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FÖRORD

I praktiska fiirsök fi)r att utveckla metoder für skonsam sprängning har det visat sig att

sprängämnets kopplingsgrad är en viktig fakfor, dvs hur stor del av bonhålsdiametem

sãm upptas av spr?ingämne. Det är ett fenomen som kan utnyttjas fÌir att fÌirbättra

sprangningstekniken men det ftirutsätter en bättre ftirståelse av vissa grundläggande

sàmband mellan sprängämnens energiinnehåll och deras expansionsftirmåga under olika

florhållanden. För att konelera teoretiska modeller med praktiska erfarenheter är tryck-

florloppet vid detonationen en central ftäga. En metod har därftir tagits fram vid

SveBeFo fiir att registrera dessa kortvariga, mycket höga tryck, upp till nägra GPa. I

fÌireliggande rapport redovisas resultaten från sprängningar av enskilda bonhål i sten-

block med registrering av de ftirsta 30 - 500 mikrosekunderna av fÌirloppet med hjälp av

den sk LHM-cellen. Överensstämmelsen med olika empiriska formler diskuteras och

forslag till ftirbättringar av dessa görs. Ytterligare ftirsök kommer att göras fìir att åstad-

komma överensstämmelse mellan mätta och beräknade trycknivåer.

Resultaten är av stor betydelse i det pågående arbetet med att anpassa sprängämnen och

hålsättning ftir ett effektivt och väl kontrollerat sprängningsresultat i olika praktiska till-
lämpningar.

projektet ftiljs av SveBeFos "referensgtupp ftir detonik", under ordfÌirandeskap av

Stefan Lamnevik, FOA, och med representanter ftir Dyno Nobel och Kimit.

Stockholm imaj 1999

Tomas Franzén
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SUMMARY

Borehole pressure is a measure of the expansion work an explosive caî carry out in a
blast hole. It is hence a fundamental parameter indicating energy partitioning and

efficiency of the explosive. It is also the most important factor that determines the

blasting results such as fragmentation, heave and damage in remaining rock. Recently, a
method for measurement of pressure history in blast holes, the so-called LHM method,

has been developed and successfully applied in laboratory tests. In order to extend the

application of this new method to rock blasting, a series of measurements of borehole

pressure using the LHM method have been conducted in blasting holes in large blocks

of a very competent granite. Seven test shots have been carried out, in which two types

of explosives and three decoupling ratios (borehole diameter/charge diameter) were

studied. The experiments showed that the LHM method worked very well after minor

modifications. The measured borehole pressure varied from 0.08 to 1.7 GPa, depending

on the explosive type and decoupling ratio. However, only apart of the pressure history,

30 to 500 prs could be measured before the gage was damaged. The measured pressure

amplitude has been used to calibrate empirical formulas. The calibration showed that the

empirical formulas for explosion pressure provide quite good estimates while the

formulas for borehole pressure in decoupled holes give poor estimates. Howevet, when

the decoupling ratio is large, approximately 2.4, Calder's formula can estimate the

borehole pressure in decoupled holes well. Finally, a new estimation principle is

proposed and a new formula based on this principle has been presented.

Keywords: borehole pressure, explosion pressure, decoupling, pressure gage, LHM
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SAMMANFATTNING

Bonhålstryck är ett mått på sprängämnets expansionsförmåga i ett borrhåI. Det är därftir
en grundläggande indikator pä energifördelning och effektivt utnyttjande av

sprängämne. Det är också en viktig faktor som avgör sprängresultat t ex fragmentering,

kast och skador i kvarstående berg. En ny metod avsedd för mätning av borrhålstryck,
den så kallade LHM (Lägesbestämd Hydrostatisk Mätkopp) metoden, har utvecklats och

framgångsrikt anvlints i laboratorium. För aft bredda metodens tillämpning till
bergsprängning, har metoden använts för mätningar av bonhålstryck i detonerande

bonhål i granitblock. Sju testskott sköts, där två sprängämnen och tre olika
frikopplingar undersöktes. Försöken visade att LHM-metoden fungerade bra efter

smärre modifikationer. Mätta bonhålstryck varierade mellan 0,08 och 1,7 GPa beroende

på sprängämnestyp och frikopplingsgrad. Emellertid kunde baru delar av

tryckfrirloppen, 30 till 500 ps mätas innan givaren fürstördes. De uppmäta trycknivåerna

har jämftirts med empiriska uppskattningar. Jämftirelsen visade att de empiriska

formlema fcir explosionstryck ger god överensstämmelse medan formlerna för
bonhålstryck i frikopplat borrhål ger dålig överensstämmelse. I fallet där frikopplingen
är stor med en frikopplingsgrad (håldiametern/laddningsdiametern) pä 2,4 stämde

Calder-formeln väl med mätningen. Slutligen har en ny beräkningsprincip föreslagits

och motsvarande formel framtagits.
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l INTRODUCTION

The history of the borehole pressure in a blast hole in rock describes the expansion work
of the explosive during the rock breakage process. This data directly indicates the

transfer of the explosive energy into the rock and hence it is a direct measure of the

efficiency of the explosive. Furthermore, the borehole pressure determines the blasting
results such as fragmentation, heave and damage in the remaining rock /1 , 2, 31.

Besides, it is a crucial input or calibration data for various computer simulations.

Therefore, this information is the most important one in an evaluation of the explosive
performance and in the prediction of blasting results.

Despite of the importance of this parameter, direct measurements of the borehole
ptessure have rarely been carried out, owing to the absence of feasible methods. Instead,

various empirical formulas or computer codes are used to estimate this pressure. The
accuracy of such estimates remains unknown.

Recently, a method for measurement of pressure history in blast holes has been

developed by G Persson at SveBeFo and successfully applied in laboratory tests /4/. The

method has been named as LHM (In Swedish: Lägesbestämd Hydrostatisk Mätkopp, or
Location-fixed Hydrostatic Measuring-cup) method l4l. In order to extend the

application of this new method to rock blasting, a series of measurements of borehole
pressure using the LHM method have been conducted in blasting holes in large blocks
of very competent granite. The next step is to apply this method in field scale. More
measurements in bench blasting are under way.

This report describes the borehole pressure measurements in blast holes in granite

blocks using the LHM method. The comparison between the measured pressure

amplitude and estimates by empirical formulas will be included.

1.1 Definition of the borehole pressure

The pressure inside a blast hole is a dynamic pressure. Different terms have been given
to some specific moments in the pressure history, see Fig. I where the detonation
pressure, explosion pressure and borehole pressure have been defined.

In a detonation, the unreacted explosive is hrst compressed to a higher density. As the

reaction in the explosive starts and progresses, the reacting explosive expands and

reaches the C-J plane or the sonic plane. The pressure at the C-J plane is defined as the

detonation pressure l5l. At the C-J plane, the explosive has completely reacted in an

ideal detonation, while in a non-ideal detonation, the reaction continues. After the C-J

plane, the detonation products (in an ideal detonation) or the reacting explosive (in a
non-ideal detonation) expands further and reaches the original volume of the explosive.
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At this moment, the pressure inside the products or the reacting explosive is defined as

the explosion pressure.

Detonation

sure

Borehole

of
o1e

Time

Rock Rock

Fig. 1: Definitions of some specific pressures on the pressure history in a blasting hole

The detonationpressure canbe calculated by Eq. I 16l,whetherthe detonation is ideal

or non-ideal (see Appendix I for the derivation of the formula):

P.r: poD2/(y.r+l)
(1)

where: P.r: detonation pressure (Pa)

po : density of the explosive at the ambient state (kg/m3)

D = velocity of detonation (m/s)

y., : adiabatic gamma at C-J plane: -(ôlnP/ôlnv)r at C-J plane

P : pressure (Pa)

v : volume (m3) or specific volume 1m3/kg¡

é)
¡r

.n
u)q)
¡r

¡¿'l

sure

t. .

l,
:l '.'

SveBeFo Report 42



J

Furthermore, if the expansion from the C-J plane to the original explosive volume is
assumed to obey the polytropic gas equation of state (EOS) or the y-law EOS with a

constant y value, then the explosion pressure is exactly a halfofthe detonation pressure
l6l, i.e.

P": /z.poD2l(ycr+I)

where: P": explosion pressure (Pa)

In the case that the explosive charge is de-coupled in a blast hole, the products or
reacting explosive will expand to fill the whole blast hole. At this moment, yet before
any expansion of the borehole wall has taken place, the pressure exerted on the blast
hole wall is defined as the borehole pressure l5l.If the explosive completely fills a blast
hole, i.e. no decoupling, the borehole pressure is the same as the explosion pressure.

