival time of different wave sources. The layout 
of blasting points and geophones in an underground coal 
mining is shown in Fig. 1.

The travel time T from blasting points S to geophones R 
represents a line integral of wave slowness P (inverse of 
ve l o c i t y  v ) ,  w h i ch  c a n  b e  ex p r e s s e d  by 
Ti = ∫

Li

ds

V(x,y)
= ∫

Li

S(x, y)ds (Hosseini et al. 2012; Lurka 2008), 

where Li is the i th ray path from source to geophones. To 
solve the equation, the inversion region can be divided into 
M grids, and travel time Ti in the i th grid can be described 
as Ti =

∑M

j=1
dijSj(i = 1, 2…N  ), where dij is the distance 
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travelled by the i th ray through grid j , and N is the total number 
of rays. Apparently, accurately determining the travel time 
plays a crucial role in inversion calculation. However, mine 
explosives normally have a pre-set blasting delay due to the 
presence of delay composition, which means that travel time 
data recorded by geophones are not the actual propagation 
time of P-waves. Moreover, different types of explosives with 
different delays are likely to be used in one active 
tomographic operation, which maybe reduces the accuracy 
of inversion results.

This study investigates the effect of blasting delay in 
detail using an inversion model. Then, a least squares 
regression method is adopted to eliminate blasting delay 
based on the relationship between P-wave travel time and 
its propagation distance. The delay-eliminated seismic 
data is also applied in an active tomography test in a coal 
mine.

Methodology

Inversion model

An inversion model is established to investigate the effect 
of blasting delay on active tomography, as shown in Fig. 2a. 
6 × 5 grids (N1, N2, …, N30) are created in the model, and 
each grid measures 20 m × 20 m in the X- and Y-directions, 
respectively. The coordinates of blasting points (B1, B2, 
B3 and B4) and receivers (R1, R2, R3 and R4) are listed 
in Table 1. Thirty random initial velocities ranging from 
3.40 to 5.40 are distributed within this area, and the veloc-
ity contour is obtained by using the Kriging interpolation 
method (Fig. 2b). Two high-velocity regions are observed 
in the inversion model, namely N8 and N22. Table 2 shows 
the travel time of each seismic ray, which can be calculated 
based on the wave velocity and the distance travelled by a 
ray passing through the mesh. It is noted that the travel time 
in Table 2 is the actual propagation time (without blasting 
delay) of P-waves from blasting points to geophones in the 
inversion model.

Fig. 1  Principle of active seismic velocity tomographic practice in 
underground coal mining

Fig. 2  Established active 
tomography model (a) (grid 
numbers represented by N1, 
N2, …, N30, velocity values 
represented by numerical values 
in every grid, unit: km/s) and 
velocity cloud image in active 
inversion model (b)
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Table 1  Layout of blasting points and receivers in active inversion 
model

Blasting/geophone no X-coordinate/m Y-coordinate/m

B1 0 0
B2 40 0
B3 80 0
B4 120 0
R1 0 100
R2 40 100
R3 80 100
R4 120 100
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As mentioned above, the explosives used in coal mines 
usually have a blasting delay. Besides, two or more different 
types of detonators may be used in an active inversion opera-
tion. It may affect the inversion results due to the wrong 
P-wave travel time being applied in the tomographic algo-
rithms. Therefore, the following two tests were conducted to 
study the effect of blasting delay on the inversion:

Test 1: Adding different delay lengths from 1 to 6 ms to the 
actual P-wave travel time demonstrated in Table 2, and 
then reconstructing the velocity distribution.

Test 2: Adding different delay combinations to the actual 
P-wave travel time demonstrated in Table 2, and then 
reconstructing the velocity distribution. The following 
six delay combinations were considered: (I) 1 ms of 
delay for B1 and B2, 5 ms of delay for B3 and B4; (II) 
1 ms of delay for B1 and B3, 5 ms of delay for B2 and 
B4; (III) 1 ms of delay for B1 and B4, 5 ms of delay for 
B2 and B3; (IV) 1 ms of delay for B2 and B3, 5 ms of 
delay for B1 and B4; (V) 1 ms of delay for B2 and B4, 
5 ms of delay for B1 and B3; and (VI) 1 ms of delay for 
B3 and B4, 5 ms of delay for B1 and B2.

