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ABSTRACT

Purpose. In this study, we investigated the vibration propagation characteristics in ground caused by the explosion
pressures during ground and underground blasting. In addition, the use of Styrofoam as a simulation medium, which
represents the void during underground blasting, was investigated.

Methods. The investigation method is the measuring and comparing the vibrations using variable trinitrotoluene
(TNT) charge amounts and underground volumetric spaces.

Findings. The regression analysis results based on experimental calculations indicated that the vibration levels
were lower and vibration attenuation occurred more rapidly during underground blasting than those during
ground blasting.

Originality. As the underground volumetric space increased, the vibration levels lowered and vibration attenuation
became more gradual.

Practical implications. The use of Styrofoam to simulate the void in the underground space during blasting was

deemed inappropriate, however, Styrofoam may be appropriate as a medium for low-impedance grounds.
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1. INTRODUCTION

In selected military operations, explosives are used to
destroy bridges or other above or below ground struc-
tures. To ensure complete destruction of the target, a
large number of explosives are used. The ground vibra-
tions caused by the explosive pressure of the detonation
often causes secondary damage to the surrounding non-
targeted structures.

In this study, we investigated the characteristics of in-
ground vibration propagation caused by the explosion
pressures during ground and underground blasting by
measuring and comparing the vibrations using variable
trinitrotoluene (TNT) charge amounts and underground
volumetric spaces.

Specifically, the vibration levels and attenuation were
measured and compared. In addition, the use of
Styrofoam as a simulation medium, which represents the
void during underground blasting, was investigated
(Morin & Ficarazzo, 2006; Gheibie, Aghababaei, Hosein-
ie, & Pourrahimian, 2009; Kabwe, 2018).

2. METHODS

The vibration propagation characteristics were meas-
ured in a series of ground and underground blasting ex-
periments using variable TNT charge amounts and un-
derground volumetric spaces. Subsequently, regression
analysis was performed to derive an equation for estimat-
ing the square-root scaled distance, which can accurately
analysis the vibration propagation characteristics of a
blast in an open environment (Akbari, Lashkaripour,
Yarahamdi Bafghi, & Ghafoori, 2015; Kamel, Abdellah,
Korichi, & Abderazzak, 2015; Singh et al., 2016).

2.1. Experiment setup

In this study, three experimental setups were used to
reflect (1) ground blasting, (2) underground blasting, and
(3) underground blasting using Styrofoam instead of an
open void. Figure 1 shows the conceptual experimental
setups for each of these blasting types.

The underground space was formed using an excava-
tor. To prevent a direct delivery of the explosive detona-
tion shock wave to the surface, an underground space
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must have adequate dimensions with the explosive
placed at its center (Kumar, Choudhury, & Bhargava,
2016; Wojtecki, Mendecki, & Zuberek, 2017).
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Figure 1. Conceptual experimental setups: (a) ground blast-
ing; (b) underground blasting; (c) underground
blasting using Styrofoam

However, due to the unstable ground conditions at the
test site, a sufficient depth was not obtained. In addition,
the plywood used as a top cover for the underground
space did not withstand the weight of the earthen materi-
als, resulting in insufficient coverage. Under these condi-
tions, we estimated that a large proportion of the explo-
sive force would have been concentrated at the top por-
tion (cover) of the underground space, affecting the vi-
brations transmitted to the ground surface. To minimize
these effects, we placed a layer of Styrofoam between the
ground and the explosives, as shown in Figure 1.

We installed a vibrometer to measure the vibrations
during each of the blasting experiments. Figure 2 shows
the conceptual vibrometer installations. During a blasting
experiment, the excavation dimensions of the under-
ground space and subsequent recovering because of loose
earthen materials can affect the vibration measurement
accuracy (Nur Lyana, Hareyani, Kamar Shah, & Mohd
Hazizan, 2016; Zhang, Yang, & Liu, 2016).
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Figure 2. Vibrometer installation

To minimize the vibration propagation distortion stem-
ming from the ground disturbance, we buried a loading pipe
along the wall of the underground space and installed the
vibrometer at some distance from the loose earthen materials.

