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acting as Technical Project Officer. Mr. William Garrity was 
the Contract Specialist for the OSM. The input of these 
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The results of all studies performed under this contract 
are contained herein. The report includes work performed during 
the period of August 1986 to September 1987 and was submitted 
during September 1987. 

Thanks are extended to the North Dakota Game and Fish 
Department for permission to use the Beulah Site. The North 
Dakota Public Service Commission AML staff are thanked for their 
assistance in finding information, and their interest in the 
project. Thanks are also in order to the Knife River Coal 
Mining Company for providing mine maps without which this 
research would have been much more difficult. 
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Site visit with drilling contractor 

- Field Engineer 
4 hrs 8 $18.75/hr = $75.00 

Drilling supervision (Sept 18,19,23,24,25, 1987) 

- Field Engineer 
44 hrs 8 $18.75/hr = $825.00 

Compilation of drilling statistics for cost control 
and field work planning 

- Field Engineer 
10 hrs 8 $18.75/hr = $187.50 

Exploration drilling (contractor : Moe Drilling, Inc.) 

- Equipment Mobilization 
= $250.00 

- Drilling cost 
5485 ft 8 $0.75/ft = $4113.75 

Exploration drilling : BCW, Inc : $1425.00 
+ overheads @ 50% : $712.00 

$2137.50 

RPM, Inc : $396.00 
+ overheads @ 50% : $198.00 

$594.00 

: Moe Drilling Inc: $4363.75 

TOTAL COST .......................... $7095.25 

TOTAL COST - SITE SELECTION, EVALUATION AND EXPLORATION 

.......................... $13,792.00 



3.6. DISCUSSION OF SITE SELECTION, EVALUATION AND 
EXPLORATION COST 

The total cost of this phase of the project was around 
$14,00. A breakdown of these costs by cost centers indicates the 
following: 

Site selection $3981.00 ...... 29% 
Site evaluation $2715.75 ...... 20% 
Exploration $7095.25 . . . . . .  51% 

The use of these figures to estimate the cost of similar 
functions in future work of this kind is recommended only as a 
rough guide. Each AML site has different characteristics - some 
may be much less regular, with respect to mining method, and if 
good maps are not available will require much more exploration 
work. 

As stated earlier, the cost of site evaluation and 
exploration work would have been much greater for this project 
were it not for the quality of available map information, from 
previous survey work carried out by RPM Inc, and old mine maps 
from the operating company. The regular room-and-pillar mine 
plan adopted also helped considerably in reducing the 
exploration drilling requirement. The drilling cost, of $0.75 
per foot, was also lower than will be found in many cases, or 
for work in areas where costs are higher. 

In future cases organizations such as the Public Service 
Commission, or a state AML agency, would probably decide on a 
priority site, and contract an engineering firm to carry out 
blasting work, This firm would need to study the site, and any 
available information about it to assess the overall feasibility 
of blasting as an effective AML reclamation method at that site. 
However, it may be assumed that permits regarding access and 
work on the site would be handled by the agency contracting out 
the work. 

Thus in work of this type which is not research oriented, 
it is probable that the contract cost of site selection would 
not be as high as 30%. However, the concern shown by the general 
public about blasting operations in general may require the 
presence of the responsible blast engineer at some meetings, 
possibly public meetings, in the case of sites located in 
populated or sensitive areas. 



As a very broad guideline, the breakdown of costs in a 
"contracted" AML blasting project may be something like the 
following: 

Site selection ,,.... 10% 
Site evaluation ...... 30% 
Exploration ,.,... 60% 

For a site with reasonable map information and a regular 
mining method, the total cost of this phase may be in the order 
of $10,000 to $15,000 for a ten acre site. In cases where a 
larger amount of exploration drilling is required, or drilling 
costs are significantly higher, this may increase to $20,000 to 
$25,000 for a site of this size, As larger sites are considered, 
the selection and evaluation cost will not increase in direct 
proportion to site size. However, as more drilling footage will 
be involved, the cost of exploration will be higher for larger 
sites. 



4. TEST BLAST DESIGN AND SUMMARY 

4.1. INTRODUCTION 

In this chapter the design and implementation of the test 
blast program is discussed. Test blasts involved six acres of a 
ten-acre site. The program was intended to be large enough so 
that the probability of success with caving old works could 
reasonably be ascertained and so any problems with blasting in 
the overburden above such works would come to light. 

The first step was to design each blast. While the same 
principles applied and the layout was generally the same 
adjustments had to be made to conform with the specific nature 
of each blast. This was particularly true regarding the 
explosive loading. Changes were made to account for the amount 
of roof coal left behind, the hole depth, and any rock layers 
reported by the drillers on their hole logs. 

Standard loading data was developed for each hole depth, 
for a given diameter, and was used wherever possible. This data 
shows the column locations where explosives and deck stemming 
should be placed. The information was placed on loading boards 
for ease of use in the field. Substitute loading boards were 
used on any specific blast where conditions indicated a change. 
The development of standard loading data is discussed in detail 
below. 

The blasts were located so as to test the method under 
several conditions. Blasts were conducted in cover ranging from 
35 to 65 feet. Long blasts (up to 200 feet) were detonated as 
were shorter blasts (less than 100 feet). Twenty-two foot wide 
rooms were blasted and twelve-foot wide panel entries were also 
shot. All of this was done to determine the effect of various 
conditions on the technical and cost feasibility of the 
reclamation method. 

There were twenty-one blasts in all. The majority were 
designed to cave rooms or entries. Two were designed to close 
individual sink holes. One of these was performed in 
conjunction with a room blast; the other was shot separately. 
The blasts were detonated using both ANFO and slurried 
explosives. Some blasts were loaded with all ANFO but most had 
a slurry in the bottom one or two decks. 

Since all the test work was performed at one site the 
results were obtained for one type of strata sequence. The 
overburden above the coal seams in the Beulah area is a 
combination of clays and glacial tills. The clays trend from 
brown near the surface to grey in depth. These clays are 
overconsolidated and in many cases have the thinly bedded 
appearance of shales. However they are not sufficiently 



consolidated to be classified as shales as such. 

Periodically there occurred interbedded .layers of weak 
sandstone, which usually did not exceed four feet in thickness. 
This sandstone was in the form of lenses which were not 
continuous over the project test site. The presence of such 
layers was noted during drilling and was recorded in logs so 
that design changes, related to deck location, could be made if 
required, 

Strength testing of the strata was not carried out. 
However, general experience in western North Dakota would 
indicate that no strata had unconfined compressive strengths of 
more than 5000 psi. Figure 4-1 illustrates a lens of 
cross-bedded sandstone underlying clay in the side of one of the 
sinkholes at the test site, 

4.2. BLAST DESIGN 

4.2.1. Explosive Charge Placement 

The method used to design the blasts is discussed in this 
section. The design procedure followed the general cratering 
theory techniques discussed in Chapter 2. Variations to the plan 
were made, as the program progressed, based on observations of 
the blasted areas. These variations are largely discussed in the 
results chapter. 

It was necessary to estimate an optimum scaled depth of 
burial for the individual cratering charges in the clays and 
clay shales observed at the test site. From previous work it 
was known that the optimum scaled depth of burial in unfrozen 
tar sand was 3.1. Tar sand was considered to be a material 
similar in nature to that seen at the test area. Table 4-1 
lists parameters for crater blasting in tar sand. 

TABLE 4-1 PARAMETERS USED IN CRATER BLAST DESIGN IN 
UNFROZEN TAR SAND 

Hole Diameter 
Hole Depth 
Explosive Type 
Explosive Weight 
Scaled Optimum Depth of Burial 
Stemming Height 
Spacing 
Delay Arrangement 

30-inch (augered) 
55 feet 
ANFO 
3,500 Ibs. 
3.1 (d/W1/3) 
40 feet 
70 feet by 70 feet 
100 ms between holes 
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It was felt that the experience in tar sand was applicable 
to the material existing at the test site. However, the AML 
case where a series of crater charges are successively detonated 
in the hole is more confined than that of a single cratering 
charge in tar sand. Therefore, it was decided to reduce the 
scaled depth of burial from 3.1 ft/lbl/3 to 2.5 ft/lbl/3 at 
least for the initial blasts. Each deck was initially designed 
so that the distance from the base of the previous deck charge 
to the center of the charge in question was scaled at a d/Wl/3 
of 2.5 ft/lbl/3. In the case of the charge directly above the 
opening the depth of burial was from the roof of the void to the 
center of the charge. 

The maximum length of the cratering charge equals eight 
times the diameter of the blast hole. For a six-inch hole the 
length of the charge is 48 inches. The typical density of free 
poured ANFO is 0.85 gm/cc although some variation in density may 
be seen between manufacturers. The weight per foot of ANFO in a 
6-inch holes is 10.4 pounds. Therefore four feet of charge 
contains 41.6 pounds of ANFO. 

For a scaled depth of burial of 2.5 ft/lbsl/3 the depth 
of burial can be computed according to the following expression: 

d = 8.6 feet 

The depth of burial is taken to the center of the charge. 

To determine the deck stemming height four charge diameters 
must be subtracted from d. Therefore the stemming height in 
this case would be 6.6 feet. Since the depth of burial, d, is to 
the center of the charge the total charge length is 4 feet (8 
times the diameter). 

Some adjustments had to be made for individual blasts to 
account for specific situations. Changes included variations to 
the explosives column length and the deck stemming. These were 
to account for hard bands in the overburden, thick roof coal 
left behind during mining and fitting the number of decks into 
the given hole length. These changes and results are discussed 
in a later chapter. 

Using this design one can examine the effect of different 
hole diameters on the depth of burial. For example, an 8-inch 
diameter hole loads ANFO at 18.5 pounds per foot when the free 
poured density is 0.85 gm/cc. Eight diameters of an 8-inch hole 
is 64 inches. Therefore, the total weight in the cratering 
charge is 98.7 lbs. The depth of burial is 11.6 feet and the 
deck stemming height is 8.9 feet. These increases relate to the 
square of the increase in the radius. The important point is 
that larger hole diameters will reduce the number of decks 



needed to fully cave the void. This can be important in deeper 
cover because it helps to maintain a reasonable number of decks 
and reduces the chances for out-of-rotation firing and cutoffs. 

The placement of the charges in the hole then was a matter 
of getting the explosive plus stemming lengths to match the hole 
depth., The final design requirement, in order to achieve a 
total hole design, was to determine how much stemming should be 
used between the uppermost explosive deck and the ground 
surface. It is important to heave and break up the upper 
surface, However, excessive flyrock due to uncontrolled top 
movement is to be avoided. These competing requirements can 
generally be well controlled in soft plastic rocks. Where 
brittle, hard rocks form the upper surface it is considerably 
more difficult to control flyrock while achieving good top 
breakage. 

For soft materials good top breakage can often be obtained 
with scaled depths of burial of 4.0 or more. However, in this 
case it was thought that some of the energy of the detonation of 
the upper deck would be directed downward so a more conservative 
scaled depth of burial should be selected. Initially a scaled 
depth of burial of 3.1 ft/lbsl/3 was selected and the stemming 
height was 8.5 feet in 6-inch diameter holes. This was subse- 
quently increased to 9.0 feet and then 9.5 feet of stemming and 
corresponds to an average scaled depth of burial of 3.25 
ft/lbsl/3. 

For 8-inch diameter holes the stemming heights were 
designed at 13.0 feet. This resulted from a scaled depth of 
burial of 3.5 ft/lbl/3. 

. Table 4-2 shows the loading arrangement for one blast. 
Figure 4-2 is a cross section of a 56 foot deep blasthole 
showing the explosive and stemming decks. 

4.2.2. Hole Spacings 

Another important matter of design was to determine the 
spacing between the holes on the blast line. Often a spacing 
equal to 1.5 times the depth of burial, d, is found to be 
optimum. For the tar sands blasts in table 4-1, the center of 
the charge is 7.5 feet above the bottom of the hole or 48.5 feet 
from surface, The 70 x 70 foot spacing is then 1.48 times the 
depth of burial. 

For the caving of old works it was thought that a spacing 
greater than 1.5 times the depth of burial might be acceptable 
because the area being cratered was undercut by the mining. 
Therefore, the first blast was designed with 17-foot spacings 
which are 2.0 times the depth of burial of 8.6 feet for a 6-inch 
hole diameter. This design was used in an attempt to find the 
limit of spacing. The first blast, located on room N-14, was a 
single row blast. The line of holes was placed on the center 
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BLASTHOLE SHOWING CHARGE AND STEMMING PLACEMENT 



axis of the room approximately 11 feet from each pillar. 

The blast caved the room except for an area extending from 
the panel entry at the south end of the blast about 65 feet 
along the room. This area appeared to bridge. The remainder of 
the blast caved the room, as evidenced by a surface depression 
of considerable depth. The blast did not, however, appear to 
break across the full width of the room. 

For these reasons it was decided to adjust the spacings and 
use two staggered rows of blast holes to obtain better caving. 
The next blast therefore was drilled with holes spaced 13 feet 
apart on two lines spaced 8 feet apart. The distance from a 
pillar to a line of holes was 7 feet. This is shown in figure 
4-3. The' spacing along the line was 1.5 times the depth of 
burial. The spacing between the rows and the spacing between 
the rows and the pillars were approximately 1.0 times the depth 
of burial. This resulted in large part from the dimensions of 
the room and the need to fit the two rows of holes into this 
geometry. 