Assuming that the expansion of the detonating explosive from the original explosive
volume to the borehole volume a) is an isentropic process and b) obeys the polytropic
gas equation of state (EOS) or the y-law EOS with a constant y value, then the relation
between the borehole pressure in a fully charged blast hole, P", and in a decoupled blast
hole, P6, can be deduced, as described below.

(2)

(4)

(3)
lamplY: -l 
-l 

:constant
' \ôlnv,i"
can be transformed to

Po=P" trFÐ"

Pvï: constant

Applying to the expansion from P. to Po in a blast hole:

That is

{vl = Prvl (5)

(6)

here: y:
D-
l-

v:
S:
P.:

V.:

adiabatic gamma

pressure (Pa)

volume (m3)

entropy (J)

explosion pressure or borehole pressure

in the fully charged blast hole (Pa)

volume of the explosive (m3)

Pr: borehole pressure in the
decoupled blast hole (Pa)

v': volume of the borehole (m3)

L": length of the charge (m)
Lo: length of the borehole (m)
r. : radius of the charge (m)
ro: radius of the borehole (m)
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As the blast hole expands, the pressure on the wall decreases and finally reaches the

ambient pressure. This decreasing pressure on the blast hole wall during the blast hole
expansion is hence called the time history of borehole pressure. Should the blast hole
wall be rigid and adiabatically isolated, the borehole pressure would remain constant
and the history of borehole pressure be a straight line, like the broken line shown in Fig.
t.

In order to calculate the above-mentioned different pressures, Eqs. 1, 2 and 6 can be

used. In these equations, the parameters of charging geometry, the explosive density and

the VOD can be readily measured with good accuracy. Meanwhile, it is too difficult to
directly measure the values for y., and y. Therefore, empirical formulas for y., and y
have great engineering significance. That is why many empirical formulas have been

developed. In Appendix I, empirical formulas for y., and y as well as formulas for direct
estimation of detonation pressure, explosion pressure and borehole pressure have been

collected from literature.

1.2 Pressure measuring methods

If different pressures in a blast hole as illustrated in Fig. I are measured, we will have

good information to determine the ideality of the detonation, matching of the explosive
to the rock and partitioning of the explosive energy and to predict blasting results.

However, such measurements have not become a routine practice in rock blasting,
owing to the technical difficulties and lack of feasible methods.

The manganin gage l7l for measuring of detonation pressure is actually the only
established method and commercial products are avallable. However, this method is

mostly suitable in laboratory tests and the accessories are clumsy.

PVDF gages have also been employed in measuring detonation pressure with good

success /8/. Since they are a type of piezo electrical gages with limited time constants,

they are not suitable for measurement of the history of borehole pressure.

The composite carbon resistor has commonly been used as pressure sensor for
detonation pressure since the first application by Watson /9/. This kind of gages can be

applied in the measurement of not only strong shock pressures such as detonation
pressures lgl,but also weak dynamic pressures such as pressure waves in rock masses

/10, 1 1/ or static pressures.

V/ilson et al. ll2l have used carbon resistor gages to measure the history of borehole
pressure with good success. However, in their field application of the gage construction,

the sensor is affected by the heat of the detonation gases after approximately 4 ms ll2l.
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Based on a sensor of a composite carbon resistor, G Persson at SveBeFo has developed
another gage design named LHM l4l. The goal was to measure the entire history of the
borehole pressure. Details are described in the following section.

1.3 The LHM method

The configuration of the LHM method /4/ is illustrated in Fíg. 2. A sensor consisting of
a carbon resistor (1/8 W, 470 Ot 5%) is mounted at the bottom of a steel cup. A signal
cable connects the sensor through the bottom of the cup to an amplifier. The cup is filled
with pure water. The size of the cup is 140 mm in length, 27 mm in inner diameter, 5
mm in side wall thickness and20 mm in bottom thickness.

Cup of steel
filled with water

resistor

Cable and
details

Fig.2: The LHM gage design for measurement of history of borehole pressure

The pressure sensitivity ofthe carbon resistor has been calibrated under static pressure

up to 2.1 GPa l4l and the pressure-resistance relation can be described by:

Sdnsor <

M-,t
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In^ -*¡osrr+P=o.ao75[fi whenP < I GPa

P = o2ss+(r':Å) '''"

2.4

2.2

2.0

1.8

r.6

t.4

t.2

1.0

0.8

0.6

0.4

0.2

0.0

(7a)

whenP>lGPa (7b)

where: P : pressure on the resistor (GPa)

\: resistance of the carbon resistor at 1 atm (Cf), the nominal value is 470 f¿

R : resistance ofthe carbon resistor under pressure (fJ)

A comparison of this calibration result with calibrations carried out by other researchers

is shown in Fig. 3.

cü
Êr

C)
$i

U)
u)
C)
l<

500 450 400 350 300 2s0

Resistance

2m 150 100 s0

(q

Fig.3: Calibration of pressure sensitivity of the l/8 W, 470 A carbon resistor caried
out by Wilson et al ll2l, Wieland /10/, Ginsberg and Asay /l3l and Persson /4/.

Eqs. 7a andTb originated from the calibration by Persson /4/.

Wilson et al

)

0.00

0.05

-z

and
Girsberg

Persson

475 450 425 400

I

I

I
I
I

I

I

I
I
I
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When measuring, the cup is placed at the bottom of a blast hole with the water in
contact with the explosive. The water protects the sensor from the high temperature
detonation gases and also damps the strong shock \¡/ave. In this manner, the gage will
only measure the pressure of a quasi-static state, corresponding to the borehole pressure.

If the cup is fixed in the blast hole, it experiences the expansion of the blast hole and
monitors the decrease of the borehole pressure during the expansion.

Laboratory tests with the LHM method have been carried out and very good results have

been achieved l4l.

2 MEASUREMENTS IN BLAST HOLES IN GRANITE BLOCKS

2.1 Geometry of the experiments

Experiments have been carried out in seven blocks in Svenneby ornamental stone
quany. The rock there is a competent granite. The blocks used for the experiments were
selected from big boulders without visible cracks or joints. The shape of the blocks was
quite rectangular with flat surfaces and the size was 1.5 to 2.8 m in length, 1.0 to 1.4 m
in width and around I m in thickness.

In six of the seven blocks, a blast hole and a cable hole were drilled in the middle part of
each block parallel to the thickness dimension, see Fig. 4. The diameter of the blast hole
was 38 mm and the length was approximately 0.6 m. A cable hole of 19 mm in diameter
was drilled, coaxially with the blast hole, from the bottom of the blast hole to the

opposite surface of the block. The length of the cable hole was therefore approximately
0.4 m. In the seventh block, only a blast hole of 38 mm in diameter and 730 mm in
length was drilled.

2.2 Measuring system

The measuring system is shown in Fig. 5. In the six blocks where cable holes were
drilled, an LHM pressure gage was placed at the bottom of each blast hole. The signal
cable ran through this cable hole and connected the sensor to the amplifier. In the
seventh block where no cable hole was drilled, the LHM gage was turned upside down
and placed on top of the explosive. This test shot was aimed to verify whether the
location of the LHM gage affects the measuring results. However, during the operation,
the LHM gage was jammed in the hole and an air gap of approximately 80 mm was left
between the gage and the explosive. Sand stemming was placed above the gage.
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1.5 - 2.8 m

Fig. 4: Sizes of the six blocks and the drill holes where the borehole pressure

measurements were carried out.

Pulse

to record
channel

to trigger
channel

generator

Amplifier to trigger
channel

to record
channel

b)

Fig. 5: Measuring system for borehole pressure measurements in granite blocks.
a): the arrangement in the six blocks with cable holes.

b): the arrangement in the seventh block without cable hole.
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Top initiation was used in the six blocks with cable holes while bottom initiation was
used in the seventh block, see Fig. 5. In either case, a pair of ionisation pins were placed
in the explosive charge in the vicinity of the detonator. The ionisation signal was used

for two purposes: to trig the recording equipment, a LeCroy 9354A digital oscilloscope,
and to identiff the initiation time of the explosive.

The reason for the top initiation in the six blocks is the usage of the fuse detonators in
order to avoid any possible electric noise, see Section 3.4 for noise analysis. The
diameter of the fuse is so large that it may affect the centring of the charge in the hole, if
a bottom initiation would be used.

The function of the amplifier is to convert the resistance change in the carbon resistor
into a voltage change and output this voltage change to the oscilloscope. To avoid
reflections in the cable, a 50 ohm impedance match has been employed from the
amplifier to the oscilloscope.