Delay‑eliminated method

For an active tomographic operation in a coal mine, the gen-
eral relationship between recorded P-wave travel time and its 
propagation distance is shown in Fig. 3. There is a positive 
correlation between them, and all data are scattered near 
the red oblique line in the graph, but the line does not pass 
through the origin due to the existence of blasting delay. 
Without delay, the fit line should pass through the origin, as 
shown by the green line in Fig. 3. Therefore, the intercept of 
the fit line of the observed data is the delay. In view of this, 
the below method is used to calculate the delay.

Assuming vibration signals from a blasting point are 
recorded by n geophones in an active inversion test. The 
P-wave travel time recorded by the i th geophone is denoted 
by tpi ( i = 1, 2, …, n ). The distance between the blasting 
point and the geophones is described as ri . The relationship 
among P-wave velocity v , P-wave travel time tpi and the delay 
td can be described as below:

The v and td are obtained by the least-square linear fitting 
method (Reza and Sengupta 2017; Xu et al. 2018):

The actual P-wave travel time t�pi can be obtained by sub-
tracting the detonator delay td from the recorded P-wave travel 
time tpi:

According to the above steps, the delay for each blasting 
point can be obtained in turn, and then the actual P-wave travel 
time can also be obtained.

(1)

⎧⎪⎪⎨⎪⎪⎩

tp1 = td +
r1

v

tp2 = td +
r2

v

…… ..
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v

→

⎡⎢⎢⎢⎢⎣
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Table 2  Travel time of P-waves after blasting in active tomography 
model (unit: ms)

Travel time/ms B1 B2 B3

R1 23.1652 24.2676 29.4237
R2 24.1611 21.5758 23.8446
R3 27.1763 22.5661 23.2894
R4 34.5602 28.8386 26.5259

Fig. 3  Relationship between P-wave travel time and propagation time
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Applications

The selected coal panel (LW3310 in Xingcun Coal Mine) 
is situated in the south of Shandong province, China. The 
mining depth ranges from 1080 to 1125 m. The inclined 
length and strike length of the panel LW3310 are 680 m 
and 100 m, respectively (Fig. 4a). The north side of the 
panel borders LW5303 goaf. Some faults in the side of 
the track roadway were detected during roadway excava-
tion, among which fault JF10-3 has a large down-throw of 
5 m. To detect the stress distribution characteristics around 
WL3310, active velocity tomography was conducted from 
12 to 14 May 2016. In the test, 31 blasting points (B1 to 
B31) with an explosive charge weighing 300 g each were 
arranged on the side of the track roadway. The blasting 
sequence is from B31 to B1 (Fig. 4b). Thirty-two geo-
phones (S1 to S32) with a sampling rate of 4 kHz were 
arranged on the side of the transport roadway to receive 
blasting waves. Among these geophones, S1 is a standard 
one used to stamp the start time; thus, the P-wave travel 
time recorded by other geophones can be calculated by 
Ti − T1(i = 2,… , 32) . It should be noted that effective sig-
nals were recorded from other blasting points apart from 
the fact that blasting point B7 failed to detonate and geo-
phone S24 did not record a signal.

The relationship between recorded P-wave travel time 
and propagation distance is shown in Fig. 5a. Two types 
of explosives with different delays were used in this active 
velocity tomographic practice marked explosive A and 
explosive B. The method proposed in the “Applications” 

section was used to eliminate the delay of detonators for 
the recorded waveform data. The blasting delay and wave 
velocity at all blasting points are calculated according to 
Eqs. (2) to (3), and the results are listed in Table 3. Blast-
ing points B1 to B16 have short delays with values rang-
ing from 0 to 10 ms. However, the delay at blasting points 
B17 to B30 is around 100 ms. The actual P-wave travel 
time can be obtained based on Eq. (4), and its relationship 
with propagation distance is shown in Fig. 5b. After the 
delay elimination, the velocity grouping phenomenon is 
not observed.