Later in the test program, based on field observation the 
spacings between holes on a row were increased to 15 feet or 
approximately 1.75 times the depth of burial. Near the end of 
the test blasts a single row was again tried. In view of the 
initial experience with a single row of holes it was decided to 
use spacings less than 1.5 times the depth of burial. The spac- 
ings were 12, feet or 1.35 times the depth of burial. Comments 
on the effectiveness of experimentation with blasthole spacing 
are made in Chapter 8 of this report. 

4.2.3. Standard Loading Scales 

In order that explosive loading operations could proceed 
idly and without error it was necessary to develop a system 
loading data that would be as consistent as possible and easy 

to refer to in the field. For this reason loading schedules 
were produced, based on the hole diameter, and the explosive 
used so that the loading crew could tell where and how much 
explosive and deck stemming were required. 'l'he basic 
calculations for the location of the explosive decks and 
stemming are as discussed above. 

The information for a given hole depth was written on a 
board for use in the field. This showed the distances down the 
hole at which charge and stemming interfaces occur, together 
with the position of the explosive. As it was possible to 
standardize loading for holes of a given depth, a series of 
"loading boards" were made up for use in the field. One of these 
is illustrated in Fig. 4-4. These boards were placed next to 
blastholes with the appropriate depths, as indicated by the 
measurement recorded on the wooden stake, for use during hole 
loading (see Fig. 4-5). 
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The standard loading boards were'reviewed for each blast. 
Where necessary changes were made and a new board with the 
revised information was drawn-up. 

The primary reason for change to a standard loading board 
was the occurrence of rock layers in the overburden. Although 
the overburden was primarily over-consolidated clays there were 
intermittent lenses of rock that were only a few feet thick. It 
was important that these layers were well fragmented so that 
large chunks would not bridge over and prevent the remaining 
overburden from falling toward the void. 

To insure fragmentation of these layers required knowing 
the location of the rock in the overburden. For this reason the 
drill crew was required to carefully record the rock layers on 
their drillers logs. With this information available 
adjustments could be made. 

In some cases one or more of the explosive decks was 
lengthened to bring explosive into closer proximity to the 
rock. Another alternative was to relocate the deck to be better 
positioned with respect to the hard layer. This could be done 
if the change needed was small. A large relocation of the deck 
would alter the overall cratering characteristics too much and 
good performance could not be expected. In some cases altering 
both the length of the explosive column and the location of the 
deck was required. 

Another reason for changing the loading boards for a 
specific blast had to do with the amount of roof coal left 
behind. Generally the roof coal amounted to three or four 
feet. However, as much as eight feet were left in some cases. 
This occurred most frequently in the panel entries and in the 
portion of the rooms next to the entries. When the coal was 
thick the scaled distance was adjusted downward and the charge 
was placed closer to the coal lagers. Adjusted loading boards 
were then marked up for the given blast. 

The boards, then, were developed based on the cratering 
principles discussed above. However, in field operation it was 
not always possible to follow exactly the results from the 
standard calculations. In addition to the need to cater for 
thin rock layers in the overburden and thick roof coal one also 
had to make adjustments for the varying hole depths. 

For a given explosive and hole diameter combination there 
is only one hole length that will exactly match the requirements 
of the optimum cratering action. Other hole depths will require 
at least slight modification to the powder location to insure a 
proper load in the hole. This may mean lengthening the explos- 
ive deck columns until a hole depth is reached whereby an addit- 
ional deck may be added. 

Once the next deck is added the explosive columns may be 



less than eight diameters in length initially and will again be 
lengthened as the hole depth increases. One must be careful 
however not to vary the charge dimensions and location too much 
relative to the initial design or the cratering action will lose 
its effectiveness. Bridging and hang-up of the overburden may 
occur. 

Table 4-3 shows a comparison of an initial design in 6-inch 
holes and the variations created by varying depths of cover. 
The table shows how the loads were varied to accommodate the 
changing hole depths. 

In this table deck 1 refers to the highest deck in the hole 
with the remaining decks in descending order. The hole with 
41-foot depth is shown in terms of initial design and actual 
loadings. In the field four decks were used rather than three 
to' be consistent with other holes in the blast. Less explosive 
and reduced depth of burial were employed. 

For the remaining holes the table shows the variations 
necessary to account for changing depths. Experimentation 
during the test program showed that four decks could be used for 
depths up to about 60 feet. Beyond that either an 8-inch hole 
diameter was needed to maintain four decks or a fifth deck must 
be added in the 6-inch diameter holes. In any event as loading 
boards were prepared, and checked for each blast, the effect of 
hole depth was taken into account. 

Table 4-3 illustrates that the collar stemming is not used 
to adjust the powder locations for changing hole depths. Once a 
collar location has been found that achieves good breakage 
without excessive flyrock, this should be used in every hole. 
Failure to do so will lead to variable results. Too little 
stemming may lead to flyrock, venting, and airblast. Changes to 
collar stemming should only result from changes in hole 
diameter, changes in explosives type, or changes in geological 
conditions. 

4.2.4. Explosives Selection 

Based on the nature of the overburden and ease of use it 
was believed that ANFO would be the most suitable explosive for 
the bulk of AML work. For this reason the most common explosive 
used in the test program was ANFO. This product was obtained in 
standard fifty pound bags. During loading the bags were opened 
and the ANFO was poured into the hole in order to fully couple 
the hole and maximize the explosive load in the required crater 
charge geometry. 

ANFO has an energy output of 890 calories per gram. This 
is quite adequate for fragmenting the types of strata found in 
the overburden at the test site. ANFO also produces large gas 
volumes upon detonation and therefore maintains borehole 



TRBLE 4-3 : COMPRRISON OF BASIC BLRST DESIGN IN SIX-INCH 
DIRETER BLRSTHOLES, RNO ACTUAL LORDING FOR 
VRRIOUS HOLE DEPTHS 

D E C K  1 D E C K  2 D E C K  3 D E C K  4 

Hole Hole Collar Explosive Stemming Explosive Stemming Explosive Stemming Explosive Stemming 
J Y P ~  Depth Stemming Column Co 1 umn Ca L umn blunn 

<f t> . <ft> <ft) <f t> <ft> Cft> <ft> Cft) Cft) Cft> 

Initial 
Oesign 41 9.5 - - 4.0 6.5 4.0 6.5 4.0 6.5 

flctual 
Load 4 1 

Rc tua 1 
Load 42 9.5 3.0 4.0 3.0 5.5 3.0 5.0 4.0 5.0 

Rctual 
Load 44 9.5 3.0 4.0 3.0 5.5 4.0 6.0 4.0 5.0 

flctua 1 
Load 45 9.5 3.0 4.0 3.0 5.5 4.0 6.0 ' 4.0 6.0 



pressures at a high level for substantial periods of time. This 
is important when blasting in soft, plastic materials where 
considerable energy is absorbed before movement and 
fragmentation start to take place. 

Normally the energy outputs of blasting agents are stated 
as a relative weight strength and a relative bulk strength. The 
weight strength is the energy output per unit of weight; the 
bulk strength is the energy output per unit of volume. Usually 
these strengths are taken relative to ANFO. Therefore, ANFO has 
a relative weight and relative bulk strength of 1.00. Other 
products have relative strengths greater than or less than 1.00 
depending on their energy output in calories per gram, and in 
the case of bulk strength, their densities. 

The primary disadvantages to the use of ANFO are that it 
has virtually no water resistance and its free poured density is 
low (0.85 gm/cc). The water problem can be addressed by the use 
of polyethylene dry liners to sleeve the hole. Dry liners can 
be used in the holes of greater than 5-inch diameter. The 
density cannot easily be increased unless a blend of prill sizes 
is used. However, this approach is not generally feasible in 
using free poured product because of caking problems. 

To fmprove the density and therefore increase the weight 
per foot that can be loaded one may select other products 
including heavy ANFO, emulsions and slurries. All of these 
products can be produced at densities greater than 1.00 gm/cc. 
These explosives are also waterproof which is an advantage if 
the holes are wet. However, such products are considerably more 
expensive than ANFO. 

For the field testing a slurried product was used in the 
lowest deck in the hole. The reasons were that it was thought 
that if water were present it would be in the bottom area of the 
hole and a greater loading density was expected which would be 
helpful with regard to the depths of burial and the roof coal 
left in place. In fact the loading densities were not as high as 
expected; this is discussed in more detail later in this report. 

The first slurry explosive used was IREGEL 140, a water 
-based gelled product with a nominal density of 1.20 gm/cc. 
This product was viscose but was more or less pourable. In 
order to insure full coupling to the hole the product was freed 
from the bags and allowed to fall down the hole. Another reason 
for freeing it from the bag was that the 5-inch diameter bags 
would not always fall freely in a 6-inch diameter hole. Finally 
it was thought that removing the explosive from the bag would 
maximize the loading density in the deck. 

Subsequently a different product called Energel 500 with a 
nominal density of 1.15 gm/cc was used. This product included 
substantial amounts of prill in the mix, It was much stiffer 
than the first product and could be sliced into chunks and 



dropped down the hole. 

In a few blasts ANFO alone was used. The intent was to 
determine the relative effect of using a slurry in the lower 
deck or of having no slurry. Except for the change of 
explosives these blasts were designed in the same manner as 
others. Table 4-4 lists the properties for the explosives as 
supplied by the manufacturers. 

All of the explosives were delivered in bags. The ANFO was 
in fifty pound bags. The Iregel 140 and Energel 500 were in 
5-inch diameter, thirty pound bags. 

TABLE 4-4 PROPERTIES OF EXPLOSIVES USED 
IN THE FIELD TESTING 

Density Weight Bulk Velocity of Water 
Explosive gm/cc Strength Strength Detonation Resistance 

ft/sec ................................................................ 

ANFO 0.85 1.00 1.00 12,500 Poor 

Iregel 140 1.20 .96 1.40 13,800 Good 

Energel 500 1.15 .86 1.31 16,400 Good 
> 18 hrs ................................................................ 

4.2.5. Millisecond Delays 

The need for millisecond delays was discussed earlier 
in the report. Both surface and down-the-hole delays were used 
to cause each deck in each hole to detonate independently of all 
the others. In this manner the overburden surrounding the 
blastholes was displaced toward the void below as a series of 
cratering charges detonated from the bottom to the top of the 
hole. 

The primary question was which delays to select. The 
important considerations in this regard were providing 
sufficient delay time to allow each deck to move before the next 
detonated and not allowing the delays to be so long that cutoffs 
or sympathetic detonations across the decks might occur. The 
down-the-hole delay system used was a slider primer and delay 
system supplied by Ensign-Bickford, In this case the delay 
consisted of the non-electric delay cap with a NONEL pigtail. 

Initially successive periods were used in the hole starting 
with period 4 (100 ms) in the bottom deck. For a four deck hole 



the remaining decks had period 5 (125 ms), 6 (150 ms), 7 (175 
ms) delays. If a fifth deck was required, because the holes were 
deep, then period 8 (200 ms) was used. Therefore, there were 25 
milliseconds between the detonation of decks within a hole. 

Surface delays were used to obtain the appropriate delay 
between holes and insure that each deck in the blast detonated 
independently of all other decks. For this purpose 42 
millisecond NONEL noiseless tl.unkline delays were used. With 
these surface delays in combination with the down-the-hole 
delays each deck fired separately at least 8 milliseconds after 
the previous deck. This helps to maximize the relief as the 
blast progressed. Also, the weight per delay was minimized 
which meant the ground vibration from blasting was kept to a 
minimum. , 

After observation of a series of blasts it was decided to 
try 50 milliseconds of delay time between decks within the hole. 
To do this, periods 4, 6, 8 and 9 (250 ms) were used as down-the 
hole delays. The 42 ms delays continued to be used on surface. 
It was thought that this array would lead to a greater relief 
within the hole and along the blast. Figures 4-6 and 4-7 show 
the typical delay sequence for the two cases. Note that the use 
of 50 millisecond delays led to a uniform diagonal detonation 
path along the holes and therefore more relief. 

The potential drawback to the use of the longer delays 
between decks within the hole is the greater potential for cross 
propagation between the decks or cutoffs due to large movements 
along fracture planes within the overburden. However, in the 
soft, plastic rocks found at the test site these problems were 
not expected unless very long delay times were used between the 
decks. 

4.3. SUMMARY OF BLASTS 

The test blasting program for this project was carried out 
between September 25th and November 20th, 1986. After two blasts 
work was suspended for a week to allow time for completion of 
exploration and line-up drilling work. One week was lost in 
November due to a severe winter storm which closed access to the 
test site, The final 4 blasts were carried out under alternately 
very cold and snowfall conditions 

A summary of general information pertaining to the blasts 
is included as Table 4-5. Twenty-one blasts were carried out on 
the ten acre test site. Nineteen of these were designed to cave 
rooms, or parts of rooms, in the north and south mining areas. 
Blasts were located by t.heir room number as described in Section 
3.4.2. of this report; a location map is included as Figure 4-8. 



FIG: 4-6: TYPICAL DELAY SEQUENCE USING 4211s 
SURFACE DELAYS AND 25ms INTERVAL 
BETWEEN DECKS 

FIG, 4-7: TYPICAL DELAY SEQUENCE USING 42~1s 
SURFACE DELAYS AND 50ms INTERVAL 
BETWEEN DECKS 



TABLE 4-5 : SUMMARY OF FIELD TEST BLASTS 

f = sinkhole blast only 

AN = ANFO 
IR = Iregel (slurry) 
EN Energel (slurry) 

Delay Number Millisecond delay period 
4 100 
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One blast, #17, was primarily to collapse a room, but also 
incorporated an access cross-cut between two panel entries. 
Blast #7 included an attempt to fill adjacent sinkholes; blast 
#20 was carried out exclusi.vely to fill a single sinkhole. 
Blast #9 was carried out exclusively in access development (a 
cross-cut and part of a panel entry). 