2.3 Tested explosives and charging method

Two explosives were studied. One is Gurit B and the other is the so-called "Blue
Cartridge" (Blå rör in Swedish). Both are designed for cautious blasting and are cap

sensitive. The properties of these two explosives are listed in Table 1 below. The

nominal values are provided by the manufacturer Dyno Nobel AB, and the measured

values came from our tests.

Table 1 of the two tested explosives

program Cheetah /l4l

Besides, a series measurements of unconfined VOD (velocity of detonation) and charge

density have been carried out on Gurit B, in which the charge diameter has been varied
from 16 mm to 49.2 mm, see details in Appendix IL Based on the measurements, the

relation between the VOD and the inverse charge diameter can be expressed by:

voD:3857 -286741d (8)

where: VOD : VOD of unconfined Gurit B at the density of 1050 kg/m3 (m/s)

d : charge diameter of Gurit B (mm)

1000Blue Cartridge 42211.941946I 6501000

5945l 0501000Gurit B 3.5120652000
MeasuredNominalMeasuredNominal

VOD
(m/s)

Heat of
detonation
(MJ/kg)

At ideal detonation*VOD in $ 16

mm charge
(n/Ð

Density in
cartridge
(kg/m3)

Explosive
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Seven test shots were fired. Only one No. 8 detonator was used for the initiation of each

shot. The explosive studied in each test shot and the charging method are summarized in
Table 2.

Table 2:The explosrve used and the charging method in this study

The explosive was taken from { 22.5 mm cartridges, weighed and in the blast hole

to ensure an even charge density in the blast hole.
**:Test No. 7 differs from the other tests, as it was canied out in the block without a cable hole, see Fig.

5b.

3 MEASURING RESULTS AND ANALYSIS

The pressure measurements and VOD estimates from the seven shots are summarized in

Table 3, together with the charge configuration. Pressure signals are shown in Figs. 6

and 7 . The signals are also shown in details in Appendix IV. Furthermore, in Appendix

IV, the photos of the LHM gages recovered after the blasting experiments are also

shown.

Table 3: Results of borehole measurements in seven granite blocks

*: Estimated VOD: VODs ln blast holes the pressure signals, see explanation in Section

3.1.
**; TestNo. 7 differs from the other tests as it was carried out in the block without cable hole, see Fig

5b.

7** 0.33Gurit B 3838 fully charged *9601

6 0.47Gurit B 3838 fully charged *1070I
5 0.43Gurit B 13838 fully charged *980
4 380.61Gurit B 1 050t.7922r.2 þ 22.5 mm cartridge

Gurit BJ 380.51 þ 225 mm cartridge1 050r.7922t.2
2 Blue Cartridge t6380.50 þ 17 mm cartridge10002.375
I Blue Cartridge 380.50 $ 17 mm cartridge10002.375T6

ChargeHole

Test

No.
Explosive

studied

Diameter
(mm)

Charge
length

(m)

Charging method
Charge
density
(kg/m3)ratio

ling
Decoup

7** 38Gurit B 38960 36r.70
6 38Gurit B 1001.30381070 3470
5 Gurit B 98038 3090861.3838
4 Gurit B I 0502t.2 26403000.8138
J Gurit B 105021.2 246030> 0.6038

2 I6Blue Cartridge 4200.12381000 2300
1 t6Blue Cartridge 19005000.08381000

Density
(kg/m3)

Diameter
(mm)

Duration
(ps)

Max.
(GPa)

Test

No. Explosive

Charge Estimated

VOD in hole*
(m/s)

Pressure measuredHole
diameter

(mm)
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Fig. 6: Pressure signals from the six LHM gages mounted in the bottom of the blast

holes in granite blocks, corresponding to test No. I to 6 in Tables 2 and3.

o20.10.0 0.t 0l

TestNo. I
Erplosive = BIue Carftdge
Chargeitnle diarrcter : I 6/38

mmChagdhole dimeter = I

Test No. 2
Explosivc = B¡ue Cafridge

r Explosive : Gurit B
t Charge/lrole dimeter = 21.2138

Test No. 3

-,1
:GuitB

diarcter=21.238

T*t No. 5

= 38/38 mm
- Gurit B

r Chargdhole dianrter:38/38 mm
Explosive = Gurit B
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Fig.7: Pressure signal from the seventh LHM gage mounted on top of the explosive,

coffesponding to test No. 7 in Tables 2 and3.

3.1 Velocity of detonation in blast hole

Since the explosive was initiated at the top, no direct VOD measurements could be

carried out in the blast holes. Thus, the VODs in the explosives were estimated based on

the pressure signals and the ionisation signals from the ionisation pins.

The ionisation signal indicates the initiation of the explosive. The pressure arrival at the

pressure sensor can be read from the pressure signal. The time between these two

instants is the sum of the detonation duration in the explosive and the shock propagation

time in the water column in the LHM cup. Since the lengths of the explosive charge and

the water column were known, the VOD can be estimated, provided that the shock

propagation time in the water column in the LHM cup is known. The estimation

procedure is described in the following and the results are shown in Table 4'

Firstly, the shock wave velocity in the water in the LHM cup is estimated.

Notice that there is a distance between the pressure sensor and the bottom of the LHM
cup, see Fig. 2. The incident shock wave in the water first arrives at and impacts the

sensor, then it will continue to propagate until the bottom of the LHM cup. There, the

shock wave will be reflected and the reflected wave will propagate back towards the
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pressure sensor. When the reflected wave reaches the sensor, it will collide with the

incident wave there.

Table 4: Estimation of the VODs in the sives in the blast holes.

Estimated from the pressure signals, see explanations in the text.
2): VODs in blast holes estimated from the pressure signals, see explanations in the text.
3): VODs measured in unconfined cartridges at the densities of 1000 kg/m3 for Blue Cartridge and 1050

kg/m3 for Gurit B, see APPendix II'
a): 

Calculated by program Cheetah ll4l.
5): Note that the charge density in the hole is slightly lower than that in the unconfined cartridge.

In the pressure record, the first anival of the incident shock wave at the sensor results in

a sharp pressure rise. The collision of the reflected wave with the incident wave at the

sensor results in a second rapid rise of pressure, see Fig. 8. Therefore, the time between

the arrival of the incident wave and the arrival of the reflected wave at the sensor can be

determined. During this time, the propagation distance of the shock wave is twice the

gap widths between the sensor and the LHM bottom. The gap width was kept at 12.5

mm and the distance from the water surface to the sensor at 1 15 mm in all the LHM
gages.

Knowing the distance and time, the shock wave velocity in the water was calculated

After this, the propagation time of the shock wave in the water before it arrives at the

sensor was calculated, based on the estimated shock wave velocity in the water and the

known depth of water in the LHM cuP.

Finally, the VOD in the explosive in the hole is estimated accordingly:

VOD : charge length/detonation duration

Detonation duration: pressure arrival time at the sensor (see Fig. 8) - initiation time of
the explosive (see Fig. 8) - pressure propagation time in the

water.

Gurit B6 107038 60203r033470284038
Gurit B5 98038 56483 1033090')298038

Gurit B4 1 0502t.2 594525042640I 35038

Gurit B-) I 05021.2 594s25042460I 56038

2 16Blue
Cartridge

381000 4221t94623001 3s0

1 t6
Cartridge

Blue 4221381000 194619001250

Density

(kg/m3)(mm)

Diameter Idealo)

(m/s)
Uncon-
fined3)

(m/s)

VOD in
hole2)

(m/s)

Shock wave
in waterr)

(m/s)

Type of
explosive

Test
No.

Charge Reference VODEstimated velocity

(run)

diameter

Hole

SveBeFo Report 42



I4

Pressure propagation time in the water : length of the water column in the LHM
cup/velocity of the shock wave in the
water.

Initiation time

0.1 0.2

Time (ms)

Fig. 8: Estimation of the shock wave velocity in the water in the LHM cup

It should be noted that the above VOD estimates are subjected to a number of
uncertainties. For example, the speed of the incident shock wave in water differs from
that of the reflected shock wave. The length of the explosive charge may not be accurate

since the detonator is inserted a certain distance inside the charge. Nevertheless, since

the VODs could not be measured, the above estimation was considered to be the best we

could do to the measurements. Also, judged from the measured VODs in unconfined

charges, the estimated VODs seem reasonable.

3.2 Amplitude of the borehole pressure

3.2.1 Comparison of the measured borehole pressures with empirical estimates

The measured peak borehole pressure ranges from 0.08 to 1.7 GPa depending on the

explosive type and the decoupling ratio. In this section the measured borehole pressures

1.5
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1.2

l.l
1.0

Cg
Oi 0.9

9 0.8g 0.7

#06
Ë 0.5

0.4
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0.2

0.1

0.0

0.30.0
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are compared with the estimates from the empirical formulas colleeted in Appendix L A
thermodynamic program Cheetah with BKWR equation of state ll4lhas also been used

to calculate the different pressures of the studied explosives in the ideal detonation state.