2.2. Experiments

2.2.1. Ground blasting

To determine the baseline in-ground vibration propa-
gation characteristics at the test site, we performed three
separate ground blasting experiments using TNT charge
amounts of 0.72, 1.44, and 2.88 kg. Figure 3 shows the
different stages of a general ground blasting preparation
process, which includes excavation and installation and
burial of the loading pipe.

Figure 3. Preparation of the ground blasting experiment:
(a) excavation; (b) pipe installation; (¢) final setup
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2.2.2. Underground blasting

To measure the in-ground vibration propagation cha-
racteristics during underground blasting, we performed
five separate underground blasting experiments using
TNT charge amounts of 0.72, 1.44, and 2.88 kg, and
underground volumetric spaces of 1, 2, and 4 m®. Fi-
gure 4 shows the different stages of a general under-
ground blasting preparation process, which includes
excavation, support pillar installation (required 4 m?3
space to support only the weight of the earthen material
cover), and pipe/plywood installation and burial. As
mentioned before, we placed a layer of Styrofoam be-
tween the ground and the explosives at the bottom of the
pipe to minimize any explosive force concentration at the
top portion of the underground space.

Figure 4. Preparation of the underground blasting experi-
ment: (a) excavation; (b) support installation;
(¢) pipe installation

2.2.3. Underground blasting using Styrofoam

To investigate the use of Styrofoam as a simulation
medium, which represents the void during underground
blasting, we performed an experiment using a TNT
charge amount of 2.88 kg and an underground volumetric

space of 1m’. In this experiment, a 1m’ block of

Styrofoam was used to fill the space. Figure 5 shows the
different stages of a general underground blasting using
Styrofoam preparation process, which includes excavation,
TNT charge placement, and pipe fill-up and compaction.

Figure 5. Preparation of the underground blasting using
Styrofoam: (a) excavation; (b) TNT placement;
(c) pipe fill-up

To determine whether the buried Styrofoam acted as
a void or a medium, we compared the results of this
experiment with those of the ground and underground
blasting experiments.

3. RESULTS AND DISCUSSION

3.1. Experimental results

Figure 6 show the ground, wunderground, and
Styrofoam-based blasting results for a constant TNT
charge amount of 2.88 kg. The pipe diameters differed in
all three blasting experiments, and craters formed at the
excavated depths prior to blasting. After the detonation of
the explosives, we observed that ground blasting had the
highest scatter distance, followed by underground blasting
using Styrofoam and conventional underground blasting.
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Figure 6. Blasting experiment results: (a) ground blasting;
(b) underground blasting; (c) blasting using Styrofoam

This observation suggested that the Styrofoam layer
acted as a low-impedance medium. During the under-
ground blasting experiment using a constant TNT charge
amount, an increased underground volumetric space
resulted in a decreased crater width and a greatly de-
creased scatter distance. This observation indicated that
the explosion pressure decreased as the underground
volumetric space increased.

3.2. Regression analysis

The vibration data obtained from the ground, under-
ground, and Styrofoam-based blasting experiments was
used to support the subsequent regression analysis, which
was performed to accurately model and predict the vibra-
tion propagation characteristics. Specifically, regression
analysis was performed to derive equations for estimating
the square-root scaled distance, which can accurately
model the vibration propagation characteristics of a blast
in an open environment. We performed regression analy-
sis based on this study’s experimental data to model the
vibration propagation characteristics of a blast using the
calculated square-root scaled distance (Avellan, Belo-
potocanova, & Puurunen, 2017). Table 1 lists the resultant
square-root scaled distance equations and the associated
correlation coefficients (R) for each of the experimental
cases considered in this study. The general form of the
square-root scaled distance equation is V= K(SD?)™,
where V' is the peak particle velocity, SD is the scaled
distance, and K and » are the site characteristic constants.