Two blasts, #'s 4 and 18, employed eight inch diameter 
holes, the remainder of the work was carried out using six inch 
blastholes. Five blasts included use of a central, single row of 
blastholes; the remainder employed two rows. Overburden depths 
were, on average, in the range of 41 to 64 feet. 

A total of 51,250 pounds of ANFO explosive and 18,030 
pounds of slurry were used during the project. The slurry 
explosive was generally located, when used, in the bottom decked 
charge only. Actual explosives consumptions for each blast are 
included in Table 4-6. This table also shows consumption of 
surface and down-the-hole delays, and some information regarding 
use of the high-speed camera and engineering seismograph. 

Two blasts, #'s 2 and 10, involved use of five explosive 
decks, due to high overburden cover. The remainder of the blasts 
employed 3 or 4 decks. Two decks only were employed in blasts 
which were used to fill sinkholes. For most of the blasts there 
was a 25 millisecond delay period between the initiation of 
explosive decks. From blast #14 onwards, however, the delay 
period between decks was increased to 50 milliseconds as part of 
the experimentation with blast design. 

Approximately half of the two-row blasts used a spacing of 
13 feet on rows 8 feet apart. The hole spacing was subsequently 
increased to 15 feet at the same row separation. 

Access development was generally shot at 12 foot spacings. 
In the latter part of the program this spacing was reduced to 9 
feet for portions of panel entries which were blasted 
immediately adjacent to rooms. Hole spacings for 8 inch holes 
were higher than for blasts of a similar type using 6 inch 
blastholes. 

The blasts were variable in length, but in general were in 
the range of 120-160 feet long. Blast length. was controlled 
mainly by the presence of sinkholes - where possible, the blast 
was laid out to collapse the room over its entire length. Three 
short blasts (less than 100 feet long) were taken in rooms. The 
120 feet indicated for blast #9 includes 60 feet of cross-cut 
and 60 feet of adjoining panel entry. Blast #17 collapsed 50 
feet of cross-cut in addition to the 150 feet of room S-10. 

Three blasts in the south of the test area were deliher- 
ately split into two sections for operational or experimental 
reasons. One room in the north of the test area was blasted in 
two separate parts due to the presence of a sinkhole. 
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4.3.1. Description of Blasts 

, General points of interest about each blast in the test 
program are described briefly in the following sections. Most of 
the relevant characteristics are summarized in Tables 4-5 and 
4-6. A sketch of each blast, plotted at 1:20 scale, is included 
in Appendix A of this report. These sketches show the numbering 
and location of blastholes, the surface tie-in, point of init- 
iation, relevant dimensions, and proximity to other blasts and 
existing sinkholes at the site. 

Field measurement summary sheets, which are described in a 
later chapter, are also included in Appendix B. These are essen- 
tially for the record, with most of the relevant information 
contained therein summarized in tables elsewhere in this report. 

A complete set of photographs showing the post-blast 
profile of each blast was taken in the Spring of 1987. Some of 
these are used in the following description to illustrate some 
typical results. They are also employed to show certain inter- 
esting or less successful results 

Conclusions about the general success of the test blast 
program, and a discussion of the trends observed as design 
changes were made, are drawn in Chapter 8 of this report. 

4.3.1.1. Blast #1 : N-14 - Sep. 25, 1986 

This was carried out using a single line of 
blastholes. Gravel stemming was employed between explosive 
decks. The blast caved the room over the area covered by the 6 
northernmost blastholes. The first 4 blastholes in the firing 
sequence exhibited surface craters, and failed to collapse the 
room in the region adjacent to the panel entry. 

Fig. 4-9 is a view over the caved portion of this room 
towards the surface heave at its southern end. 

4.3.1.2. Blast #2 : N-9 - Sep. 26, 1986 

This was a short two-row blast situated between a 
sinkhole and the north panel entry. A deep sinkhole was created 
at its southern end, where the room intersected the panel entry. 
This is illustrated in the foreground of Fig. 4-10. Most of the 
blast heaved up, however, and there esists doubt as to whether 
it caved over the entire depth of overburden. 

4 

4.3.1.3. Blast #3 : N-11 - Oct. 7, 1986 
! 

This was the first large-scale blast taken using two 
rows of holes centered on a room. It was successful over the 1 
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FIG, 4-9: POST-BLAST PROFILE OF BLAST #1(N-14) 

LOOKING SOUTH 

FIG, 4-10: POST BLAST PROFILE OF BLAST #2(N-9) 

LOOKING NORTH 



entire length blasted. There was not sufficient time on the 
blast day to load all of the holes at the northern end. Some 
material heaved up against the pre-existing sinkhole at the 
southern end of the blast. 

4.3.1.4. Blast #4 : N-l,N-2 - Oct. 9 $  1986 

This blast was taken on two short adjacent lengths of 
room, and included the connecting panel entry. This was the 
deepest average overburden cover encountered during the test 
program, and 8-inch diameter blastholes were employed. Two 
"closure" holes were drilled and blasted to 60 feet depth at 
each end of the entry. 

The closure holes were not sllccessful, and sinlcholes 
of 20 and 15 feet were created at the western and eastern ends, 
respectively, of the panel entry. The blast exhibited 
considerable surface heave over its entire length; in places 
this heave was as much as 5-6 feet in height. Part of this blast 
is, illustrated in Fig. 4-11. Fig. 4-12 shows an upwards buckling 
of the rock strata at the western end of this blast, evidence 
that there was "bridging" of the upper explosive decks. 

4.3.1.5. Blast #5 : N-13 - Oct. 13, 1986 

This was the second attempt to collapse a long room 
using a double row of blastholes. It was very successful, over a 
distance of approximately 120 feet. The ground surface dropped 
between 6 and 8 feet over much of the blast. A deep hole 
appeared over the southern end, at the intersection with the 
panel entry. This subsequently filled with sloughing material, 
to a depth of about 16 feet. This blast is illustrated in Fig. 
4-13. 

4.3.1.6. Blast #6 : N-8(S) - Oct. 14, 1986 
This short blast, using the same drilling pattern as 

Blast #5, was located over a portion of underground opening 
between a partly-caved panel entry and a sinkhole. Three holes, 
spaced at 12-foot intervals, were also blasted along the 
adjacent panel entry. Surface heave of between 1 and 3 feet in 
height occurred over most of the blast. This can be seen in Fig. 
4-14; the feature in the foreground is the pre-existing 
sinkhole. 

4.3.1.7. Blast #7 : N-7 - Oct. 16, 1986 

This blast was in a short length of partially caved 
room between two sinkholes. It resulted in surface heave o~f 
about 2-3 feet. 



FIGURE 4-11 :  POST-BLAST PROFILE OF BLAST # 4 ( I \ - l J  N-2) 
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FIG, 4-13: POST-BLAST PROFILE OF BLAST #5 (N-13)) 
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In addition, 10 short holes were blasted in an attempt 
to partly fill adjacent sinkholes. The holes were located about 
4 feet back from the sinkhole rim. Four blastholes were loaded 
with a single 5 foot cylindrical charge column and succeeded in 
breaking material into the sinkholes to the north of the blast. 
The sides of these sinkholes were approximately vertical prior 
to blasting. 

Six holes were used to blast the sinkhole to the south 
of room N-7. These were loaded with a four foot column of ANFO, 
separated by 2 feet of stemming from a second three foot deck of 
the same explosive. Though some minor surface slumping occurred, 
these holes were unsuccessful in breaking material into the 
sinkhole, whose sides sloped at about 45-50 degrees. 

4.3.1.8. Blast #8 : N-12 - Oct. 17, 1986 

This was a double-row blast bounded at the north by a 
pre-existing sinkhole. For the first time the hole separation 
was increased from 13 to 15 feet on rows which remained 8 feet 
apart. Three holes were blasted at 12 foot spacing in the panel 
entry at its southern limit. The room blast itself resulted in 
the formation of a depression with a V-shaped cross section, and 
also broke some material laterally into the sinkhole. 

There was surface heave, however, over the panel 
entry; this is shown in Fig. 4-15. The surface heave is in the 
foreground, followed by a region in which material was disturbed 
but remained at essentially the pre-blast ground level. The 
remainder of the blast caved with a very even profile, with 
straight sides reflecting the positions of the pillar edges. 

4.3.1.9. Blast #9 : NC-7 - Oct. 20, 1986 

This blast, the first attempted which was exclusively 
in 12-foot wide access development, produced very variable 
results. A very large opening was created at the position of 
the intersection of cross-cut with panel entry -it is likely 
that appreciable pillar failure had occurred here prior to the 
blast, creating a very large void, 

At the south end of the cross-cut, and at western and 
eastern ends of the panel entry, there was appreciable surface 
heave. A single line of six-inch holes spaced 12 feet apart was 
used. Two closure holes of 25 feet depth were drilled at the 
eastern end of the panel entry and loaded with two explosive 
decks. 
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This blast took place at the western end of the south 
mining area, in some of the deepest cover encountered during the 
test blast program. The holes were very wet, with water and mud 
below 45 feet depth, corresponding to a clay seam immediately 
above the coal. Hole loading was therefore a very difficult 
process, as all of the slurry explosive had to be pushed down 
into the lower deck using loading poles. 

Five explosive decks were used in some deeper holes. 
Closure holes 30 feet deep were drilled and blasted at each end 
of the southern panel entry accessing room S-1. These were 
loaded with two four-foot long explosive decks, with slurry 
employed in the lower of these. 

The blast heaved up along almost the entire length, 
with the exception of the southern edge, where material was 
presumably able to move into the unblasted void to the south. 
The width of surface heaving approximated that of the room, and 
varied in height from 3 to 5 feet. This is illustrated in Fig. 
4-16. 

4.3.1.11. Blast #11 : S-12 - Oct. 24, 1986 
This blast employed 15-foot spacing of 6-inch holes on 

rows 8 feet apart in fairly low overburden cover (38-42 feet). 
Holes were charged with 3 or 4 decks, the latter being the case 
when holes were deeper than 40 feet. The blast included 3 holes 
spaced 12 feet apart in the panel entry, plus 4 closure holes 
drilled to a depth of 25 feet, which were loaded with 2 decks. 

This was the first major blast shot using 2 lines of 
holes in which ANFO was the only explosive used. It was very 
successful, with the entire room caving plus part of the 
adjacent panel entry to the west of the room. 

The resulting sinkhole was 10-15 feet deep at the 
southern end, and sloped up to the original surface elevation at 
the intersection of room and panel entry. There was 3-4 feet of 
surface heave above the eastern limit of the blasted entry. In 
places the sinkhole created was up to 30 'feet wide. The blast is 
illustrated in Fig. 4-17. 

4.3.1.12. Blast #12 : N-8(N) - Oct. 28, 1986 

This, the second blast taken on room N-8, was taken 
between a sinkhole and the northern limit of mining. It was 
shot using 15-foot hole spacing in two rows 8 feet apart, using 
only ANFO. It proved to be the most successful blast to date in 
deeper cover, which averaged 55-58 feet. 
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There were 3-4 feet of surface heave at the southern 
end, with a general slope in the post-blast profile down to 
about 10 feet depth at the northern end of the room. The blast 
is illustrated in Fig. 4-18. There was considerable back-break 
into the eastern pillar, and the sinkhole was 28 feet across at 
its widest. 

4.3.1.13. Blast #13 : N-10 - Oct. 30, 1986 
This blast was very similar to that on room N-12, but 

in slightly deeper cover, around 54-56 feet. It caved over most 
of the room, with some surface swell experienced at the 
position of the panel entry. It was shot using ANFO explosive 
only. 

4.3.1.14. Blast #14 : S-ll(N) - Oct. 31, 1986 

Room S-11 was drilled and blasted in two stages. The 
northern part included a small portion of panel entry, while the 
room itself was in overburden cover of about 43 feet. For the 
first time 50 milliseconds of delay period were allowed between 
explosive decks, which was twice the time that had previously 
been the case. The spacing on the holes in the panel entry was 
pulled in from 12 to 9 feet. 

The blast caused caving over the entire length, with 
significant back-break, indicating that this room may have been 
somewhat wider than the planned 22 feet. The entry was also 
caved, but in the process a small but deep hole opened up at the 
junction of the entry with cross-cut SC-7, which undercut the 
cross-cut, 

4.3.1.15. Blast #15 : S-1(S) - Nov. 3, 1986 

This blast was the southern continuation of Blast # 
10, employing two rows of 6 inch holes 8 feet apart, with 13 
feet spacing between holes. The holes were wet, with mud from a 
wet clay seam filling most of them from 40 feet down. Slurry 
explosive was therefore used in the lower decks. 

Considerable difficulty was experienced in hole 
loading due to the mud, which probably prevented the holes from 
being loaded to the correct density of explosive, In some cases 
extra boosters were employed in the lower two decks to ensure 
that all of the explosive was initiated. 

The blast resulted in surface heave, about 3-4 feet in 
height, for almost all of its length; subsidence occurred at the 
southern end in the form of a 4 foot deep hole. 



4.3.1.16. Blast #16 : S-11(S) - Nov. 5, 1986 
This blast was taken on the southern end of blast # 

14, in cover of around 41 feet in depth. It created a subsidence 
feature along almost all of its length. The original ground 
elevation was maintained at its northern end, adjacent to the 
previous blast on this room. This can be observed in Fig. 4-19, 
which is looking north towards the boundary between the two 
blasts taken on this room. 