The input parameter properties for the Cheetah calculation and for the empirical
formulas may be found in Tables 1,2,3 and 4. However, the chemical formulas for the

studied explosives are the properties of the manufacturer, Dyno Nobel AB, and hence

can not be disclosed.

3 .2.I.1 Estimation of the detonation pressure

Tables 5a and 5b show the estimates of the detonation pressure in the explosives for the

six test shots. Actually, the y., value has been estimated for each test and then the

detonation pressure was calculated by Eq. 1. It can be seen that all six empirical

formulas estimated a y., of less than or roughly equal to 3 (Eq. Al l). The variation of
the estimated detonation pressures lies within +12Yo of the average, which is very small.

The variation could have been less, within t7o/o, if Eq. Al l had been excluded. As

expected, Cheetah gives higher detonation pressures than all other formulas, since it
calculates ideal detonations and consequently gives higher detonation velocities and

higher detonation pressures.

3.2.I.2 Estimation of the explosion pressure

Table 6 shows the estimates of the constant volume explosion pressure in the studied

explosives by five formulas. The variation of the estimated explosion pressures lies

within tI7% of the average, which is larger than that for the detonation pressure. Again,
Cheetah gives higher explosion pressures than other formulas, as explained above.

In Test No. 5 and No. 6, the blast holes were fully charged. Thus the borehole pressure

should be the same as the explosion pressure. Comparing the measured borehole

pressures with the average estimate of the explosion pressure, the agreement for Test

No.5 is good while rather poor for Test No. 6.

3.2.L3 Estimation of the borehole pressure in decoupled blast holes

The borehole pressure in the four decoupled holes was estimated by two empirical
formulas: Calder's formula ll5l (F,q.9) and Atlas Powder formula llTl (Eq. l0). These

two formulas are actually the same as Eq. 6, substituting y with a value of 1.2 and 1.3.

In Table 7, the estimates were compared with the measured pressures in Tests No. I to
4.
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Table 5a: Detonation pressures for Tests No. 1 to 6 estimated by empirical formulas in
Appendix I. Parameter values for the formulas can be found in Tables 1, 3
and4.

t6

for the empirical formula not satisfied: either density or the chemical formula of the

explosive is beyond the application conditions.
r): 

the heat of detonation and the ideal VOD in Eq. A8 were calculated by Cheetah ll4l,see Table I
2): thermodynamic program Cheetah /l4l .

Table 5b: Summary of estimates of detonation pressure for the six test shots.

average estimate not include the values by program Cheetah /14/

I lr- tl"
Po=P' t{t" ;J
Where: P" : N(po) Po D2

N(pJ = a constant varying with po lI5l
:0.235p0-0'" - 0.08, when 800 < po<2000 116l

po = density of the explosive (kg/m3)

D : VOD (m/s)

P", L", L6, f., ro: see Eq' 6

(e)

3.70Che-
etafi)

3.803.703.80 10.042.862.849.662.84 8.392.779.66
At2 2.48r.042.48 r.822.50t.52 3.682.s02.702.472.092.50
All NJ=0.90ÈJ ^y1.59

xJxI.32 È,-t.ZZ=1.83ÈJ
A9 2.t82.002.r8 4.032.202.982.142.30

t.072.37Ag') t,572.37 3.702.482.792.362.t22.461.842.46^7
2.53 3.642.542.682.492,072.531.80

A6 2.49 3.692.492.t02.491.82
A4

TctP.,'lct P.,\ctP., P.,TctP.,\ctP.,Tct

Eq Test 1 Test 3Test 2 Test 6Test 5Test 4
Estimated y", and calculated P.r, GPa, by: P.r: poD'z/(1+y",)

¡r r I afp¡

Deviation of the
estimates from the

average +7Vo

-10%

+7%

-10%

+lÙyo

-12%

+7o/o

-4%

+ljYo

-t2%

+10%

-12%
Average estimate of P.r* 1.811.471.00 3.662.792.09

Test 2Test 1 Test 6Test 5Test 4Test 3
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Table 6: Estimated explosion pressures for Tests No. I to 6 by empirical formulas in
Appendix I and measured explosion pressures from Tests No. 5 and 6.

Parameter values for the formulas can be found in Tables 3 and 5.

*: The value P., in Eq. Al3, P":Pr/2, was taken as the average estimate of P., in Table 5b

Table 7: Measured borehole pressures in decoupled blast holes from Tests No. 1 to 4
and estimates from Eq. 6 with two empirical y values.

*: For each test shot in Table T,there are two borehole pressures obtained from two types of Cheetah

calculations. In the first Cheetah calculation, "Cheetah isentrope", the constant volume explosion state of
the explosive was calculated first. Then, the explosion gases were isentropically expanded to fill the

borehole. At this stage, the pressure in the detonation gases was taken as the borehole pressure. In the

second calculation, "Cheetah explosion", the unreacted explosive was first uniformly distributed in the

whole borehole. Then the constant volume explosion state in the diffused explosive was calculated and

taken as the borehole pressure.

l14lCheetah 4.633.894.464.46r.62t.62

+45yo

+l1o/o

+5yo

-24%

Errors between estimates and measurement

1.301.38Measured explosion pressure

-15% -
+l7o/o

Deviation from
the average

-15% -
+llyo

-t7% -
+lsyo

-14% -
+l5yo

-t3% -
+I3o/o

-15% -
+t7%

0.48Average 1.701.260.950.830.70

At7 r.770.790.680.47/t6l L220.91

lAt3lA16 1.58L200.910.790.670.46

0.41lAt2l415 1.451.050.820.720.60
At4 0.820.56lt5l 1.88t.4s1.090.94

A13* 1.830.740.50t6t 1.39r.040.91

Test 6Test 5Test 4Test 3Test 2Test 1

Eq

Estimated explosion pressure: Pe

(GPa)Ref.

tr4t0.580.s80.060.06explosion*
Cheetah /r4t0.300.300.040.04isentrope ¡1.

-75%>-73Yo-42%-38%Error
Atlas Powder

formula

l^r3l100.200.r70.010.05Estimate

-67%>-620/0-t7%-t3%Enor
Calder

formula

lt5l90.270.230.r00.070Estimate

0.81> 0.60.120.08Measured

Ref,Eq
Test 4Test 3Test 2Test 1

Borehole pressure in decoupled holes: Po

(GPa)
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I /r .l'u
Pu = P" t{t" -rJ (lo)

Where: P" : poD2/8

po, D: see Eq. 9
P", L", L5, I", ro: see Eq. 6

Generally speaking, the agreement between the empirical estimates of the borehole
pressure and the measurements is poor. The worst agreement is obtained for decoupled

charges with a small decoupling ratio, i.e. Tests No. 3 and No. 4. Calder's formula
estimates quite well the borehole pressure in holes with large decoupling, i.e. Tests No.
1 and No. 2.

The six measurements of borehole pressure and the scatter of the corresponding estimtes

are illustrated in Fig. 9.
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Fig. 9: Comparison between the measured and the estimated borehole pressures.
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3.2.1.4 Conclusions for the estimations

From the analyses in Sections 3 .2. 1 .l to 3 .2.L 3, the following conclusions can be drawn
for the pressure estimations of the test explosives:

o Detonation pressure: Different empirical formulas give similar predictions. The

variation of the predictions is within t12%. However, there are no measurements to

calibrate the predictions.

. Explosion pressure: The variations between different predictions are within +l7o/o.

Compared the estimates with two measurements, the agreement is rather good. Based

on Test No. 5, the best agreement is achieved by Eq. 413 or Eq. 2 combined by Eq.

48, i.e.

P": t/z'P",: Y2'poD2l(Tc¡+1) and Y., =

o Borehole pressure in decoupled hole: At a large decoupling (decoupling ratio 2.375),

estimates given by Calder's formula agree well with the measurements. However, at

a smaller decoupling, the agreement between the predictions by the empirical

formulas and the measurements is very poor. The error is as large as75Vo.

3.2.2 Analysis of discrepancies between the measured and estimated borehole pressure

The discrepancies arc analyzed in two respects, the accuracy of the measurements and

the principle behind the estimations.

Since the number of the measurements is limited, it is difficult to statistically obtain an

accuracy of the measurements. The largest uncertainty lies in the VOD values, since no

direct VOD measurement has been carried out and the VOD values have been estimated

from the pressure signals. However, judged from the measured VODs in unconfined

charges, the estimated VODs seem reasonable, see Table 4.