The square-root scaled distance equations estimated
in this study for ground blasting were consistent with the
vibration estimation equation of the Ministry of Land,
Infrastructure, and Transportation (MOLIT) (Gui, Zhao,
Zhou, Goh, & Jayasinghe, 2017). On comparing this
study’s estimated square root scaled distance equations
for ground and underground blasting, we observed that
the underground (conventional and Styrofoam-based)
blasting cases had consistently lower K and higher n
values than the ground blasting cases for a constant TNT
charge amount of 2.88 kg.

Table 1. Estimated square root scaled distance equations for each experimental

Blast type Volume, m? Case Charge, kg Sdcillsl;rf;zo:(;lf:gif C(i(;g;l:;o&)
A 0.72 Voss, = 345.8(SD?) 172 0.94
B 1.44 Vosso = 62.7(SD?)1-66 0.95
Ground — _
C 2.88 Vosv, = 134.7(SD?) 88 0.95
D All Vos, = 123.7(SD?)1-50 0.84
E 1.44 Vosv, = 168.8(SD?) 1% 0.93
1 F 2.88 Vosw, = 42.9(SD?) 164 0.95
Underground G All Voso, = 75.4(SD?) 7178 0.94
2 H 2.88 Vos, = 23.4(SD?) 154 0.97
4 I 2.88 Vosw = 3.8(SD?) 0% 0.95
Styrofoam-based underground 1 J 2.88 Voso, = 48.4(SD?)13° 0.95

This observation suggested that at short distances, the
vibration levels were lower and vibration attenuation oc-
curred more rapidly (Tripathy, Shirke, & Kudale, 2016).

3.2.1. Vibration levels

Generally, vibration levels are indicated by their peak
particle velocities. Figure 7 shows the comparison of the

peak particle velocities estimated using regression analysis
and measured during experimentation as a function of
square root scaled distance for various ground (Case D) and
underground (Cases G, H, 1) blasting experimental cases.
The ground blasting case (Case D) had a flatter gradient
and a higher K value (indicated as the intercept) than the
underground blasting cases (Cases G, H, and I).
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Figure 7. Comparison of peak particle velocities: (a) Case D;

(b) Case G; (c) Case H; (d) Case I

This observation indicated that the vibration levels
were higher, and vibration attenuation occurred more
slowly during ground blasting. The comparisons among
the underground blasting cases (Cases G, H, and I in Fig-
ure 7b — 7d) indicated that as the underground volumetric
space increased (Cases G and H used a 2 m? space while
Case 1 used a 4 m® space), the K and n values decreased,
subsequently decreasing the vibration levels and moderat-
ing the vibration attenuation.

3.2.2. Vibration attenuation

To determine the vibration propagation characteris-
tics during ground and underground (conventional and
Styrofoam-based) blasting, a series of vibration attenua-
tion comparisons were performed. First, this study’s
vibration attenuation results were compared with the
vibration estimation equation obtained from the MOLIT.
Figure 8 shows that the two sets of results are consistent.
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Figure 8. Comparison of the vibration results

Further, we compared the vibration attenuation for
different TNT charge amounts (1.44 and 2.88 kg) and for
different underground volumetric spaces (1, 2, and 4 m?).
Figure 9 and 10 show the results of these comparisons,
respectively. The results indicated that the TNT charge
amount did not significantly affect the vibration attenua-
tion for the same underground volumetric space. Com-
paratively, the vibration levels clearly decreased as the
underground volumetric space increased for the same
TNT charge amount.
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Figure 9. Vibration attenuation by TNT charge amount
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Figure 10. Vibration attenuation by the underground space