The blast on S-10 caved this room between a sinkhole 
and its southern limit of mining. In addition a blast was taken 
on SC-7, where an undercut sinkhole had developed as a result of 
blasts in the south panel entry adjacent to rooms S-12 and S-11. 
Six inch diameter holes were drilled in a single line at 9 foot 
spacings along this cross-cut between an original sinkhole and 
the one created by blasts. 

In drilling these holes it was determined that the 
cross-cut was well on the way to caving naturally, with less 
than 20 feet of overburden remaining in places. As such, it was 
a potentially dangerous situation which required remedy. Two 
blastholes were drilled in the pillars to the north and south 
of SC-7 at its western end. It was determined that to position 
the drill rig over the undercut part of this development would 
be an unsafe practice. 

The two blasts were connected using primaline, and the 
cross-cut was successfully blasted, thereby eliminating the 
hazard. The post-blast profile above the cross-cut is 
illustrated in Fig. 4-20. 

4.3.1.18. Blast #18 : N-6 - Nov. 17, 1986 

For this blast, experimentation with design was 
carried out to determine whether a single line of 8 inch holes, 
spaced 15 feet apart along the middle of the room, would cave a 
room in an area of fairly deep cover (55-60 feet). 

It was determined from drilling and measurement that 
there was little or no void space remaining in the room below 
the coal, presumably due to influx of material from elsewhere in 
liquid form which had subsequently drained. It was also found 
that the room was narrower than average for the test site. 

The surface elevation after the blast was basically 
unchanged, though the material was disturbed. Evidence of the 
recent extreme weather conditions was already visible from this 
blast, in the form of 18-24 inches depth of frozen ground below 
surface, which formed large slabs (see Fig. 4-21). 
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4.3.1.19. Blast #19 : S-9(N) - Nov. 18, 1986 

Room S-9 was divided into two blasts to observe 
the effect of varying the blast pattern from a double to a 
single row situation in overburden conditions typical for the 
test site, Blast #19 was taken on the northern part of the room. 
Slurry explosive was used in the bottom two decks of each 
blasthole. The blast caved the room over its entire length, 
indicating the effectiveness of this explosive type even under 
the very cold temperatures experienced on this day. 

Overburden depths of around 46 feet were 
encountered, and subsidence in the order of 15 feet was 
experienced. The depression created was between 25 and 35 feet 
wide, and is illustrated in Fig. 4-22. A deep hole, of around 20 
feet, was initially created at the northern end, where lateral 
movement of material into the unblasted south panel entry was 
possible. This subsequently filled up by about 5 feet due to 
sloughing of material from the sides. 

4.3.1.20. Blast #20 : N-4 - Nov. 19, 1986 

During blasting operations in October a new 
sinkhole opened up on the northern end of room N-4. An 
exploration borehole in this area had indicated that the room 
had caved above the coal seam prior to the onset of blasting 
operations. It is possible that vibrations from nearby blasts 
accelerated the natural process of caving. 

Ten holes of 20 feet depth were drilled around 
the sinkhole, which had near vertical sides. These holes were 
spaced 10 feet apart, and set back around 5 feet from the 
sinkhole, the sides of which were nearly vertical. 

The blast succeeded in filling the sinkhole to 
within about three feet of the original surface elevation (see 
Fig. 4-23). 

4.3.1.21. Blast #21 : S-9(S) - Nov. 20, 1986 
The southern part of room S-9 was blasted using a 

single line of 6 inch holes spaced 12 feet apart. The same 
loading procedure was adopted as for blast #19, with slurry 
explosive used in the bottom two decks. 

The purpose of this was for comparison of the 
effectiveness of a single versus a double line of blastholes in 
similar overburden conditions. This blast caved this portion of 
the room, and resulted in subsidence of between 10 and 15 feet. 
The width of the sinkhole created was about 20 feet on average; 
as would be expected this was less than that obtained using two 
rows. 



FIG, 4-21: POST-BLAST PROF1 LE OF BLAST #18 (N-6) J 

LOOKING NORTH 

FIG, 4-22: POST-BLAST PROF I LE 
OF BLAST #19 
(S-9(N) J LOOKING 
NORTH 



FIG, 4-23: POST-BLAST PROFILE OF BLAST #20 (SINKHOLE 
AT N-4) J LOOKING NORTH, SHOWING SUCCESSFUL 
INFILLING OF AN INDIVIDUAL SINKHOLE 



Figs. 4-24 and 4-25 show "before" and "after" views, 
respectively, of this blast, taken from the exact same'position, 
looking towards the north. It can be seen. that the ground 
elevation remained unchanged at the boundary between the two 
blasts. 

4.3.2. Post-blast Exploration Drillin& 

A total of 613 feet of exploration drilling, from 9 holes, 
was carried out on November 4th. This was to determine, for five 
blasts where surface heave had resulted, whether the blast had 
successfully caved the openings. 

The locations of these holes are shown on Fig. 4-26 for the 
site area. It was difficult to position the drill rig near 
enough to the blasted area to provide a safe site from which to 
intersect the blasted opening. In the case of 3 holes it was not 
possible to get near enough, and pillar was intersected. Where 
it was possible, variable results were obtained. Drilling 
results are summarized in Table 4-7. 

In two cases (#2 and #4) it appears that the bottom two 
decks were successful in caving the opening, but that the upper 
two decks resulted in a "bridging" of material. One hole 
indicated that there was fill to within 3 feet of the roof. 
Elsewhere, it appears that the opening was filled up to the 
unbroken roof coal. 

Comment on these results is made in Chapter 8 of this 
report. 

TABLE 4-7 SUMMARY OF RESULTS FROM POST-BLAST 
EXPLORATION DRILLING 

Hole in pillar 
Loose fill to 60 ft 
Hole in pillar 
Void nearly full 

7 S-l(N) ' 60 78 - - 78 Hole in pillar 
8 S-1(N) 57 58 58.0 58.0 65 Void filled 
9 S-l(S) 53 56 56.0 56.0 57 Void filled 



FIG, 4-24: PRE-BLAST VIEW OF BLAST #21 (S-g(S))J 
LOOKING NORTH, P R I O R  TO LOADING 

FIG, 4-25: POST-BLAST PROFILE OF BLAST #21 (S-9(S) 1, 

TAKEN FROM THE SAME POSITION AS FIG, 4-24 



A M L  P R O J B C T  

FIG. 4-26 : LOCATION OF P09T-BLA9T 

EXPLORATION HOLES 

Bauer, Calder & Workmen, Inc. 
Waehburn, ND. 58577 

I zoo' A i! 
I 7  

, 



5. FIELD METHODOLOGY AND RECORD KEEPING. 

5.1. INTRODUCTION 

The purpose of this chapter is to describe the basic 
practices developed during the fieldwork for the AML blasting 
project. It is intended that, in addition to reporting the work 
actually carried out, this should provide a useful guide to 
future operations of this type. Use is therefore made of 
photographs taken during the 1986 testwork. Some of these may 
contain indications of the targeting of None1 trunkline for 
high-speed camera work. These targets should be ignored if this 
section is being used as a guideline for future APIL blasting 
operations of a non-research nature. 

Field methodology for site evaluation, including initial 
exploration drilling, was described in Chapter 3 of this report. 
In this chapter it is assumed that the selected site has been 
explored with respect to the general layout and extent of the 
underground openings underlying it. 

' A summary of typical "unit operations" for the work is 
contained in Table 5 - 1 .  This will in general act as a skeleton 
for the description given in this chapter. It should be 
appreciated, due to the novel nature of the work, that the field 
practices were being constantly developed and improved upon 
during the course of the testwork. This is especially true with 
regard to the record-keeping process, which is also described in 
this chapter. 

An organized and systematic form of record keeping 
following the drilling of the blasthole pattern and prior to 
actual field loading is essential if holes are to be correctly 
loaded and blasting is to be successful. l'he type of information 
recorded and presented in this section is therefore of 
particular relevance to future AML reclamation work using 
blasting. 

Although the drilling and blasting summary statistics 
presented here are essentially for the record, it is felt that 
they also would provide a guideline for future work. For this 
reason, the spreadsheets developed for presentation of the 
drilling and blasting statistics are described. 

Table 5-2 contains a list of the field equipment used 
during the 1986 testwork. It is included because it may provide 
a useful "check-list" for future work of this type. 



TABLE 5-1 : BLASTING FOR AML RECLAMATION - "UNIT OPERA1'lONSt' 

Room lineup: 

- detailed esploration drilling to determine width and 
lateral extent of underground openings 

Per blast : 

- Pre-blast work: 
- design blast layout 
- layout blast pattern 
- drill blastholes 
- measure depths of voids and rooms 
- record depth of hole and of plug on stakes 
- plug holes 
- calculate actual loading data 
- estimate requirements for explosives and blasting 
accessories 

- On blast date: 
- load powder and accessories from magazines and 
transport to site 

- unload powder alongside blastholes 
- make up boosters with appropriate DTH delays and 
place next to blastholes 

- place appropriate loading boards next to blastholes 
- back-fill blastholes to position of bottom deck 
- dewater if holes not drilled through to void and 
ANFO is to be used 

- re-plug any holes where plugs were lost 
- load decks in blastholes and stem collars 
- clean-up garbage and field equipment, remove 
vehicles and personnel 

- tie-in surface delays and bury primacord ends 
- set-up blasting seismograph 
- run out blasting cable 
- test cap and blasting cable using blasting 
galvanometer 

- install warning signs and road-blocks 
- connect cap and retreat to blasting position 
- sound siren, then blast 
- check misfires, sound siren again 
- reel in blasting cable; recover seismograph . 

- return unused powder and accessories to magazines; 
make inventory 



TABLE 5-2 : BLASTING FOR lZML=LAMAI'ION - ESSENTIAL FIELD 
EQU IYIIENT . 

Ma.jor items - Rent or own: 
- 2 x Pickups (Preferably 4-wheel drive) 

(should have snow-tires or chains for winter 
work ) 

- Tow-rope or chain - Wooden protective pickup bed liners (required by 
regulations) 

- Fire extinguishers (2 per pickup) 
- 1 x Cap-box for pickup 
- 1 x Dozer (depending on site conditions and 
accessibility) 

- 1 x Bobcat (depending on availability of stemming 
materials) 

- 1 x Powder magazine (semi-trailer of approved 
construction) 

- 1 x Magazine for caps and fuses 
- 1 x Magazine for Boosters, Primacord 
- Padlocks for magazines (single key preferable) 
- field office trailer {optional] 

Other field equipment: 

- Blasting machine (twist-type) 
- Blasting galvanometer 
- Blasting cable (500 feet) 
- Siren 
- Warning signs (number depending on access roads) 
- 51b hammer 
- wooden stakes for blast layout and hole location 
- 2 x shovels 
- 2 x picks (if frozen stemming encountered) 
- 2 x brass knives for cutting slurry explosive - 2 x wire-stripper pliers 
- Waterproof "magic" markers 
- 2 x clipboards 
- Electrical tape 
- Spray paint 
- 2 x 150 foot measuring tapes for layout of 
exploration and blast holes 

- 2 x 100 foot blasting tapes 
- 2 x 50 foot blasting tapes 
- spare 100 and 50 foot blasting tapes 
- lead weights for repair of blasting tapes 
- Ten foot loading poles plus "stinger" point 
- Baler twine (to retain plug at bottom of hole) 
- Blasthole covers ("tin-hats'') 



5.2. ROOM LINEUP DRlLLING 

In order that a blast tie-in can be accurately located and 
centered above an underground opening, some form of line-up 
exploration drilling, additional to the initial site invest- 
igation drilling, will almost certainly be required. The amount 
of work involved will depend very much on the regularity of the 
distribution of rooms, pillars and entry-ways at the site. At 
the 1986 test site we encountered the fortunate combination of a 
rational mine plan, and an adherence to it. As such, therefore, 
the amount of lineup drilling required was relatively small. 

There is no definite line that may be drawn between 
"exploration", "line-up" and actual blast pattern drilling for 
this type of work. For example, in the process of locating the 
existence of a room by exploration drilling, more than one hole 
may be drilled. If one hole is in the pillar, but a second 
attempt nearby encounters a void, then this information may be 
employed for room line-up. This was often the case during 1986 
fieldwork, where the rooms were generally straight and of fairly 
consistent width. 

If the pillar edge can be located with reasonable a c c l i r ~ c y  
by exploration holes, then this knowledge could be used at t,Ile 

line-up stage to predict the position of the room center. One 
might also use a borehole TV camera for lining up the holes. 
However, this would only work if the TV image allowed an accur- 
ate determination of the distances involved. More research would 
be required before this would be practicable 

In non-research applications, if the site is known to be 
fairly consistent with respect to underground layout, the 
possibility of drilling off the actual blasting pattern directly 
from the results of exploration drilling could be considered. 
For small discrepancies this may provide a cheaper alternative 
to the intermediate "line-up" drilling stage. However, very 
close control would be required for such a practice - the 
drilling of the blasting pattern would have to be stopped and 
modified immediately when there was indication of a blasthole 
being close to, or in, a pillar. 

Acceptable practice under research or non-research 
conditions would be to use the actual blast pattern drilling to 
determine the longitudinal limit of a room which represented the 
limit of mining. It is far more economical to drill one blast 
pattern blasthole which does not encounter void than to drill a 
series of holes to pinpoint this. 

During the 1986 testwork, despite the reasonable regularity 
and predictability of the location of underground openings, it 
was felt that line-up drilling was well justified. In part this 
decision was influenced by the essentially research nature of 
the project. It is obviously difficult, if not pointless, to 
draw meaningful conclusions with respect to the success of a 



blast design if the blast was not placed at the optimum and 
planned location with respect to the underground opening. 