3.2.2.1 Analysis of the explosion pressure

Generally speaking, the borehole pressure increases as the product of explosive density

and squared VOD increases (po.D'). This general dependence is obeyed in the pressure

measurements from Tests No. I to 4, but not in Tests No. 5 and No. 6. Both the charge

density and the VOD are higher in Test No. 6 than in Test No. 5, while the measured

pressure is higher in Test No. 5. This might be an inaccuracy of the pressure

measurement, which consequently results in a large discrepancy between the estimated

D11, -t1
2(q+eo)
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and measured explosion pressures for Test No. 6, see Table 6. Otherwise, the agreement

is good between the measured and the estimated explosion pressures, see Table 6.

3.2.2.2 Analysis of the borehole pressure in decoupled holes

There are four measurements, Tests No. 1 to 4. The measurements showed that the

borehole pressure increases as the VOD increases. Tests No. 3 and 4 showed also that

the pressure in decoupled boreholes is lower than that in fully charged holes.

However, compared to the measurements, the empirical formulas did not give good

estimates of the borehole pressure in decoupled holes. In fact, the discrepancies are

large, especially for the cases of small decoupling, as described in Section3.2.1.4. The

reason for the discrepancy might originate in the calculation principle behind the

formulas.

As described in Section 1.1, Eqs. 3 to 6, the empirical formulas calculate the pressure

inside the detonation gases when the gases have isentropically expanded to fill the

borehole. In other words, the borehole pressure is a point on the gas expansion isentrope

corresponding to the volume of the blast hole. However, there are two defects in such an

estimation, a) the actual gas expansion in blast holes is not an isentropical process and

b) the adiabatic gamma (y) in the formulas is not a constant during the expansion.

Therefore, Eqs. 4 to 6 are not mathematically correct.

Look at the blasting in a decoupled borehole. First, the detonation gases shock the air in

the gap between the explosive and the borehole wall. This results a rarefaction wave

back into the detonation gases and a shock wave into the air. When this air shock wave

arrives at the borehole wall, a new shock wave will be reflected into the air and further

into the detonation gases. Due to the cylindrical symmetry, this shock - reflection

process will continue long after the borehole wall starts to move.

Nevertheless, if the decoupling is suffrciently large, the reflection from the borehole

wall is weak and less significant. The expansion process may be estimated by a pure

isentrope. Furthermore, when the decoupling is large and consequently the gas

expansion is large before the reflection, the adiabatic gamma of the detonation gases (y)

may be considered as a constant around l.2to 1.3. This can partially explain why the

Calder's formula (Eq. 9) gives good estimate at large decoupling, see Table 7 and

Section 3.2.1.4.
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3.2.3 A new estimation formula for borehole pressure in decoupled holes

3.2.3.1 Estimation principle: concept of the "Spread Charge"

Based on the discussion above, a new estimation principle will be presented

In a decoupled blast hole, the explosive is normally concentrated in the central part of
the hole. The explosive charge in this manner is hereinafter referred to the "concentrated

charge". If, instead, the explosive is spread into the whole blast hole, there will not be

any decoupling. In other words, the blast hole is fully charged with a new "charge"

which has exactly the same chemical composition as the original "concentrated charge",

yet its density is lower so that it fully fills the blast hole. Define this new charge as the

"spread Charge". Then, the borehole pressure in a decoupled hole with a "concentrated

charge" becomes the explosion pressure in the corresponding "Spread Charge". In this

way, the expansion isentrope is not involved in the calculation.

If the VOD of the "spread Charge" could be estimated, the explosion pressure would be

easily estimated by any of the empirical formulas mentioned in Section 3.2.1.2, i.e. Eqs.

413 to 417 in Appendix I. However, to estimate or to measure the VOD in such a

charge is not a simple operation. If the decoupling is large, the density of the "Spread

Charge" is very low. It may not be detonable at all in reality.

Another method is to consider the detonation Hugoniot of the "Spread Charge", as

described in the following section and illustrated in Fig. 10.

3 .2.3 .2 Estimation formula

Based on the concept of"spread Charge", the borehole pressure in a decoupled hole can

be calculated.

The detonation Hugoniot for any explosive is the combination of the energy conser-

vation in the detonation (Eq. 11) and the energy equation of that explosive (Eq. 12).

er-eo : q + /z(P t+PoXvo-vt)
e = e(P, v)

(11)
(12)

where: e1, Pr, v, : state variables in the reacting explosive: specific internal energy

(J/kg), pressure (Pa) and specific volume 1m3/kg; respectively

eo, Po, vo: state variables in the unreacted explosive: specific internal energy

(J/kg), pressure (Pa) and specific volume 1m3/kg) respectively

q: specific chemical energy converted to mechanical energy in

detonation (J/ke)

e : the internal energy of the explosive atany state (P, v).
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Fig. 10: Principle of estimating borehole pressure in a decoupled blast hole as a state on

the detonation Hugoniot of the "spread charge". In the figure, v", : specific

volume of the "concentrated charge" at CJ state, V" = specific volume of the

"concentrated charge" at the ambient state and vo : volume of the borehole per

kg explosive : specific volume of the "Spread Charge" at the ambient state.

The detonation Hugoniot of the "concentrated charge" goes from (P", v") to
(P"r, v"r), while the detonation Hugoniot for the "Spread Charge" goes from

(Po, vo) to the detonation state of the "Spread Charge".

If the specific internal energy of the reacting explosive obeys the y-law EOS, i.e.

V
CJ e

Pv
e = e(P,v)

Y-r

where: e, P, v : state variables on the detonation Hugoniot, specific internal energy

(J/kg), pressure (Pa) and specific volume 1m3ikg¡ respectively

y : adiabatic gamma. Note that it is not necessarily a constant

Applying the y-law EOS on a specific state (P,, v,) on the detonation Hugoniot:
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", = 4ut
' y, -l

(14)

where: er, Pr, v,: state variables at a specific state on the detonation Hugoniot, specific

internal energy (J/kg), pressure (Pa) and specific volume 1m3/kg)

resPectivelY

y, : adiabatic gamma at the specific state on the detonation Hugoniot

then, the detonation Hugoniot can be reduced from the conservation of energy in a

detonation (Eq. 11) by replacing specific energy, e,, bY Eq. 14:

q= 2(q+eo)+Po(vo -v') (1s)
v. +111 

, vr -vo
Yr -l

For any explosive, the pressure at the constant volume explosion is the pressure on the

detonation Hugoniot at v, : vo and can be calculated by substituting v, by vn in Eq. 15:

Pe*prosion: (7"*ptorion-1)(q+eo)/vo (16)

where: Pexprosion : constant volume explosion pressure (Pa)

Yexprosion 
: adiabatic gamma at the explosion state

Q, eo, vo : see Eq. 11

Before applying Eq. 16 on the "concentrated charge" respectively the "Spread Charge",

consider the internal energy of these two charges.

For solid explosives, the specific internal energy of the unreacted explosive, eo, is

usually negligible. Thus, e0 can be set to zero for both charges. Furthermore, since the

"spread Charge" has exactly the same chemical composition as the original

"concentrated charge", the specific detonation energy, q, should be the same for both the

explosives.

Therefore, qteo is the same for both the "concentrated charge" and the "Spread Charge"

Besides this, other necessary parameters are:

For the "concentrated charge":

P"*plo,ion : P" = explOSiOn pressure Of the "ConCentrated Charge" (Pa)

yexplosion : T": adiabatic gamma of the "concentrated charge" at the explosion state

v0 : v" : specific volume of the "concentrated charge" at the ambient state

(m3/kg)
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For the "spread Charge":
P"*p'|o'ion - n' 

:'î0"t".ilr:oî:;1tr :tlT'åi'ä*iiïl' nor" charged with the

corresponding "concentrated charge" (Pa)

yexprosion : Tb = adiabatic gamma of the "Spread Charge" at the explosion state

vo : Vb : specific volume of the "spread Charge" at the ambient state 1m3/kg¡
: the borehole volume per kg explosive 1m3/kg)

Now, applying Eq. 16 to the "concentrated charge" respectively the "Spread Charge", a

relation between the borehole pressure in a decoupled hole, Ps, and the explosion

pressure ofthe "concentrated charge" in the hole, P", can be established.

P" = (y.-1Xq+eo)/v.