Figure 11 and 12 show the comparison between vi-
bration attenuation during ground and underground blast-
ing, during underground blasting and underground blast-
ing using Styrofoam, and during ground and under-
ground (conventional and Styrofoam-based) blasting,
respectively. The results indicated higher vibration levels
for ground blasting than underground blasting (Fig. 11).
Underground blasting using Styrofoam had higher vibra-
tion levels than conventional underground blasting but
had lower vibration levels than ground blasting (Fig. 12).
The latter observation suggested that the use of
Styrofoam to simulate the void in the underground space
would not be appropriate. However, Styrofoam may be
appropriate as a medium for low-impedance grounds.
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Figure 11. Comparison of vibration attenuation
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Figure 12. Comparison of vibration attenuation of Styrofoam

4. CONCLUSIONS

In this study, we investigated the characteristics of in-
ground vibration propagation caused by the explosion
pressures during ground and underground blasting by
measuring and comparing the vibrations using variable
TNT charge amounts and underground volumetric spac-
es. In addition, the use of Styrofoam as a simulation me-
dium, which represents the void during underground
blasting, was investigated. The key results of this study
are summarized as follows:

— the vibration level and attenuation results estimated
in this study for ground blasting were consistent with the
results of the vibration estimation equation obtained from
the MOLIT;

— the vibration levels were higher, and vibration at-
tenuation occurred more slowly during ground blasting
than during underground blasting. Conversely, the vibra-
tion levels were lower, and vibration attenuation oc-
curred more rapidly during underground blasting than
during ground blasting;

— the vibration attenuation during underground blast-
ing was affected by the changes in the underground vol-
umetric space but not by the changes in the TNT charge
amounts;

— as the underground volumetric space increased, the
vibration level decreased, and the vibration attenuation
became more gradual;

— finally, the use of Styrofoam to simulate the void in
the underground space was deemed inappropriate; howev-
er, Styrofoam may be appropriate as a medium for low-
impedance grounds.

The results of this study substantially contribute to
the state of knowledge regarding the vibration propaga-
tion characteristics during underground blasting. Future
research on this topic will be considered.
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IAPAMETPHU IOIIUPEHHS BIGPAIIA B ITPYHTI IIJT YAC NIJI3BEMHOI'O BUBYXY
Onr T'io Kim, Mour-I'san Kim, Marpoyc A.M. Arni

Merta. BuBueHHs napameTpiB MOMIMPEHHS BiOpamiil y IPyHTI, BUKJIMKaHUX TUCKOM IIijl Yac Ha3eMHHUX 1 MiA3eMHHUX
BHOYXiB. JlocmipkeHHs 0COOMMBOCTEH BHKOPUCTAHHS IMIHOMIOJICTHPOJIY B SKOCTI CEpEeIOBHINA MOJCIIOBAHHS, SIKMH
BHUKOHYE€ POITB IyCTOT ITiJ] 9aC BHOYXY.

Metoauka. Po3po0iieHo 3 ekcriepiMeHTaIbHIX YCTaHOBKH JUTS BiToOpaXkeHHS BHOYXOBHX pOOIT Ha 3eMITi, MiI3eM-
HUX 1 TmiI3eMHUX BHOYXiB 3 BUKOPUCTAHHSIM HIHOMOJICTUPOITY 3aMIiCTh BiAKPUTOI MMOPOKHETi. XapaKTEPUCTHKH TOIIH-
peHHsl BiOpailii Oysi0 BUMIPSIHO B cepii Ha3eMHHX 1 MiI3eMHUX BUOYXOBUX €KCIIEPUMEHTIB 3 BUKOPHCTAHHIM 3MIHHHX
BeamunH 3apsamy Tpotriry (0.72, 1.44 i 2.88 kr) i mimzemanx 06'emuux npoctopis (1, 2 i 4 ). Tlpoeneno perpeciiinmii
aHai3 st OTPUMAaHHS PIBHAHHS XapaKTEPUCTHKH MOIIMPEHHs BiOpawii BUOyxy y BiIkpuToMy cepemoBuii. /s BuMi-
proBaHHs BiOpauii mij 4ac KOXKHOTO 3 BHOYXOBHX €KCIIEPHUMEHTIB BCTAHOBIIIOBABCS BiOpOMETP.