As a result of this decision, however, it became apparent 
that even despite the regularity of the site, such a practice 
would have been justified irrespective of the research component 
of the project. 

Almost all of the line-up drilling was carried out prior to 
the commencement of actual blasting operations. As such, some 
development was delineated which subsequently was not blasted. 
Conversely, one or two blasts were taken in areas which could 
have benefited from a little more line-up drilling. In a 
non-research oriented project it is possible that line-up 
drilling could be carried out as and when necessary. To a large 
extent this would depend on the commitment of the drill-rig to 
drilling off the required blasthole patterns, and the 
availability of a field engineer to supervise line-up drilling 
once blasting operations had commenced. 

5.2.1. Line-up Drilling Practice 

In many cases the location of the underground development 
had already been established during exploration drilling. The 
assumption was then made that the locating borehole was at the 
center of the opening. Since the typical width of the 
development type was known from maps, the practice was then to 
drill a first line-up hole to one side of the exploration 
drillhole at a distance of about one foot less than one-half of 
the development width. 

If this hole also encountered a void, then a second hole 
was drilled the same distance away from the assumed room center 
on the opposite side. If this second hole encountered a void, 
then it could be deduced that the exploration hole was indeed 
central. If the second line-up hole encountered a pillar, then a 
third was drilled between it and the exploration hole. Once one 
lateral limit of the development has been determined in this 
manner, this is sufficient to locate a center line for the room, 
if its width is assumed to be consistent with that on the 
available mine plan. 

In most cases a maximum of three line-up holes was 
sufficient to line-up each end of a room at the 1986 test site. 
Where the mine plan was closely adhered to, it was often not 
necessary to do this for every single room, but on alternate 
rooms. 

It should, however, be well appreciated from the above that 
the time, effort and expense involved with line-up drilling is 
very dependent on the consistency of mining practice and the 
availability of reasonable mine plans which were actually 
followed. 



5.2.2. Line-up Drilling Statistics 

The results of line-up drilling carried out at the AML test 
site between September 24th and October 2 1986 are summarized in 
Table 5-3. A total of 82 line-up holes were drilled, for a total 
of 5061 feet. This represented about 45% of the total explor- 
ation and line-up drilling footage, and about 16% of the total 
drilling footage for the project. 

With 21 blasts taken during the fieldwork period, this 
equates to about 4 line-up holes per blast. As mentioned in the 
previous section, rather more access development (main entries 
and connecting cross-cuts) was lined up than was subsequently 
blasted. An average of three line-up holes per blast would 
therefore be more typical. 

The numbering principle for these holes is based on the 
same system used for exploration holes - for example, hole 
numbers N-14-3A, N-14-3B and N-14-3C relate to three line-up 
holes drilled on room N-14 at its southern end, near to 
exploration hole N-14-3. 

5.3. PRE-BLAST FIELDWORK 

General practice during the 1986 fieldwork was to lay out 
and drill off a blast pattern one or two days before a blast was 
to be taken. To a large extent this was controlled by the 
location of the blast with respect to other scheduled blasts, It 
is not wise to drill off a pattern close to a planned blast, 
thereby creating the risk that the vibration from the event 
could close off some holes, requiring re-drill. This was 
confirmed by one such instance during the fieldwork. 

5.3.1. Blast Layout Design 

During the 1986 'testwork it was necessary to modify blast 
design philosophy as experience was gained. This is to be 
expected at any site, to successfully optimize blasting 
performance. Due to the experimental and research-based nature 
of this project, this was in fact not just necessary, but 
essential. 

Thes blast design change may involve more than simply 
changing the number of decks employed as a function of depth 
(see Chapter 4). If one blast in a given area is less than 
successful, it may, for example, be necessary to decrease hole 
spacing, use a double rather than a single line of blastholes, 
move to a higher-density toe explosive, and so on. 

Generally speaking the significance of this stage of AML 
blasting methodology will vary for different sites. In areas 
with fairly regular overburden conditions and a limited number 
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I ++ NEAR-SIMLILTANEOUS DETONATION OF BLASTHOLES 

I FIG, 6-6: ILLUSTRATING THE EFFECT OF VARIAT IONS I N  SURFACE 
DELAY PERIODS ON DOWN-THE-HOLE DELAY T IMES 



This is also the case when all intervals are 33 ms. However, if 
the delay is 37 ms, it can be seen that two decked charges can 
be initiated almost simultaneously. This is observed in Fig. 6-6 
for the top deck of blasthole #1 and the bottom deck of 
blasthole # 3 ,  and for the top deck in blasthole # 2  and the 
bottom deck of blasthole #4. This pattern will in fact repeat 
itself throughout the blast. The same can happen when a 
combination of delay times within the observed spread is 
present. 

In some cases blast vibrations may be a concern for AML 
blasting work, due perhaps to relatively close proximity of 
buildings. In these instances it is important to consider the 
possible spread of surface delay times when selecting surface 
and down-the-hole delays, and designing a blast layout. 

6.3.7.3. Down-the-hole Delays 

In general the results of high-speed camera work carried 
out to investigate the accuracy of down-the-hole delays during 
the AML field testwork were disappointing, and inconclusive, for 
delay periods 6 and below. 

There is reasonable evidence to suggest, however, that 
delay numbers 7, 8 and 9 were reasonably accurate, though in the 
latter case only two observations were obtained. Number 4 delay 
would, in half of the observed cases, appear to be accurate, but 
there was also wide variation in observed results. Very limited 
data is available for #6 delay. However, if this data is 
representative there would definitely appear to be a problem 
with this delay. There were no results available for # 5. 

In any blasting method employing crater theory and decked 
explosive charges, it is absolutely essential that the 
down-the-hole delays be accurate. The whole principle, as 
explained in Chapter 4 of this report, requires the formation of 
a free-face by the decked charge below the initiating charge. 

The fact that some of the numbers 6 and 7 delays appeared 
to go off together about 175 ms after primacord initiation would 
thus appear to present a potentially serious problem. This is 
especially the case where #7 was used in the top deck, and #6 in 
the next deck down. Two of the blasts resulted in surface heave, 
with definite evidence of "bridgingq' of the top two decks (see 
Chapter 4). 

Blast numbers 2 (N-9), 4 (N-1,N-2), 6 (N-8(S)), 7 (N-7), 9 
(NC-7) and 10 (S-l(N)) all produced surface heave. All of these 
blasts employed delay numbers 7 and 6 in the top two decks. 
There was definite evidence of "bridging" of these two decks for 
blast numbers 4 and 9. This may possibly have been related to 
the overlap of delay periods 6 and 7. Other reasons for the 
surface heave are given in Chapter 8 of this report. 



It may be further argued that the evidence for problems 
with #6 delay (5 observations) is not conclusive by any means. 
It is suggested that in future work of this kind some effort be 
made to study further the accuracy and spread of values relative 
to the claimed manufacturers' specifications for down-the-hole 
delays. 

It is recommended that if conditions are such that noise 
level is not a major concern, surface delays should not be 
buried in a future high-speed camera study of this type of work, 
for reasons described in the above mentioned section. 

It is difficult to recommend means by which the initiation 
of the Nonel target trunkline by Primacord can be avoided, 
especially in a small diameter blasthole such as 6 inch. 
Possibly different stemming types could be tried, for example, 
gravel may result in less cross-propogation between primaline 
and Nonel trunkline than drill cuttings. HD Primaline (7.5 
grain) could be used instead of RX Primaline (15 grain). How- 
ever, E cord pigtails would be needed at surface to connect with 
the Nonel NTL delays. Use of Nonel Primadets would solve the 
problem, but 4 to 5 would be needed for each hole, each of 
different lead length, which would create complication in the 
tie-in. In any event, this is a research related problem. 

6.3.7.4. Rate of Surface Movement 

There is little or no documented information on typical 
rates of vertical ground movement from six-inch diameter 
blastholes in material of the types encountered in the AML 
testwork. Results from hard-rock applications indicate 
velocities in excess of 30 feet per second to be typical. One 
would expect, however, unconsolidated "soil-type" materials such 
as those encountered at the test site to move more slowly. 

Rates of vertical ground movement were typically in the 
range of 13 to 20 feet per second for the two blasts analyzed. 
The general lack of evidence of "rifling" of blasthole stemming 
from any of the high-speed films would suggest that collar 
heights for this work were chosen correctly. 

6.3.7.5. Timing of Blast/Caving Sequence 

There is no available information with which to 
compare the results of our analysis of the timing of the blast 
and caving sequence for this work. The relatively long delay 
between the end of the blast action and the visible onset of 
caving is at first surprising. However, it should again be 
remembered that this was a "soil-type" material, and one might 
expect different effects in hard-rock applications. Comments 
regarding the timing of the caving sequence itself were made in 
Section 6.3.6.5. of this report. 



7. BLAST VIBRATION 

7.1 INTRODUCTION 

Blast vibration was monitored carefully during the field 
test work. All but four blasts yielded vibration data. The 
four not measured resulted from equipment malfunction. 

The seismograph initially used measured peak particle 
velocity only. Subsequently a blasting seismograph that 
measured the particle velocity in each mode, resultant peak 
particle velocity, vibration frequency and airblast was 
employed. The basic instrument was used for the first four 
blasts and the more sophisticated equipment was used for all 
other blasts recorded. 

The seismograph used for most of the field testwork was a 
Safeguard Seismic Unit 1000D, a microprocessor-based digitizing 
unit developed by NOMIS Computer Systems Corporation. The unit 
is illustrated in Fig. 7-1. The seismic head is shown in the 
foreground, which is fixed to the ground by a metal stake, 
levelled by means of a surface bubble, and oriented in the 
direction of the blast using an arrow enscribed on the top. 

Relevant information is entered using a touch-pad type 
keyboard. This included the date, identification, blast 
location, seismograph location with respect to the blast, and 
the "trigger" levels for vibration and airblast which would 
,automatically set off the machine. In Fig. 7-2 the instrument is 
shown from above, with the microphone for airblast detection 
oriented towards the blast, 

The unit was placed at varying distances from the blast. 
These ranged from 300 to 1,450 feet from the event. The 
equipment was also placed at varying orientations to the blast 
to account for differences that might result from the presence 
of the mined voids. 

The nearest residences were along a north-south road west 
of the property. The closest home was 2,500 feet from the 
site. Therefore, no problems associated with ground vibration 
were expected because the scaled distances were quite high. 

It was considered important to keep noise and airblast to a 
minimum. These blasting phenomenon were believed to have a 
greater potential for distressing local residents and, as such, 
should be well controlled. For this reason all surface delays, 
caps and detonating cord pigtails were buried under drill 
cuttings. Further NONEL surface products were used, which 
generate little noise. 



F I G ,  7-1: SSU lOOOD MICRO- 
PROCESSOR BASED 
D I G I T I Z I N G  SEISMOGRAPH 
USED DURING B L A S T I N G  
TESTWORK 

F I G ,  7-2: I L L U S T R A T I N G  SEISMOGRAPH W I T H  A I R B L A S T  
M I  CROPHONE D I RECTED TOWARDS B L A S T  



7.2 TEST BLAST RESULTS 

The blast vibration results are recorded in table 7-1. The 
vibration levels were invariably modest. Only one result 
exceeded 0.5 in/sec and in this case the seismograph was 
positioned only 300 feet from the blast. 

Scaled distances are reported for both square root scaling 
and cube root scaling of the weight. Square root scaling is 
typically reported in vibration work. However, since the 
charges were designed as spherical cratering charges with 
appreciable delays between individual charges it was thought 
that cube root scaling might be more pertinent in this case. 

The minimum scaled distance to a residence was 155.9 
ft/lbl/z, or 393 ft/lbl/f. Referring to table 7-1 scaled 
distances of this magnitude resulted in peak particle velocities 
of less than 0.10 inches/second. Such levels of vibration will 
not result in damage to buildings and are below the levels 
generally considered to result in the onset of human response. 

A table was presented in Chapter 2 that showed the onset of 
window damage from airblast to occur at 0.03 psi of over- 
pressure. The maximum airblast pressure recorded at the test 
site was 0.00468 psi. This is an order of magnitude less than 
the. onset of damage. The maximum recording occurred at a scaled 
distance of 25.8 ft/lbl/z (58.4 ft/lbl/f). For scaled 
distances near to that of the closest house the maximum 
overpressure was .00204 psi and was more typically two orders of 
magnitude less than the onset of window damage. 

The ground motion frequency range was from 4.7 to 21.3 
hertz. The frequency reported is the value for the mode having 
the greatest particle velocity. These values are typical of the 
lower frequencies that predominate at larger values of scaled 
distance. These are near to the typical natural response freq- 
uency of most structures and are therefore potentially Tore 
damaging. The fact that the method of blasting reported here 
minimizes charge weights per delay and leads to very low vib- 
ration levels is a definite advantage. 

Figure 7-3 is a plot of peak particle velocity versus 
scaled distance, where the scaled distance is the distance to 
the point of interest divided by the square root of the weight 
per delay period. The upper limit line is shown, being a line 
parallel to the trend of the data but drawn such that all 
measured data lies below the limit line. The line has been 
fitted by visual inspection since there is insufficient data to 
warrant a statistical regression analysis. 