Pn = (yu-1Xq+eo)/v6

(17)
(18)

Pb (1e)

where: P": explosion pressure of the "concentrated charge" (Pa)

Po : explosion pressure ofthe "spread Charge" (Pa)
: borehole pressure in a decoupled hole with the "concentrated charge" (Pa)

v": volume of the "concentrated charge" at the ambient state (m3)

vo: volume of the borehole (m3)

y": adiabatic gamma of the "concentrated charge" at its explosion state

yo = adiabatic gamma of the "spread charge" at its explosion state

e, €o : heat of detonation (J/kg) and specific internal energy before detonation for

both charges

Again, the difficulty is how to obtain suitable values for the y. and yr. Therefore, as an

engineering solution, one more assumption is introduced. i.e' T" = Tv' By doing so, Eq.

19 is simplified into:

Po = (v"/vo).P"

tF) [:J-

(20)

or:

Po=P" [,H;)'
Here: P" = explosion pressure in the explosive (Pa)

Po = borehole pressure in the decoupled blast hole (Pa)

L" : length of the charge (m)

Lo : length of the borehole (m)

r. : radius of the charge (m)

ro : radius of the borehole (m)

(2r)
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Eq.2l is simple and suitable for engineering purposes. However, it complied with two

assumptions, i.e., a) the specific energy of the reacted explosive obeys the y-law EOS

and b) the y value is the same at vo and at vr. In the case that complexity is allowed, a

more realistic form of EOS such as JWL EOS may be used to describe the specific

energy ofthe reacted explosive. Then, the calculation can even be done independent of
the above-mentioned assumptions.

An even more complicated and accurate estimation method is to construct a burning

model for the explosive and simulate the dynamic process using a computer code, see

example in ll8l.

3.2.3.3 Estimated borehole pressures for the test shots using the new formula

Eq. 2l was used to estimate the borehole pressures in the four test shots with decoupled

charges. Estimates were shown in Table 8. The estimation error for decoupled holes

with large decoupling ratio is still large, around -60%. The reasons to this large error

could be the accuracy in the measurements, especially in the VOD, the applicability of
the assumptions and the accuracy of the parameter values in the estimation formulas.

Still, the estimation accuracy has been improved compared to other empirical formulas

shown in Table 7.

Table 8: Estimations of the borehole pressures in the test shots using the new formula

*: The values ofP" were taken as the average estimation of P" in Table 6.

3.3 Measured duration of the borehole pressure

The measured pressure period lasts from 30 to 500 ¡rs. The factor that determined the

signal period is the cable from the sensor through the bottom of the LHM cup.

When the LHM gage is placed upon a cable hole and beneath the explosive as in Fig.

5a, the pressure from the detonating explosive forces the LHM cup into the cable hole.

The bottom of the LHM cup is compressed, squeezes the cable inside, causes at first a
short-circuit in the cable and then cuts off the cable. The photos of the recovered LHM
cups after the blasting experiments are good evidences to this process, see photos in

Figs. A7-b, A8-b and A9-b in Appendix IV.

-63%0.810.300.95382t.24

> -57Yo> 0.60.260.83382t.2J

0o/o0.120.r20.7038162

+60/o0.080.0850.4838t61

ErrorMeasured
(GPa)

Estimation
(GPa)

Explosion
pressure, P" *

(GPa)

Borehole

diameter
(mm)

Charge

diameter
(mm)

Test

No.

Borehole pressure, Po"
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In one shot where the LHM cup was placed upside-down on the explosive, see Fig. 5b,

the cup was expanded by the inside pressure to such an extent that the cup was held in
place by the friction between the borehole wall and the cup, while the bottom of the cup

was blown away, see photo in Fig. 410-b in Appendix IV. The cable was probably

damaged (cut) long before the bottom was blown away.

According to Eq. 7, a short-circuit in the cable causes the resistance in the circuit R: 0

and the corresponding pressure P : 1 -, which is a positive overflow in the pressure

history. On the other hand, a cut-off of the cable results in R : - and P : 0, which is a

sudden pressure drop to zero in the pressure history.

As can be seen in Figs. 6 and 7, all pressure histories were terminated by either a short-

circuit or a cut-off of the cable. The measured durations of the borehole pressure were

short for this reason. Had the damage to the cable been less or occurred later, the

measured pressure durations would have been longer. Therefore, protection of the cable

is the only solution to achieve longer recording durations.

Efforts have been made to fill the cable hole and the gap between the cup and the blast

hole wall with a chemical grouting material. A filling method has been developed and

worked very well, see Appendix V. It is believed that the grouting material would, after

hardening, be strong enough to protect the LHM cup and the cable for a sufficiently

long period for measurement. Howevet, during the experiments, the temperature in the

quarry was around -5 "C and the grouting material never hardened. Neither has any

cable protection been achieved'

3.4 Anatysis of the performance of the LHM gage

Generally speaking, the LHM gage worked very well. In the following, details in the

recorded signals as exemplified in Fig. 11 will be described.

Noise from the detonatinq explosive: It has been observed that spurious signals have

been recorded prior to the pressure arrival to the gage, see Figs. 6 and 7 or Appendix IV.

A closer examination of the arrival time revealed that this noise appeared in the record

simultaneously with the detonation in the explosive. That is to say, the noise was

recorded as soon as the explosive was initiated by the detonator located approximately

0.6 m away from the LHM gage. And the noise disappeared when the detonation ended.

Thus, this noise must be a form of electromagnetic phenomenon generated by the

detonating explosive, since no other mechanic waves could propagate so rapidly. For

example, a P-wave would take approximately 0.12 ms to propagate from the detonator

to the LHM gage, assuming the P-wave velocity in the granite to be 5000 m/s'
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Fig. I 1: Some details in the recorded signals. The signal displayed here is from Test

No.5.

This electromagnetic phenomenon from the detonating explosive has been eliminated
by grounding the LHM cup to the ground of the whole measuring system. In the very
hrst shot, the LHM cup was not grounded and the noise from the detonating explosive

distorted severely the pressure history, see the left uppermost signal in Fig. 6 or Fig. A4
in Appendix IV. After that, the LHM cup was always grounded, as shown in Fig. 2,

which protected the measurements from the electromagnetic noise.

Stepwise build-up of pressure: On the upstream side of the pressure history, one can see

two to three steps of the pressure increase. These steps resulted from the collisions of
waves at the sensor. Since the sensor is located 12.5 mm above the bottom of the LHM
cup, see Fig.2, the shock waves are reflected at the bottom of the LHM cup, after the

Drop
to zero

olseN
detonation

-up

Stepwise
pressure

Overflow

otse
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waves pass the sensor and then collide with the incident shock waves. In the earlier

laboratory experiments /4/, these wave collisions were also clearly observed and the

shock wave velocity in the water has been determined in this way to be 1600 to 1800

m/s. In this study in stone blocks, the shock wave velocity in water has been determined

to be 1250 - 3000 m/s depending on the pressure amplitude, see Table 4.

Overflow and sudden pressure drop to zero: Both overflow and sudden pressure drop to

zero can be seen in the pressure histories in Figs. 6 and 7. These phenomena were

caused by the short-circuit in respective cut-off of the cable passing through the bottom

of the LHM cup, as described in Section 3.3.

4 CONCLUSIONS

The following conclusions can be drawn based on the analysis of the pressure

measurements in seven blast holes in stone blocks.

o The LHM method worked very well and good pressure signals have been obtained.

o It is necessary to ground the LHM cup to avoid the electromagnetic noises from the

detonating explosive.
o The signal cable from the LHM cup determines the measured pressure duration. It is

believed that a better protection of this cable by e.g. grouting material will result in

longer signal durations.
o A number of empirical formulas for detonation pressure, explosion pressure and

borehole pressure in decoupled holes have been collected. The predictions of those

formulas have been compared with the measurements.

o The estimates of detonation pressure by six formulas did not differ much from each

other, within tlz% around the average'

. The estimates of explosion pressure by five formulas differed within XI7% around

the average and the agreement with two measured explosion pressures is rather good.

o Two formulas for borehole pressure in decoupled holes have been compared to the

measurements. The agreement between the estimates and the measurements is

generally very poor with estimation error from -l lYo to -75%. Nevertheless, when

decoupling ratio is large, 2.315, Calder's formula provided good estimates, error

within -14%.
o A new estimation principle for borehole pressure in decoupled holes has been

proposed. According to this principle, the borehole pressure in a decoupled hole is

estimated by the explosion pressure in a blast hole, in which a "Spread Charge" is

charged. The "spread Charge" is an explosive which has the same composition and

quantity as the explosive charged in a decoupled hole. However, its lower density

makes it fully and uniformly f,rll the blast hole instead of being concentrated in (the

central) part of the hole.

o The estimation accuracy of the new formula is better than the existing formulas.