In the active tomography calculation, 34 × 8 grids were 
created in the inversion model, and each grid measured 
20 m × 12 m in the X- and Y-directions, respectively. To 
improve the accuracy of seismic tomography, high signal-
to-noise ratio waveforms were selected for the tomographic 
algorithm, and finally, 775 seismic rays between geophones 
and blasting points were created. A simultaneous iterative 
reconstruction technique was chosen as an inversion algo-
rithm in this study considering its good convergence.

Results and discussion

Figure 6 shows the influence of different delay lengths (test 1 
in the “Inversion model” section) on inversion results. After 
adding a delay of 1 ms, 3 ms and 5 ms, the calculated wave 
velocity ranges are 3.44 to 4.77 km/s, 3.32 to 4.53 km/s and 
3.04 to 4.32 km/s, respectively. Figure 7a shows that the 
delay reduces the overall velocity in the inversion region, 
and the longer the delay, the greater the decrease. However, 
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Fig. 4  Layout of the LW3310 working face (a) and layout of blasting points and receiver points (b)
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the high-velocity regions undergo little significant change. 
Figure 7b shows the root-mean-square (RMS) error sta-
tistics of velocity value under different delays. There is a 
linear increasing relationship between the delay length and 
the inversion error. In other words, the longer the delay, the 
greater the inversion error. According to the above analy-
sis, we can get the enlightenment: without eliminating the 
blasting delay, the velocity distribution of coal-rock mass 
obtained by active tomographic detection may be lower than 
that in reality, for example, some low/medium-wave velocity 
areas may be potential high-wave velocity areas.

Figure 8 shows the influence of different delay combina-
tions (test 2 in the “Inversion model” section) on inversion 

results. After adding delay combinations I, III and V, the 
calculated wave velocity ranges are 3.00 + to 6.36 km/s, 
2.95 to 7.35 km/s and 2.87 to 7.05 km/s, respectively. Under 
different delay combinations, the range of wave velocity 
changes significantly, and the location of high-wave veloc-
ity regions also change in an unpredictable manner. In addi-
tion, compared with the model velocity (without delay), 
the wave velocity in grids N7 to N30 is generally low, but 
the trend is similar. However, the velocity changes in grids 
N1 to N6 are anomalous: some of the wave velocities are 
much higher than the model velocity, while some are much 
lower (see Fig. 9a). Figure 9b shows the RMS error of wave 
velocity under different delay combinations. The inversion 

Fig. 5  Relationship between P-wave travel time and distance before (a) and after (b) detonator delay elimination

Table 3  Calculated detonator 
delays and velocities

Blasting points Delay/ms Velocity/(km/s) Blasting points Delay/ms Velocity/(km/s)

B1 3.4511 4.3860 B17 102.7377 4.6232
B2 0.9932 4.3046 B18 98.4446 4.4315
B3 4.5703 4.6344 B19 95.7212 4.0703
B4 3.8400 4.5018 B20 98.3144 4.1700
B5 2.5963 4.4197 B21 83.0102 4.1479
B6 4.3616 4.6519 B22 94.9545 4.1585
B8 2.2559 4.2718 B23 82.8277 4.0333
B9 1.4517 4.0357 B24 96.8706 4.0841
B10 3.2937 4.3243 B25 95.0110 4.0103
B11 2.9292 4.3989 B26 93.8853 4.1033
B12 5.2199 4.7450 B27 93.8173 4.2935
B13 5.4574 4.8143 B28 98.2491 4.2256
B14 6.5663 4.8012 B29 97.1379 4.1594
B15 3.7796 4.5056 B30 96.1255 4.2155
B16 2.9435 4.4879 B31 88.4335 4.1507
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error range under different delay combinations is 0.6149 to 
0.9992 km/s, indicating that the error fluctuation is large. 
The above analysis indicates that different delay combina-
tions exert a significant influence on the tomographic results, 
not only significantly increasing the inversion error, but also 
causing unpredictable velocity changes. In other words, the 
high-wave velocity area obtained by inversion under differ-
ent delay combinations may be a potential low-wave veloc-
ity area, while the low-wave velocity area may also be a 

potential high-wave velocity area. Therefore, in the actual 
active tomography operations in a coal mine, the obtained 
velocity distribution may be unreliable if the effect of delay 
combinations is ignored.