TRBLE 7-1 t RESULTS OF BLt?Sr VfBRFITfm MONfTORIP(G FOR 
THE BEULACl TEST -IN6 PROGRRH 

D I S T R ~  m ~BWIRUH EXPUJSIVE SCALED O I ~ N C E  PERI: 
BLFlST DATE LOCAtION m- UEIGHT PERDELAY PRRTICLE FREWENCV AIRBZBLFIST 
S POINT PER100 FT/CLB>^lR FT/CLB>"1/3 VELOCITY 

CFT> CLBS> CIN/SEC> <HZ> C-I> 

1 SEP, 25 N-14 1450 SY 41-7 
2 SEP. 26 N-9 13W SU S7.4 
3 OtT. 7 N-11 1375 SU 73.6 
4 OtT.9 N-1.N-2 ll!iOSU 257.0 
S OtT. 13 N-13 400 E 73.6 
6 UCT. 14 H C S )  675 SE 171-8 
7 UCT. 16 N-7 425 S 147.2 
8 UCT. 17 N-12 450 E 61-3 
9 OCT.20 IC-7 400N 9B.2 

10 M3T. 21 41CN) 400U 184.0 
I 1  OCT. 24 4 1 2  300 N 135- 6 
12 OCT. HCN)  S7SE 67.8 
13 OCT. 30 N-10 640U 156.4 
14 OtT. 31 411CN) 550N 114.8 
15 NOV.9 41CS) 700 E 73.0 
16 NOV. 5 411CS) 425 U 83.4 
17 W3V. 6 4 1 0  1400 U 62-6 
18 NOV. 17 N-6 1100 SY 129-8 
19 NOV. 18 S-9CN) 1200 SU ' 46.9 
M NOV. 19 H - - 
21 N 0 V . M  S--9CS) 3 0 0 E  52-1 

224- S 418.1 0. M - 
171.6 337.0 0. M - 
160.3 328.1 0.06 - 
71-7 180.9 0- 23 - 
46.6 95.4 m rwding m r r r d i m g  
51. 5 121.4 0.10 21.3 
35- 0 B0.S 0.24 6.0 
57.5 114.1 no reeding m roadirq 
40.4 86.7 0.31 18.3 
29.5 70.3 0.27 4.7 
25- 8 58.4 0.73 13.9 
69-8 141.0 0.13 9.8 
51-2 118.8 0.10 9.8 
51-3 513.2 0.10 11.1 
81.9 167.5 0.16 12.2 
46-5 97.3 0.32 9.1 
176.9 352.6 0- 02 - 
96.6 217.3 m ruding m d i n g  
175.2 332.8 0.10 9.8 - - - - 
41 - 6 80-3 0.07 16.0 



-1 V) 
0 

3 I - w  
t Y W  

a 4 I- 
w a 

VJ 
0 H 
d n a w  

m 
& W  
I 

I-I- 
U 
V1 

0 
-1 I- 
a 4 

- 
- 

- - - - - - 
- 
- 
- 

- - - - - 
- 
- 
- 
- 

- - - - - - 
- 
- 
- 

1 1 1 1  I I I I I l l  I I I I I I I I I  I I I I 



7.3 DISCUSSION OF RESULTS 

The data in table 7-1 clearly shows that.only modest peak 
particle velocity was experienced at the test site. Even when 
the seismograph was close to the shot the particle velocity 
levels were not of concern. 

To achieve a peak particle velocity of 2.0 ins/sec, that 
was long considered the threshold of damage, a scaled distance 
of 9.0 ft/(lb per delay)l/2 is required. For a peak particle 
velocity of 1.0 ins/sec (the allowable limit in operating coal 
mines) a scaled distance of 19 ft/(lb per delay)l/a is 
necessary according to the graph. 

For this type of work it is recommended that a peak 
particle velocity of 0.5 ins/sec be the design limit. Then a 
minimum scaled distance of 42 ft/(lb per delay)l/a must be 
maintained. This vibration limit would allow for more recent 
findings concerning vibration and damage. 

Reducing the vibration to this level will eliminate most 
citizen complaints about the blasting. It is a level at which 
no damage will result. One can eliminate all citizen concern by 
reducing the vibration to 0.1 ins/sec which leads to a minimum 
scaled distance of 240 ft/(lbs per delay)l/2. 

At the test site the closest house was 2,500 feet away, To 
insure that no vibration exceeded 0.5 ins/sec would require that 
no more than 3,543 pounds of explosive per delay be detonated. 
This is far in excess of the weight per delay required. To 
maintain no more than 0.1 ins/sec at the nearest house requires 
that the maximum weight per delay be 108.5 pounds. 

The largest weight detonated per delay during the test 
blasts was 257 pounds, For the nearest house the scaled 
distance is then 156 ft/(lbs per delay)l/Z. From Fig. 7-3 no 
more than 0.15 ins/sec peak particle velocity would have been 
expected at this residence. 

It was thought that the scaled distance for these charges 
should be scaled to the cube root of the weight. However, when 
the data was plotted using cube root scaling it led to weights 
per delay period that were far too optimistic. For example, for 
a PPV of 0.5 ins/sec a scaled distance of 90 ft/(lbs/delay)l/3 
was found. For this scaled distance a charge weight per delay 
of 21,400 pounds could be shot. Experience in predicting 
vibration levels leads to the conclusion that this is much too 
great and would have led to vibration levels over 1.0 ins/sec. 
Therefore, it was concluded that square root scaling was the 
better approach. This may result from multiple decks behaving 
like a continuous column charge. 

Review of table 7-1 and Fig. 7-3 leads to the conclusion 
that AML reclamation by blasting can be achieved quite close to 



buildings without problem. Experience at Beulah suggests that 
blasting within 400 feet is possible if the weight per delay 
does not exceed 90 pounds. This is certainly feasible if the 
hole diameter does not exceed 6 inches. At 90 pounds vibration 
should not exceed 0.5 ins/sec. The predicted level here is for 
a geology consisting of overconsolidated clays and may vary for 
other geology. 

When the distance to the nearest building is no less than 
1000 feet then up to 560 pounds per delay could be detonated. 
This is quite adequate for most purposes. It is therefore 
concluded that blasting is not a problem for distances of 1,000 
feet or more and that distances as little as 400 feet can be 
achieved with careful design and field operation. 

Airblast results were an order of magnitude below that 
which can cause damage. It is concluded that these favorable 
results were largely due to careful blast design and field 
practice. 

The blasts were designed to heave the surface but to avoid 
bursting of the gases through the surface. Each hole was 
adequately stemmed. Drill cuttings were used for stemming and 
+1/4 - 3/4-inch stone was also tried. Both performed well with 
little or no advantage seen to using the gravel. 

Of prime importance was the time taken to bury all the 
surface delays, detonating cord and blasting cap. These 
elements are noise creating but by burying each under drill 
cuttings most of this noise was negated. Surface delays were 
selected with airblast in mind. For this reason NONEL noiseless 
trunkline delays were used. The NONEL tube, detonating at about 
6000 ft/second is very quiet and substantially minimizes the 
noise relative to that of detonating cord. It is also a safe 
product being less sensitive to stray currents and thunderstorms 
then electric hookups. 

Therefore, from both a ground vibration and airblast 
perspective blasting to within 400 feet of structures will often 
be possible provided flyrock is also adequately controlled. 
Thus, blasting may be more generally applicable to AML 
reclamation than is often thought. 
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8, RESULTS FROM TEST BLASTING PROGRAM 

8.1. INTRODUCTION 

The purpose of this chapter is to compile the results of 
the test blast program and provide an overall assessment of the 
technical feasibility of blasting as an AML reclamation method. 
General results from each test blast were described in Chapter 
4. In the following section a detailed technical analysis of 
blast data is carried out. 

In addition results from measurement of pre-blast void size 
and post-blast profiles are presented, and an attempt is made to 
correlate these and make some observations regarding material 
swell during blasting. 

In the final section of this chapter some general 
conclusions are made regarding the effectiveness of blasting for 
the collapse of underground development. It draws on results 
presented in Chapters 4, 6 and 7, and discusses the ways in 
which experimentation during the field testing program 
contributed to the optimization of blast design. 

8.2. TECHNICAL ANALYSIS OF BLAST DATA 

A schematic for the technical analysis of actual blast data 
is presented in Table 8-1. Due to the large amounts of data 
requiring analysis and the very repetitive nature of calculat- 
ions, the decision to use a spreadsheet was an obvious one. 

A spreadsheet for technical analysis of each of the 20 test 
blasts carried out on underground openings is contained in 
Appendix D. Blast #20 (N-4) was not included in the technical 
analysis as it was employed only to fill a sinkhole. An example 
of the spreadsheet is presented in Table 8-2, which will be used 
to illustrate the following description of the data and 
calculations contained therein. Two blasts, #2 (N-9) and #10 
(S-l(N)) contained blastholes with 5 explosive decks, In these 
cases the spreadsheet contained extra columns for Deck Number 5. 

In some cases a blast was employed primarily to collapse an 
opening, but was also used for an additional purpose. When this 
occurs the spreadsheet includes the blasthole depths, and 
calculates explosives consumption for the secondary blast, It 
does not calculate the other technical parameters. This is the 
case for blast #7 (N-7) where some of the holes were located 
around a sinkhole, and blast #17 (S-10) where part of the blast 
was used to collapse a short cross-cut that was considered to be 
an imminent hazard. 



TABLE 8-1 : SCHEMATIC FOR TECHNICAL ANALYSIS OF BLASTS 

I Input of field data 1 
- borehole depth 
- borehole diameter 

I 

Calculation of 
technical parameters 

- blast layout 
- loading data 
- explosives properties 

For es.ch deck, and for each 
blasthole: 

SPREADSHEET DATABASE 

charge weight 

scaled depth of burial 
powder factor 

Calculation of statistical 
parameters 

For each calculated actual 
design criterion, obtain: 

- average value 
- maximum value 
- minimum value 
- standard deviations 

Calculation of theoretical 
explosives consumption 

consumption 
(from magazine inventory) 

I Calculate actual loading 
density 



---------------------=~:=~-=----~=:-~~-~Fs~=~===:=:=======:~~-----------------.-- ----------------=,-------------------- 
B U R D E ~  10.3 11 ~ l ~ n l l  LMO~H 12.27 )FIRER 143.0 I 
-_--_---I-_-_--_ -----I------------- ----------- I 

D E C K  s u n o t n  3 I I O E C K  a u n r r n  4 II r o r n L  I _______-__----____~-~-~------~------------------_-------------------_-------------------- I 
w I rap I ,or I r w L  I Lorn I ur. I socm I P.C. II DEL I rw I mr I D:PL I LOTH I ut. I sow I P.C. II Ltnorn I VEIOH~ I P.?. I 
e I I I TYPE I rr I u I I II a I I I TYPE I ~r I LO I I II F r  I LB I _-____-___-_____1___-1_________--~-----_----~----~------..------------------------------~------------------ I 

I - -  
S 1 2 9 . 9  ( 3 3 . 1  I.RHFO I 4.0 141.7 1 2.45 t 0.15 II 4 1 4 0 . 0  1 4 4 . 0  I 1l:EII: 4.0 1 4 9 . 1  1 2.01 1 0 . 3 4  I: 16.0 I 114.2 1 0 . 6 s  I 
S 1 3 0 . 0  1 34.0 l l H F O l  4.0 1 4 1 . 1  I 2.31 1 0 . 7 9  II 4 1 4 0 . 0  1 4 4 . 0  I l t E I 1 1  1.0 1 4 9 . 1  1 1.91 1 0 . 9 9  :: 16.5 1179 .4  1 0 . 6 3  I 
S 1 3 0 . 0  1 3 4 . 0  l R H F O 1  4.0 1 4 1 . 7  1 2.31 1 0 . 7 9  I! 4 1 1 0 . 0  1 4 4 . 0  : I t E B I  4.0 1 4 9 . 1  I 1.91 1 0 . 9 9  1: 16.5 1179.4 1 0 . 6 9  I 
S I 30.0 I 34.0 I RHFO 1 4.0 I 11.1 I 2.31 I 0.19 1, 4 1 40.0 I 44.0 I IkEIl ! 4.0 I 49.1 I 1.r8 1 1-05 :I 86.5 I 179.4 1 0-TO 1 
S I 29.0 I 33.0 I RWO 1 4.0 I 41.1 I 2.31 I 0.19 I 1  4 1 39.0 I 43.0 I I tE l l  4.0 I 49.1 I 1-91 I 0.99 I 1  15.5 I l69,O 1 0.66 1 
S I 30.0 I 34.0 I RNFO I 4.0 I 11.1 I 2.31 I 0.19 11 1 1 40.0 I 44.0 I I tE I l  I 4.0 ! 49.1 I 1.18 1 1.01 11 16.5 I lT3.4 I 0.70 I ,  
S 1 30.0 1 34.0 I RHFO 1 4.0 1 41.1 1 2.31 I 0.19 II 4 1 40.0 1 44.0 1 IRE11 1 4.0 1 49.1 1 1.18 I 1.01 I 1  16.5 I 113.4 1 0.70 1 
S I 30.0 I 34.0 1 RHFO 1 4.0 I 41.1 I 2-31 I 0.13 I 1  i I 40.0 I 44.0 I IkEll I 4.0 I 49.1 I 1.91 I 0.99 11 l6.S I 113.4 I 0.69 I 
S 1 29.0 I 33.0 I RNFO 1 4.0 1 41.1 1 2.31 I 0.79 II 1 1 19.0 1 43.0 1 lPEO l 1.0 1 49.1 1 1.91 1 0.39 :! 15.1 1 163.0 1 O.L.6 I 
3 l 30.0 1 34.0 1 RMFO I 4.0 1 41.1 1 2.31 I 0.19 I 1  4 1 40.0 1 44 .0 .  ! IRE11 I 4.0 1 4 9 . 1  I 1.91 I 0.99 II 16.1 1 119.4. 1 0.69 I ' 