PesyabraTn. Perpeciiinuii aHaii3 Ha OCHOBI €KCIIEPUMEHTAIBHUX JaHUX JI03BOJIMB 3pOOHMTH BUCHOBOK IIPO T€, LIO
piBeHb BiOpaliii OyB HrpKue i BiOpauii 3aracany MIBUALIE ITiJ Yac MiA3eMHUX BUOYXIB y NMOPIBHAHHI 3 Ha3eMHUMHU. Bu-
3HA4EHO, 10 TPH ITiA3eMHUX BUOYXOBHX pOOOTAX 3 BUKOPUCTAHHSM ITIHOIOJIICTUPOILY HOT0 HIap JisiB K CEepeIOBHILIE 3
HU3BKUM OIOpoM. BeraHoBIeHO, 1110 piBeHb BiOpallii i pe3ysbTaTy 3aracaHHsi, OLiHEeHI B IOMY JOCIIKeHH] U1 BUOY-
XOBHUX poOIT Ha 3eMili, BiIIOBia/IN pe3yJIbTaTaMy PiBHSHHS OLIHKM BiOpamii MinicTepcTBa 3emii, iHQPACTPYKTYypH i
tparcnopty (MOLIT). BeranoBieno, mo Ha ocnabieHHs BiOpamii mix 9ac mig3eMHHX BHOYXIB BIDIMBAIOTH 3MIiHH B
Mia3eMHOMY 00'€MHOMY IPOCTOPI, ajie He 3MiHH B 00CsTaxX 3apsay TPOTHITY.

HaykoBa HoBH3HA. HayKOBO BCTaHOBIIEHO i JOBEACHO, IIO 3i 30LIBIIEHAAM 00’ €My TiI3eMHOI MOPOYKHIHN 3HUKY-
€ThCs1 piBeHb BiOpalliil i TUM piBHOMIpHIillIe BiZI0yBa€eThCs TX 3racaHHs.

IMpakTHYHA 3HAYUMICTB. 3aCTOCYBaHHS MHOMOIICTHPOIY JIsl MOJCIIOBAHHS ITiI36MHOT MOPOKHUHH IIiJ] 4aC BH-
OyXOBHX pOOIT HE JOLIIBHO, OJIHAK, HOI0 MOKHA BUKOPUCTOBYBATH B SIKOCTI CEpEIOBHINA JJIsl MOJICIIIOBAHHS IPYHTIB 3
HHU3bKHM OTMIOPOM.

Knrouosi cnosa: muck subyxy, Hazemuutl 6u0yx, niozemMHuil uOYX, peepecitiHuil aHalis, NIHONOAICMUPOI

HAPAMETPBI PACIIPOCTPAHEHMSI BUBPALIAI B TPYHTE BO BPEMSI IIOJI3EMHOI'O B3PBIBA
Onr T'to Kum, Monr-I'san Kum, Marpoyc A.M. Ann

Hean. M3yueHne napamMeTpoB pacnpocTpaHeHust BUOpaluii B TpyHTe, BI3BaHHBIX JaBJICHUEM BO BPEMsl Ha3€MHBIX
U [OA3EMHBIX B3pBIBOB. lccienoBaHue 0COOCHHOCTEH MCHOJIb30BaHUS EHOMONUCTHPOIA B KAUECTBE CPEbl MOAEIIH-
POBaHMs, KOTOPasi BHIIOJIHSET POJIb ITyCTOT BO BPEMsI B3PhIBA.