Figure 10a shows the tomographic results before blasting 
delay was eliminated. Different colours represent the mag-
nitude of wave velocities. According to Fig. 10a, high-wave 
velocity regions are mainly located near faults. The distri-
bution of high- and low-wave velocity regions is obvious, 
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Fig. 6  Inversion results after adding a delay of 1 ms (a), 3 ms (b) and 5 ms (c)

Fig. 7  Comparison of inversion 
results (a) and inversion errors 
(b) with different delays
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Fig. 8  Inversion results after adding delay combination I (a), combination III (b) and combination V (c)

154   Page 6 of 8 Arab J Geosci (2023) 16:154



1 3

and gradient of wave velocity is large ranging from 2.8 to 
6.32 km/s. Unpredictable velocity anomalies appear in the 
inversion region due to different delay combinations, which 
fails to reflect the true stress state in a coal-rock mass.

Actual P-wave travel time data were also used for active 
tomographic calculation after delay elimination, and the 
result is demonstrated in Fig. 10b. There are four high-
stress areas detected in panel LW3310 (i.e. areas A, B, C 
and D). Among them, area B has the highest wave velocity 
which corresponds to the highest stress concentration. The 
fault JF10-3 within area B was activated by roadway driv-
ing, resulting in regional stress concentration (Sainoki et al. 
2017; Sidorenko et al. 2019; Wu et al. 2017). In addition, 
coal seam thinning had occurred in this area according to 
the field investigation. Stresses tend to increase in coal seam 
thinning areas (Yang et al. 2018; Zhu et al. 2016). Therefore, 
the wave velocity anomaly in area B is mainly affected by 
fault activation and coal thickness variation. High-velocity 
area C lies in the syncline axis. The horizontal stress exhibits 
significantly increasing trend for coal mass in the syncline 
axis (Guo et al. 2017; Shepherd et al. 1981; Wang et al. 
2016). Therefore, the syncline structure is the main reason 

for the increase of the wave velocity in this area. For the 
high velocity areas A and D along the transport roadway of 
LW3310, high-stress areas are formed by transferred stress 
due to the excavation of nearby panel LW3308. The high-
stress distribution in areas A and D is also consistent with 
the fact that the nut and anchor bolt on the side close to the 
transport roadway are tightly engaged and cannot be dis-
assembled. According to the above analysis, the reliability 
of the inversion result of active velocity tomography after 
eliminating the delay is proved, and the accuracy of the 
delay elimination method at each detonator is also explained.

Conclusions

The pre-set blasting delay in the detonators renders the active 
velocity tomographic results inaccurate. In this study, an 
active tomography model was established to investigate the 
effect of blasting delay in two delay schemes. Experimental 
results show that, if all detonators have the same delay, the 
delay will reduce the overall velocity in the inversion region, 
and the longer this delay is, the greater the decrease in wave 

Fig. 9  Comparison of inver-
sion results (a) and inversion 
errors (b) with different delay 
combinations

Fig. 10  Inversion result before 
(a) and after (b) eliminating 
delay
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velocity. If detonators have different pre-set delays, differ-
ent delay combinations significantly increase the inversion 
error. According to the relationship between P-wave travel 
time and propagation distance, a delay-elimination method 
was proposed by least squares linear fitting. The proposed 
method was successfully used to eliminate delay in seismic 
data in an active tomography operation in panel LW3310 of 
Xingcun Coal Mine, Shandong province, China. After that, 
delay-eliminated seismic data were also applied to tomo-
graphic calculation. Inversion results successfully reveal 
high-stress areas in the studied panel.
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