8 1 3 1 . 0  1 3 6 . 0  I RHFO 1 9.0 1 5 2 . 1  I 2.41 I 0.@6 I 1  i 1 1 2 . 1  1 1 7 . 5  I 1F:Ell I 5.0 1 6 1 . 3  I 2 i28  0.97 I! 19.5 1 ZO2.L 1 0 . 7 1  I 
3 1 34.0 1 40.0 1 M O  I 6.0 1 62.6 1 2.39 I 0.95 I 1  i I 46.5 I 52.5 I IRE11 I 6.0 I 73.6 I 2.21 1 1.07 1 ; .  14.0 I 161.3 I 0.04 I 
I I .23.O 1 3 3 . 0  I RNFO I 4.0 1 4 1 . 1  1 2.31 1 0 . 7 9  I 1  4 1 3 9 . 0  I q3.0 111:tll  1 4.0 1 4 9 . 1  I 1.18 I 1.0s I , .  15.5 I 169.0 1 0 . 6 7  I 
I 1'30.0 I 34.0 l RHFO I 4.0 1 41.7 1 1.31 I 0.79 I 1  4 1 10.0 I 44.0 I lY.tI1 1 4.0 1 49 .1 '  1 1.91 .I 0.39 I 1  16.5 I 119.4 I 0.69 I 
S 1 23.5 I 33.5 I RNFO 1 4.0 I <I.? I 2 . U  I 0.75 I 1  4' I 40.0 I 44.0 1 1l:EIl I 4.0 I 49.1 I 8.19 I 0.89 11 16.0 I 114.2 I 0.66 I 
s I 29.5 I 33.5 I R H F O I  4.0 ( 1 1 . 7  t 2 . e  I 0.71 11 i 1 1 0 . 0  I 44.0 I IF:CIJI 4.0 1 4 9 . 1  !, 2.19 10 .8s  I! 16.0 I 174.2 I 0.66 I ,  
S 1 30.0 I 34.0 I RtUO I 4.0 I l l ,1 I 2.31 I 0.79 I 1  4 I 40.0 I 44.0 I lk f l l  I 4.0 I 49.1 6 1.31 ! 0.93 l a  , l6 .S I 179.4 : O.t.9 1 
S 1 3 0 . 5  8 3 4 . 5  I fUiFOI  1 .0 1 1 1 . 1  1 2.45 1 0 . 1 5  I 1  4 1 4 1 . 0  1 4 1 . 0  1 I k E I l 1  4.0 1 4 9 . 1  1 2.19 : 0.83 1: 16.0 1174 .2  1 0 . 6 4  1 
S I 29.5 I 33.5 I RHFO I 4.0 1 41.1 I 2 . U  I 0.15 11 4 1 40.0 I 14.0 I IRE11 I 4.0 I 49.1 1 2.05 1 0.34 1: 16.U I 114.2. 0.66 .: 
S I 29.5 I 33.5 l RHFO l 4.0 1 11.1 1 2.411 1 0.73 I 1  1 1 40.0 1 44.0 I -1kEII ! 4.0 1 49.1 1 2-05 1 0.34 11 16.0 1 114.2 1 0.66 ! 
S I 29.5 I 33.5 1 WFO 1 4.0 1 41.1 I 2 -41  I 0.75 11 4 1 40.0 1 44.0 1 1ktl1 * 4.0 1 49.1 1 1.01 1 0.94 I 1  16.0 1 174.2 1 0.66 , 
S 1 2 9 . 0  1 3 3 . 0  l RHFO l 4.0 1 4 1 . 1  I 2.31 1 0 . 7 9  II I 1 3 3 . 0  1 1 3 . 0  I Ib.LI1 1 4.0 1 4 9 . 1  I .  1.18 1 1 . 0 1  11 13.5 1169 .0  1 0 . 6 7  I 
s I 30.0 I 94.0 I R H ~ O I  1.0 1 +I.? I 1.31 I 0.19 11 i 1 4 0 . 0  I 44-0 I I~;EI I I  4.0 I 49.1 I 1.78 1 1 . 0 5  11 16.5 I tr9.4 I 0.70 1 
S I 30.0 I 34.0 l RHFO l 4.0 1 11.7 I 2.31 I 0.73 11 4 1 40.0 I 44.0 I Il:EII 1 4.0 1 49.1 1 1.91 I 0.33 11 16.5 1 173.4 1 0.63 I 
S 1 30.0 I 34.0 I RHFO I 4.0 1 11.7 1 2.31 1 0.19 I 1  4 1 40.0 I 44.0 I IRE11 I 4.0 1 4 9 . 1  1 1.78 I 1.05 11 16.5 I 113.4 1 0.10 1 
1 1 30.0 1 34.0 l RHFO l 4.0 1 11.1 I 2.31 I 0.13 I I  4 1 40.0 1 44.0 1 IRE11 I 4.0 1 49.1 I 1.78 I 1.05 I I  16.5 1 173.4 1 0 .10  1 
S I 30.0 1 34.0 I RHFO 1 4.0 I 41.7 I 2.31 1 0.13 11 4 I 40.0 I 44.0 I l k t l l  I 1 .0  I 49.1 I 1.91 I 0.99 11 16.5 I 179.4 I 0.69 I 
s 1 2 0  0 1 3 2 . 0  l l tW0 l 4.0 : 41.) I 2.31 1 0 . 1 9  11 4 1 3 8 . 0  I 42.0 I l k E I I  I 4.0 1 4 9 . 1  I 1.91 1 0 . 9 9  I 1  15.0 1163 .8  1 0 . 6 6  I 
S 1 2 9 : ~  1 3 3 . 5  I RHFO 1 4.0 l 4 1 . ?  1 2.31 1 0 . 7 5  I! 4 ! 40.0 1 44.0 1 IRE11 I 4.0 : 49.1 I Z.19 1 0 . 8 9  1: 16.0 1 114.2 1 0 . 6 6  1 
5 1 2 9 . 0  133 .0  ! RHFO I 4.0 1 4 1 . 1  1 2.31 1 0 . 1 9  1. 4 39.0 1 -3 .0  1 lRED I 1.0 1 49.1 1 1.91 1 0 . 9 9  11 15.5 : 169.0 10 .66  ! 

_____4-1____-__-___--~-----__II______-~__-~--___-_------------~----_____----___-- 

)o 1 I 1 14 .10  1 lZ .8  I 2.31 10 .73  !I 30 1 I I I 4.10 : 50.3 1 1.95 1 0.93 :I 16.5 I 119.3 I 0.68 ! __ _ _  ____-_____ -__------------- -- __-___------~---~------------~------~---___-----_-.- 
. I I I I 1.0 I 11.1 I 2.31 I 0.15 II I I I 1 4 . 0  1 4 9 . 1  1 1 . 1 1  1 0 . 8 9  II 11.0 I I I J . ~  1 0 . 6 4  i 

I I I I 6.0 6 2 . 6  I 2.45 0 9 5  I : I I I 6.0 1 73.6 1 2.29 ! 1.07 1: 24.0 ! 261.3 I 0.03 I 
1 I I I 0 . m  I 4.20 I 0.01 l 0.04 11 I I : 1 0 . 4 0  14.94 1 O . l S  m0.05 :I 1.55 .16 .84  i 0 . 0 3  I Es===.;m==;=+ ~ ~ ~ e . f = ~ ~ C ~ z ~ : ~ L ~ ~ L ~ L " ~ . . . . E . . ~ I . 1 . ~ 1 z ~ ~ 1 L ~ n X ~ ~ . r ~ : ~ . r ~ ~ ~ ~ ~ ~ : 1 X t ~ ~ ; ~ ~ ~ t l ~ : ~ ~ : ~ : n E : ~ ~ I O ~ : ~ ~ : ~ ~ ~ ~ c .  
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PARAMETERS FROM . . ACTUAL BLAST DATA Reproduced from 

best available copy. 



8 . 2 . 1 .  Data Input 

The following basic data f0.r each blast is input: 

- blast number and location - blasthole diameter - width of opening (estimated from line-up drilling) - spacing of hbles along row 
- row separation (zero for single-row blasting) 
- densities and weight strengths for explosives used - actual explosives consumption (inventory sheets) 

For each blasthole the following data input is required: 

- identifying blasthole number 
- depth to void 

Data input for each deck in each blasthole: 

- down-the-hole delay number used for deck initiation 
- explosive type used (IREG = Iregel, ENER = Energel) 
- down-hole distances to top and bottom of each deck 

Much of the above information is obtained from field 
sketches, blast summary sheets and field notes as described in 
Chapter 5 of this report. Unless otherwise specified in blast 
summary sheets or field notes, the standard loading distances as 
set-up for a given blasthole depth were used in this analysis. 

8 . 2 . 2 .  Calculation of Technical Parameters 

There follows a brief description of the technical 
parameters calculated by the technical data analysis 
spreadsheet. 

8 . 2 . 2 . 1 .  Burden between Blastholes 

For single row blasts this does not apply, as the burden is 
equal to the hole spacing. For double-row blasts this is 
obtained by the following expression: 

Burden = Row separation 
Cos P 

where P = TAN - 1  [Hole spacing / (2 x row separation)] 



8.2.2.2. Weight per Unit Length of Charge Column 

This is the weight, . in pounds, of each.charged vertical 
foot of blasthole, for a given blasthole diameter. It assumes 
that the explosive has unit specific gravity. The specific 
gravity of individual explosives is factored in later. 

Wt./unit length = [Hole diameter (inches)]2 x .x x 62.4 
2 x 12 

This formula is entered in the top of the spreadsheet, and 
used in each calculation of charge weight. 

.8.2.2.3. Area of Influence of Blastholes 

As explained earlier, blast design in this type of work is 
carried out according to crater theory. However, it is felt that 
the calculation of powder factors will be beneficial to workers 
who are more familiar with this concept. It is very important to 
understand, though, that successful AML blasting of the type 
described in this report should be based primarily on crater 
theory. Use of powder factor alone will not be an adequate 
design approach. 

In order to calculate powder factor it is necessary to 
estimate the volume of ground affected by each explosive deck, 
and for each blasthole. For this model it is assumed that each 
blasthole affects a portion of the volume of ground which lies 
immediately above the open underground workings. The problem is 
thus resolved by the calculation of a "polygonal area of 
influence" for each borehole, as indicated in the diagram on 
Fig. 8-1. During powder factor calculations this area is 
multiplied by the appropriate depth of overburden over which 
each blasthole deck has influence. 

In reality, the volume influenced by the blast will consist 
of a series of overlapping crater volumes, and the concept of a 
block of overburden with vertical walls for powder factor is a 
crude one. This is illustrated in Fig. 8-2, which also shows how 
the distances employed in volume calculations for each deck are 
obtained. 

This calculated area is entered in the spreadsheet with the 
title "PFAREA". It should be noted that for blasts which took 
place in more than one development type, this factor is 
calculated for the dominant type only. In other words, if a 
blast took place on a room and part of the adjacent panel entry, 
the dimensions of the room, not the entry, are used to calculate 
the area of influence of a blasthole deck. 
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8.2.2.4. Weight of Explosive Column 

For each explosive deck in a blasthole the length of charge 
column is obtained by subtracting the value in the "TOP" column 
from that in the "BOTTOM" distance column. The charge weight is 
obtained according to the following: 

Charge wt. = Wt./unit length x charge length x explosive S.G. 

The spreadsheet determines the appropriate explosive 
specific gravity by checking the contents of the "EXPL. TYPE" 
column, and using the value from the small table located at the 
top of the spreadsheet. 

8.2.2.5. Scaled Depth of Burial (SDOB) 

The scaled depth of burial for an explosive deck is the 
distance from the center of the explosive charge column to the 
"free-surface" created by the deck below, scaled by the 
cube-root of the weight of the explosive deck. This is shown 
below: 

SDOB = Distance from charge center to free face 
(Charge weight)l/s 

The way in which these distances are obtained is shown in 
Fig. 8-2 

For the top deck (Deck Number 1) there are two SDOB values, 
one down to the deck below, and another one up to surface. The 
first of the SDOB values in the spreadsheet (see Table 8-2) 
refers to the scaled depth of burial of deck number 1 below 
surface, Since collar stemming distances were invariably greater 
than between-deck separations, this first SDOB is usually 
greater than those for decks 2,3,4 and 5. 

8.2.2.6. Powder Factor 

Powder factor is calculated as the weight of explosive in a 
deck per unit volume of overburden over which it may be 
considered to act. The appropriate volume is calculated by 
multiplying the polygonal area of influence, described earlier, 
by the distance from the top of the explosive column to the 
free-face (see Fig. 8-2). 

The powder factor must be weighted by the relative weight 
strength of the explosive in order to calculate a "relative 
powder factor". On a per weight basis, for example, a slurry 
explosive may have only 85% of the explosive energy of ANFO. 
This is due to the water used to concentrate the Ammonium 
Nitrate into a liquor (usually 14-16% by weight). 



In a given charge deck length there will be a greater 
weight of slurry than ANFO, due to its higher density. The 
explosive energy, however, must be factored by,the lower weight 
strength of the slurry. If, for example, the slurry has a S.G. 
of 1.2, then the explosive energy per unit volume may well be 
greater than that of ANFO. However, if the slurry has a weight 
strength of only 0.85, there will be less available explosive 
energy per unit weight than if ANFO had been used. 