However, it is still not good enough for the holes with small decoupling ratio.
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APPENDIX I: Empirical formulas for estimation of detonation pressure, explosion
pressure and borehole Pressure

There are a number of empirical formulas collected in this Appendix for estimation of
detonation pressure, explosion pressure and borehole pressure. However, keep in mind

that each formula may be developed under certain specific conditions and may not be

applied universally. Definition of these different pressures can be found in Section 1.1.

Following symbols are defined:

D: velocity of detonation or VOD (m/s)

D-: ideal VOD (m/s)

eo = internal energy ofthe explosive (J)

Lo: length of the blast hole (m)

L.: length of the charge in a blast hole (m)

P: pressure (Pa)

Pn : ambient pressure (Pa) : 1 atm.

Po: borehole pressure in a decoupled blast

hole (Pa)

Pu: P" in a fullY charged hole

P"r: detonation pressure (Pa)

P": explosion pressure (Pa)

heat of detonation (J/kg)
radius of the blast hole (m)
radius of the charge in a blast hole (m)
entropy (J)

particle velocity at the CJ state (m/s)
volume (m3)

volume of the blast hole (m3)

volume of the charge (m3)

adiabatic coefficient : _(ôlnp/ôlnv),

y at the CJ state

density of the unreacted explosive
(kg/m3 or otherwise specified)

(41)

(2)

q:
fb:
f.:
S:

\,c¡:
V:
vb:
ve --
v:

ICJ

Po:

1 Detonation pressur€, Pc¡

The conservation of momentum in a detonation means:

Pc¡: Po upcl D + Po

At the CJ state, the following relation exists:

\c,: D(1{.,)

Combing Eqs. Al with A2 and taking into account that Po is negligible compared with
Pcr, Eq. 1 becomes:

Pc:: Po D2l0+yò (43)

Here, po and D can be easily measured with very good accuracy. If y., is known, the

detonation pressure, P.,, can be calculated readily from Eq.43. Therefore, there exist

two kinds of empirical formulas for P.,. One is the empirical formula for direct

estimation of P.,. The other is Eq. A3 combined with an empirical formula for y.1'
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In the following, one empirical formula for P., and six empirical formulas for y., are

presented.

Formula 1: according to Zhou and Yu l{ll, for a high explosive having a chemical

formula of C"HoN.Od (0.5b < d S 2a+0.5b):

P., : (1.60G + 1.945)2p02 (44)
Here: po in g/cm3

c = 911t4 (As)
2a+b+c

Formula 2: according to Kamlet and Jacobs lA2l, Kamlet and Dickinson /43/, Kamlet

and Hurwitz lA4land Kamlet and Short lA5l, for ideal CHNO and CHNOF

explosives at loading density exceeding 1 g/cm3:

y., = 0.6551p0+ 0.702 + f .i07Po (46)

Here: po in g/cm3

Formula 3: according to Defourneaux l\6l,for a cHNo high explosive:

yc¡: 1.9 + 0.6p0 (47)

Here: po in g/cm3

Formula 4: assuming that the detonation is ideal and the detonation gases follow the

polytroPic gas law I A7 I :

1/:
¡CJ

D11, "'
'-2qq+eo¡

(48)

Formula 5: according to Wu /48/, for a high explosive having a chemical formula of
c"HoN"Oo:

Y ct = r.25 + y, (1 - .-0 54610 ) raql
Here: po in g/cm3 and

0.5b+c+dyo= whend-t/rb-2a>0 (410a)

'. = whend,-Yzb-2a<0(A10b)I 0 0.2857a+ 0.2549b+ 0.1316c + 0.018d

.,- - 
a+0'35b+0'5c - whend-%b-a<0 (Al0c)

' 
o - 0.2857a + 0.2166b+ 0.1 3 l6c + 0.01 8d

a+0.5b+0.5c -0.46d\t = whend-%b<0anda)d¡ 0 0.2857a + 0.147b + 0.13 l6c + 0.08ld
(Al0d)

a+0.5b+0.5c\r = whend-%b<0anda<dI o 0.0734a + 0.147b + 0.13 l6c + 0.3d
(410e)
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Formula 7: according to Cooper l1,l9l:

Yr,: ll(l'4035P0{r4 - 1¡

Here: po in g/cm3

(Ar2)

2 Explosion pressure or the borehole pressure in a fully charged blast hole, Pu

If the expansion of the detonating explosive from the C-J plane to the original explosive

volume is assumed to obey the polytropic gas equation of state (EOS) or the y-law EOS

with a constant y value, then the explosion pressure is exactly a half of the detonation

pressure lA7l,i.e.

(A13)

Besides this, further three empirical formulas are presented below

Formula 1: according to Calder lAl0l:
P" : N(po) po D2

Here: N(po) : a coefficient varying with po l{l0l
: 0.235(p011000)-0 

57 - 0.08 for 800 I po I 2000 lAlll

(A14)

Formula 6: for high explosive with po: 1 - 1.8 g/cm3 l/igl

Tct*3

Formula 2: Gulf Oil Chemicals Company formula lAl2l:
P": 0.1125 PoD2

Formula 3: according to Sanchidrian et al. lAI3l:
P":228 po D2l(1+o.8po)

Here: po in g/cm3

P.: Yz'Pg

(A11)

(A1s)

(A16)

Formula 4: according to Ouchterlony /411/:
p" = yTl(y+1¡ tr*t). po D2

Here: y: y., and is calculated bY Eq. A8
(A17)

This formula actually approximates P" by the pressure at v : v0 on the expansion

isentrope from P.r: Pvl: constant, where y is a constant'

3 Borehole pressure in a decoupled blast hole, Po

Assuming that a) the expansion of the detonating explosive from the original explosive

volume to the borehole volume is an isentropic process and b) the adiabatic gamma (y)

is a constant during the entire expansion, then the relation between the borehole pressure
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in a fully charged blast hole, P., and in a decoupled blast hole, Po, can be reduced, as

described below.

v- -
/amp\t_t
\ atn "/

: constant
S

can be transformed to

Pvï: constant

Applying Eq. 418 to the expansion in a blast hole from P" to Pr:

That is:

Po=P" trF 
tJ"

P"vl = Povl

(418)

(A1e)

(420)

(A20a)

(A20b)

It is difficult to assign an adequate y value to this equation, since y is really not a
constant in the reality. It varies, among other factors, with the species of the detonation

gases. However, it is known that when the detonation gases are expanded into a very

large volume, approximately 20 times the original explosive volume, y approaches a

value of I.2to 1.3.

These two y values, namely 1.2 and 1.3, have been used in empirical formulas as in Eqs.

A2}aand 420b.

Po=P"ttHÐ"

Here, P. is calculated by Eq. 414, according to Workman and Calder lAl4l.

Pu=P" i,H i)'"
Here: P.: poD2/8, according to Atlas Powder l^l5l
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APPENDIX II: Measurements of VOD and charge density of Gurit B cartridges.

A series measurements of VOD have been carried out on unconfined Gurit B cartridges.

Four cartridge sizes with nominal outer diameters of 17, 22, 39 and 51 mm have been

planned. However, during the experiment, Gurit B cartridges in { 17 mm and $ 51 mm
were not available. Thus, cartridges of these two sizes were packed by ourselves with
the explosive taken from $ 22 mm and $ 39 mm cartridges. Charge density are strictly
controlled during the packing.

The measured parameters in the experiments are: outer and inner diameters of the plastic

cartridge, charge density, charge length and VOD. Test results are surnmarized in Table

A1.

Two methods were used for the measurements of VOD: one is the ionisation method

and the other is a continuous method based on a resistance wire, see Appendix III.

The ionisation method was used for þ 22, $ 39 and $ 51 mm cartridges. Three

measuring points or two measuring distances were monitored in each cartridge.

Table A1: Measurements of VOD and of unconfined Gurit B cartridges

*: Inner cartridge diameter : charge diameter.

N.A: Not applicable, since VOD was measured with the continuous method

The continuous method was used for $ 17 mm cartridge. However, the detonation in this

cartridge size is too weak to short-circuit the resistance wire. From the records, only two

51.049.2 2010501050 3370339059.0335059.7
51.049.2 3422346059.12010501 050 57.83384

49.2 5 i.0 34tl346657.7335659.62010501050

37.6 111039.0 29s3298s67.0292068.5201 050
37.6 111039.0 3051306765.230356s.9201050
37.6 1050111039.0 2997300366.6299066.920
37.6 3t4l491050111039.0 3t4l1s6.0

22.521.2 2346240487.42010501050 83.22288
21.2 22.5 2317238983.7224589.12010501 050
21.2 105022.5 2532272573.4233985.5201050
21.2 105022.5 233623362r4.0501050

16.0 tt2045517.0 1967N.A
16.0 tr2045517.0 2185N.A

t7.016.0 2288tr20455 N.A
16.0 r7.0 2167N.Att20455

Inner *
(mm)

Outer
(mm)

Mean VOD
(m/s)

LLlLt2
(m/s)

Lt,
fus)

LLlLtl
(n/s)

At'
(ps)

AL
(mm)

Charge

density
(kg/m3)

Charge

length
(mm)

Cartridge diameter VOD measurement
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points could be identified clearly: the initiation of the charge by the detonator and when

the detonation reached the end of the charge, see Fig. A1 as an example. Therefore, the

VOD in this cartridge size was calculated from the above-mentioned two points. Or, the

VOD value here is the average VOD over the whole charge length.