MeTtoauka. PazpaboTtansl 3 SKCIIEpUMEHTAIBHBIX YCTAHOBKH JUISl OTPAXKEHHS B3PBIBHBIX pabOT Ha 3eMJIe, MO3EMHBIX
U TTOJI3EMHBIX B3PBIBOB C HCIIOJIB30BAHHEM MIEHOIOJIMCTHPOIIA BMECTO OTKPBITOM ITyCTOTHI. XapaKTEePUCTHKU PacipocTpa-
HEHHs1 BUOpalMy ObUIH M3MEPEHBI B CEPHU HA3EMHBIX U IOA3EMHBIX B3PBIBHBIX SKCIICPUMEHTOB C HCIIOJIBb30BAaHUEM Iepe-
MEHHBIX BenMIHuH 3apsna tpotmia (0.72, 1.44 u 2.88 kr) U moa3eMHBIX 06beMHBIX npocTpadcTs (1, 2 u 4 M°). [IpoBenen
PErpecCHOHHBIN aHANU3 Ul MOTy4YeHUs] YpaBHEHHS XapaKTEPHCTUKH PACIIPOCTPAHEHUsI BUOpaLi B3pHIBAa B OTKPBITOH
cpeze. s n3mMepenus BUOparyy Bo BpeMsl Ka)0T0 U3 B3PHIBHBIX SKCIIEPUMEHTOB YCTaHABJINBAJIN BUOPOMETP.

Pe3yabTaTnsl. PerpeccroHHBIN aHaNIN3 HA OCHOBE SKCIEPHMEHTAIBHBIX IAHHBIX MO3BOJMI CIEIATh BBIBOL O TOM,
4YTO ypOBEHb BHOpaluii ObUI HIDKE M BHOpalWH 3aTyXayld ObICTpee BO BpeMs IOA3EMHBIX B3PBIBOB 110 CPABHEHHUIO C
HazeMHbIMH. OTpelesieHo, YTO NP TO/A3EMHBIX B3pPBIBHBIX PadOTax C MCIIOJIb30BAHWEM IIEHOIOJIMCTHPOJIA €ro CIOH
JISWCTBOBAJI KaK Cpejla ¢ HU3KMM MMIIEJITAHCOM. Y CTaHOBJIEHO, YTO YPOBEHb BHOpAIMU M Pe3yJIbTaThl 3aTyXaHHs, Olle-
HEHHBIE B 9TOM HCCJEJOBAaHHMHU JUIS B3PHIBHBIX pabOT Ha 3eMjie, COOTBETCTBOBAIM PE3yJibTaTaM ypPaBHEHHMs OLEHKU
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BUOpauuu Munucrepcrsa 3emin, HHGpacTpykTypsl u Tpancnopra (MOLIT). YcraHoBieHo, uTo Ha ocnabieHue BUO-
pauuu Bo BpeMs I0JI3EMHBIX B3PBIBOB BIIMSIOT U3MEHEHUsI B ITOJJ3eMHOM 00BbEMHOM MPOCTPAHCTBE, HO HE U3MEHEHHS B
o0bemax 3apsijia TPOTHIIA.

Hayunas HoBu3Ha. Hay4Ho ycTaHOBIICHO U JIOKa3aHO, YTO C YBEIWYEHHEM 00beMa M0J3eMHON MOIOCTH CHUXKAET-
Csl ypOBEHb BUOpALMii M TeM paBHOMEpPHEE IPOUCXOIUT UX 3aTyXaHHe.

I[pakTHyeckasi 3HAYMMOCTD. [[prMeHeHNE TIEHONOINCTHPOIIA ISl MOJEIIMPOBAHMS IIOA3EMHOH ITOJIOCTH BO BPEMS
B3PBIBHBIX Pa0OT HE 1Ie1eCO00Pa3HO, OTHAKO, €0 MOKHO HCIIOJIB30BaTh B Ka4eCTBE CPEIbl Ul MOACIUPOBAHUS TPYH-
TOB C HU3KUM HUMIICJAHCOM.

Knroueswie cnosa: dasienue 63pvléa, HA3eMHbIIL 63Pbl8, NOOIEMHYIL 3DbI6, PEPeCCUOHHbIN AHANU3, NEHONOTUCIUPOT
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