0.s

0.4

0.3

0.2

0.1

0.0

-0.1

0 50 100 150 200

(.)
()
d
U)

â

time (us)

Fig. A1: An example of the signal from the continuous measurement of VOD in Q 17

mm Gurit B cartridge.

Based on the results in Table 41, a regression line can be drawn for VOD versus inverse

charge diameter, see Fig. A2, and the expression of the regression line is:

VOD:2185 m/s

.1'''-"t
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VOD:3857 -286741d (421)

where: VOD: VOD of Gurit B (m/s)

d : charge diameter of Gurit B (mm)
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Fig. A2: VOD in unconfined Gurit B cartridges versus inverse of the charge diameter.
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APPENDIX III: Method to measure VOD continuously based on a resistance wire,
a constant-voltage power source and an oscilloscope.

In order to utilise the existing equipment at SveBeFo and the commercially available
resistance wires for the purpose of continuous measurement of VOD, a measuring
system has been designed. Laboratory tests have proven that the system is reliable and
quite easy to use. Furthermore, the system is also flexible, e.g. the sampling rate can be
easily adjusted by the oscilloscope or other recording equipment.

I Measuring system

The scheme of the measuring system is illustrated in Fig. 43, where a two-lead
resistance wire is inserted inside or fasten on the explosive charge to be measured. As
the detonation propagates, it short-circuits the resistance wire, reduces its resistance and
results in a voltage increase over the shunting resistance R,. This voltage increase may
be recorded by afape recorder, memory oscilloscope or other recording devices. Vy'e use

a LeCroy digital oscilloscope.

ul L

Rl R2 Ro

Power source
?--

vo

at time t at time 0

Fig. A3: Scheme of the measuring system for continuous VOD measurement. In the
scheme, Vo : the voltage of the constant-voltage source; L : original charge
length; x : remaining charge length at time t; L-x : length of the detonated
charge at time U & : resistance of the wire to be consumed by the detonation;
R, = shunting resistance; R2 : rest of resistance in the circuit e.g. cable
resistance and rest resistance in the wire after the detonation; "Time 0" : the
moment of initiation; "Time t": time t after the initiation.

2Data analysis

The following data process is necessary to calculated the VOD from the measured
voltage increase.

-t
I

I

I

I

I

I

I

I

I

X L-x
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Assigning V as the voltage over the shunting resistance R' and c (c : R"/L) is the unit
resistance in the wire, then, relations in Table A2 can be established.

Table A2: Relations between the measured voltage and the resistances in the circuit.

According to Eq. A24,the remaining charge length, x, is:

Vo 'R'
c

1R TR,
v(t) c

(A2s)
Thus, the VOD can be calculated as

dx Vn 'R, I dv(t)voD=-dt= . v¡f d,
(1^26)

However, since the V(t) signals are not always as smooth as desired and Eq. A26 is
quite sensitive to the noise, we seldom use this equation for the VOD calculation.

Instead, we use Eq. A25 and plot x versus t in a diagram (see Fig. Al as an example),

make a regression and find the VOD values'

3 Optimization of the shunting resistance

The shunting resistance (R,) should be adjusted according to the initial resistances in the

measuring circuit (Rn and &) in order to enhance the resolution of the output.

The best resolution is achieved when the difference between the voltages over R, before

and after the detonation is maximum, i.e. when 1Y,,,,, -V,nu*l reaches the maximum.

Therefore, this is required:

dlv*," - Yuo*

dR'
0

v,.," ==-*t ^-'u,'rnrn 
Rn + R, + R,

(A22)

R,V _ ' .V^rrìax R, + R, u (A23)

(A24)

R.

0

c.x

At the initiation
moment

At the end of
detonation

At any time during
the detonation

Voltage over R,
(v)

Resistance in
the wire (O)

Time
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According to Eqs. A22 and A23:

|V,","-V
1

R, +R, %'R' (A28)

Inserting Eq. A28 into Eq. A27 results in:

Rf+R]tRo.Rz=0 (A2e)

Or:

Rr.(Ro +Rr) (A30)

We adjust both R, and the zero-shift level of the input channels in the oscilloscope and

obtain very good resolution.

max +R, +R,Ro

Rr
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APPENDIX IV: Signals from borehole pressure meâsurements in seven stone
blocks and photos of the LHM cups recovered after the blasting
experiments.

Initiation time

0.15

0.10

0.05

0.00

-0.05

Cü

Êio
()
!
U)
U)()
È

0.0 0.1 0.2 0.3 0.4 0.s 0.6

Time (-s)
0.7 0.8 0.9

Fig. A4:Measured borehole pressure. Test No. 1. The LHM cup before and after the

blast can be seen in Fig. A5-b.

Test No. I
Explosive : Blue Cartridge
Chargelhole diameter: 16138 mm
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0.2 0.3 0.4

Time (ms)
0.5 0.6 0.7

Fig. A5-a: Measured borehole pressure. Test No. 2.The LHM cup before and after the

blast can be seen in Fig. A5-b.

Fig. A5-b: The LHM cup before and after the blasting experiments in Tests No. I and

No. 2. No damage or deformation has occurred to the cup in these two test

shots.

8mm
Blue Cartridge
diarrcter: 1613

Explosive:
Charge/hole

2Test

t

*
L,'
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Initiation time

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

0.0 0.1 0.2 0.3 0.4 0.5
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Fig. A6: Measured borehole pressrre. Test No. 3. The LHM cup before and after the

blast can be seen in Fig. A7-b.

Test No. 3

Explosive: Gurit B
Chargelhole diameter : 2I.2138 mm .

,l

i

SveBeFo Report 42



47

Initiation time
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ÊiI
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H
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0.8
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Fig. A7-a: Measured borehole pressure. Test No. 4. The LHM cup before and after the

blast can be seen in Fig. A7-b.

Fig. A7-b: The LHM cup before and after the blasting experiments in Tests No. 3 and

No. 4. The bottom part of the cup was diminished when it was squeezed into
the cable hole by the pressure. The rest of the cup was swelled by the

pressure inside it.

No.4
= Gurit B

diameter = 21.2/38
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0.7
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Initiationtime

0.10.0 0.2 0.3

Tinrc (rrs)

Fig. A8-a: Measured borehole pressure. Test No. 5. The LHM cup before and after the

blast can be seen in Fig' A8-b.

Fig. A8-b: The LHM cup before and after the blasting experiment in Test No. 5. The

bottom part of the cup was diminished when it was squeezed into the cable

hole by the pressure and the cup was burst by the pressure inside it.

T{st No. 5

Edplosive: Gurit B
Cliarge/diameter : 38/38 mm
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Initiation time

1.4
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Fig. A9-a: Measured borehole pressure. Test No. 6. The LHM cup before and after the

blast can be seen in Fig. A9-b'

Fig. A9-b: The LHM cup before and after the blasting experiment in Test No. 6. Only

the diminished bottom of the cup was recovered.

C.
0<

C)ti
rt')
(t)
c.)
li

Test No. 6

Explosive: Gurit B
Charge/hole diameter: 38/38 mm
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Initiationtime
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Fig. 410-a:Measured borehole pressure. Test No. 7 . The LHM cup before and after the

blast can be seen in Fig. A10-b.

Fig. Alg-b:The LHM cup before and after the blasting experiment in Test No. 7. The

cup was swelled by the pressure inside and the bottom was blown away.

Notes that in this shot, the LHM gage was mounted upside down on the top

ofthe charge.
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APPENDIX V: Illustration of the method to fill the gap between the LHM gage

and the borehole wall with a chemical grouting material.

b) c) d)
a)

Fig. Al l Method to seal the gap between the LHM gage and the borehole wall.

a: the top of the LHM cup is machined to fit a conical cap.

b: the conical cap is lowered on to the LHM cup and covers it.

c: Epoxy is poured into the hole, passes by the conical cap and fills the gap

between the LHM cup and the borehole wall.

d: the conical cap is removed from the hole.
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