Since powder factor is a weight-based measure of explosives 
consumption it is necessary to relate the powder factors of 
individual explosives to a base. This is usually done by quoting 
the unit weight of ANFO (per cubic yard or per ton) that is 
necessary to generate the same energy output on detonation. This 
is designated the "relative powder factor". 

The explosive charge in the top deck affects the material 
both above and below it. Consequently the powder factors 
obtained for the top deck are lower than for the others. The 
relative powder factor is calculated as follows: 

Rel. P.F. = Charge wt. x Wt. strength x 27 
(lb/cu.yd) Area of influence x length of influence 

Powder factor is not calculated for blastholes whose area 
of influence is different from those in the dominant development 
type for the blast. 

For each blasthole the total charge length is calculated, 
together with the appropriate explosive weight, and entered into 
the last columns of the technical analysis spreadsheet (see 
Table 8-2). The powder factor calculated here is not a relative 
powder factor. It is obtained by dividing the total weight of 
explosive in the blasthole by the total volume affected: 

Total P.F. = Total Charge Wt. x 27 
(lb/cu.yd) Area of influence x hole depth 

8.2.2.7. Statistical Analysis of Technical 
Parameters 

For each blast the average values for borehole depth, and 
the length and weight of charge for each deck in each borehole 
are obtained by the spreadsheet. Average values for scaled depth 
of burial and powder factor are also calculated. For each 
parameter, spreadsheet functions were also employed to indicate 
the maximum and minimum value in each column, and the standard 
deviation of the values. 



The calculated technical parameters are generally a 
function of the borehole depth, as the loading instructions were 
standardized during the course of the test blast program. If 
borehole depths were consistent, then a low standard deviation 
is expected for these. If blasthole depths were very variable, 
due perhaps to some prior caving in the area which had not yet 
shown up as a surface feature, then this will be reflected in 
the "MIN", "MAX" and "STD" rows of the spreadsheet (see Table 
8-2) 

In some cases, where the SDOB was considered to be not 
typical, or not relevant, it was not calculated, and therefore 
omitted from the statistical analysis. This is the case, for 
example, of blastholes which did not intersect a void, such as 
those used around sinkholes, or closure holes at either end of a 
blast. 

Variations in development type are not reflected in the 
statistical analysis of powder factors as these are only 
calculated in the dominant development type for that blast. 

As stated earlier, actual variations in loading practice 
from the standard loading instructions are recorded at the data 
input stage. Therefore, factors such as the presence of rock 
layers, or the presence of thicker roof coal, will be reflected 
in the statistical analysis of technical parameters. 

8.2.2.8. Theoretical and Actual Loading Density 

It was explained above how the specific gravity of each 
explosive type was used to calculate the charge weight for each 
deck and each blasthole. It follows that, if these weights are 
totalled for the blast as a whole, there should be a reasonable 
correlation between these and the actual field consumption of 
explosives as indicated by magazine inventory sheets. 

The theoretical explosive densities of slurry products 
Iregel and Energel are located in the small table at the top of 
the technical analysis spreadsheet (see Table 8-2). Theoretical 
and actual consumption for each explosive type is shown in the 
small table at the bottom of the spreadsheet entitled 
"Explosives consumption". These are recorded as a weight in 
pounds. A ratio may then be calculated of actual to theoretical 
weights; this is the third figure in each column of this part of 
the spreadsheet (see Table 8-2). 

In initial analysis work carried out, the values used for 
theoretical explosive density were the manufacturers' claimed 
densities for the bagged product. The ratios of actual to 
theoretical consumption for slurry explosives were found to be 
significantly lower than unity. There are are four possible 
operational reasons why this situation could arise: 



- unusual loading practices in the field - inaccurate measurement of deck column heights 
in the field - actual blasthole diameter less 'than planned - loading densities were lower than expected 

Very seldom were mistakes made with field loading practice. 
This was, after all, a research oriented project, and most of 
the labor was carried out by engineering personnel well aware of 
the importance of interpreting results in the light of design 
criteria. 

Some inaccuracy inevitably occurs when measuring down-hole 
distances to charge and stemming interfaces. These tended to be 
systematic, however, in their form, with a tendency to put a few 
inches too much, rather than too little, in the explosive 
column, As such, one would expect the ratio of actual to 
theoretical explosives consumption to be greater than one. 

There was close agreement in many cases between theoretical 
and actual ANFO weights. This suggested that there was not a 
significant problem with blasthole diameter. 

There definitely appeared to be discrepancy between these 
values for the bagged slurry products, It had become apparent 
during field operations, especially for the Energel product, 
that it was taking less weight of explosive than would have been 
expected to fill a given charge column height, 

It was observed, for example, that one and a half bags of 
the Energel product, representing 45 lbs of explosive, was 
consistently occupying a 4 feet 4 inch high deck in a six inch 
hole. As shown earlier, the weight of explosive in a deck can be 
calculated as follows: 

Wt.(lbs)t n x JHole diam./2la x column ht. x 62.4 x S.G. 
12  

In the above example, the apparent S.G. of the loaded 
product is given by: 



The practice of cutting open slurry bags in field loading 
operations (see Chapter 5 )  may result in a lower density in the 
hole than that achieved during manufacture by compressing the 
product into plastic lined tubular bags. This is especially the 
case for the Energel product, which was quite stiff and had to 
be cut into chunks for loading purposes. 

Theoretical explosives densities for the slurry explosives 
were therefore reduced by 10-15% from manufacturers' claimed 
densities for the bagged product. These are the values assumed 
for all of the results of technical analysis work as presented 
in Appendix D of this report. The final figure in each column of 
the small table entitled "Explosives Consumption" on the 
spreadsheet is the apparent actual loading density indicated 
from the analysis. It is obtained according to the following 
expression: 

Apparent loading = Actual consumption x theoretical load- 
density (SG) Theoretical consumption ing density (SG) 

Data summarizing the relationship between actual and 
theoretical explosives consumption for the test blast program is 
contained in Table 8-3. It can be seen that the indicated, or 
apparent specific gravity for the first batch of ANPO used in 
testwork would appear to be a little lower than expected, by 
about 6%. There is close agreement for the second batch of 
bagged ANFO, however. 

The actual loading density for Iregel slurry explosive is 
calculated in Table 8-3 to be 0.97 g/cc. The value of 1.00 g/cc 
assumed for the analysis of technical blast data would appear to 
be reasonable, therefore. 

In calculating the apparent loading density for Energel it 
was decided to disregard suspect values from blast # 1 7 .  This 
blast was a complex one, and it is likely that more slurry was 
actually loaded than indicated in the analysis spreadsheet. The 
indicated loading density for' Energel is thus 0.87 g/cc, as 
shown in Table 8-3. The value of 0.85 g/cc initially assumed, 
which as stated earlier was a value indicated by actual field 
observations, was thus a reasonable one. 

The significance of these observations regarding explosive 
loading densities, and how they affect blast design, is 
discussed later in this Chapter. 

8.2.3. Technical Data Summary 

A general summary of the field test blasts was included in 
Chapter 4 as Table 4-5. Technical data such as charge weight, 
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scaled depth of burial and powder factor are very depcrrdent. on 
blast design. Since blast design was essentially standardized, 
in conjunction with the use of loading boards, these parameters 
will essentially be a function of blasthole depth. 

Data of the type shown in Table 8-2, and more extensively 
in Appendix D, relates to actual blast conditions. Local 
variations such as overburden depth nnd roof coal thioknes~ were 
designed for in actual loading practice. To a certain extent 
average values, and the associated standard deviations around 
these, will be of some use in indicating the degree of 
variability of site factors. 

In other cases, however, these will be less meaningful. A 
good example is where the overburden depth varies around the 
critical depth at which a change in the r~~lmbcr of required 
explosive decks occurs. The case of 40-41 feet of overb!~rden, 
for example, where the number of decks increases from 3 to 4, is 
illustrated in table 8-4. 

TABLE 8-4 : TECHNICAL PARAMETERS ASSOCIATED WITH 
40 AND 41 FOOT BLASTHOLES. 

It was felt, therefore, that a summary of the technical 
data analysis for the field test blasting program should take 
the form of tables showing the variation of techt1ica.l parameter8 
with blasthole depth under a number of t,ypical loading 
conditions. 

In each case a room width of 22 Peet is assumed, and two 
rows of six inch blastholes spaced at 15 feet intervals on rows 
8 feet apart. Five different loading options are considered: 

- use of ANPO only 
- use of Iregel slurry in bottom deck 
- use of Energel slurry in bottom deck 
- use of Iregel slurry in bottom 2 decks - use of Energel slurry in bottom 2 decks 

An example of one such analysis, the case where the bottom 



deck of a blast was Jonded with lregeJ oxy)Josive, i u  pre~ented 
in Table 8-5. The complete summary analysis is contained in 
Appendix E. 

Each one of these tables presents a list of the charge 
weight, SDOB and relative powder factors for each deck in 
blastholes of depths ranging from 35 to 66 feet. In other words, 
this is an analysis of the technical characteristics of the 
standard loading procedures. 

Explosives specific gravities of 0.85, 1.0 and 0.85 were 
.assumed as loading denaities for ANFO, Iregel and Eneryel 
products respectively, as explained in the previous section of 
this report. The values in the "TOTA1,S" columns can be 
considered as typical charge weight and powder factors for the 
given blaathole depth. The ch~rde weights are those u ~ e d  for 
estimation of explosives requirements in the Blast Cost Model 
described later in Chapter 9. 

F i g .  8-3 RIIOWR the varjntion in Sl)OlI for the "etntid~rd" 
blast design in the upper two decks of blaetholes, for the 
overburden depth range 35 to 66 feet. There are, as explained 
previously, two SDOB's for the upper deck, the larger being the 
depth of burial of the charge center below surface. Breaks at 41 
and 60 feet correspond to the change from 3 to 4, and from 4 to 
5 decks, respectively. 

Between 40 and 50 feet the lncrease in SDOB shows as a 
series of breaks, rather than a gradual increase. This is 
because loading distances were rounded up or down to the nearest 
six inches for practical field implementation. Fig. 8-3 is 
pertinent to all explosive loading carried out in the field 
blasting program, as ANFO was always used in at least the top 
two decks. 

The variation of SDOU with depth Tor the lower decks, 
when ANFO explosive alone is used, is shown in Fig. 8-4. Here 
the significant changes for this parameter occur at 39, 41, 46, 
50 and 60 feet overburden. 

Powder factor variation with depth for the upper two 
decks is shown in Fig. 8-5. The value of this parameter for deck 
# 1  is approximately half of that for the other decks, for 
reasons explained previously. The trend for these decks is 
generally ascending as overburden depth increases. The major 
exception occurs at 60 feet, due to the addition of a fifth 
deck. 

For the lower decks (see Fig. 8-6) there is a drop-off 
in powder factor around 50 feet overburden depth, until the 
charge lengths in these columne are inoreseed from 4, through 
4.6 to 5 feet. These change8 are illustrated in table 8-6, which 
includes the use of Iregel slurry explosive in the bottom 
blaethole deck. 
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'I'ABLE 8-6 : TECHNICAL PAHAMErI'EIIS ASSOCIAtI'EL) WITH 
BLASTllOLES OF DEPTHS 49 TO 54 FEET, 

Other variations in SDOB and powder factor for decks 3, 4 
and 5 are shown in Figs. 8-7 to 8-10. In these cases Iregel or 
Energel slurry explosive are used in the bottom blasthole deck. 
In these graphs it may be observed that there are many cases 
where an increase of scaled depth of burial with overburden 
depth coincides with a decrease in powder factor. 

T h i ~  is again a function of the field practice of 
approximating charge lengths to the nearest six inches. As 
overburden depth increases, there will, for a given charge 
length, be an increasing distance of stemming to the next deck. 
The same charge weight acts over a larger volume, RO powder 
factors decrease. These trends occur until. an overburden depth 
is encountered where the next six-inch increment of explosive 
column length is employed. 

8.3. SUBSIDENCE AND POST-BLAST PROFILES 

One of the major concerns with abandoned mine land is 
mining subsidence, Not only does this render the land unusable, 
but it represents a potential safety hazard. From a safety point 
of view, potential subsidence is much more critical than the 
actual presence of sinkholes. One of the major aims of blasting 
as an AML reclamation tool is the elimination of potential 
subsidence, 

In order that any reclamation method is to be successful, 
it is very important to have some basic understanding as to how 
"natural" subsidence occurs above mined-out underground 
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openings. This section of the report deals briefly with t h i ~ ,  
and discusses in more detail the effect of blast-induced 
subsidence on post-blast land profiles. Results of some field 
measurements from the teat blasting program are presented, and R 

model for blast-induced subsidence is described. l'he purpose of 
this model is to reflect actual results, and to provide a rough 
guideline for future work of this type. 

8.3.1. Previous Work 

A literature search revealed that t,here i~ n surprisir~gly 
small amount of previous work on AML subsidence. 'l'he reason that 
this is surprising is that one author, Singhls, estimates that 
there are more than 2 million acres of land in the U.S. which 
have been affected by mining subsidence. This paper presents a 
largely historic view of the development of different theories 
regarding mining subsidence. 

The various postulated mechanisms of subsidence are 
concerned primarily with the formation of trough-like depress- 
ions over mining development which caves in at some depth. The 
concern in this project, as with many AML sites, is with 
near-surface development which actually caves up to surface. 

A second paper, by Ghaboussi et alle, considers the 
simulation of subaidence over soft-ground tunnela using the 
finite element method. Again this paper does not address the 
practical aspects of near-surface developnlent in soft materials, 
or a satisfactory subsidence model. 

A study by Arcamone et all7 considers the influence of 
the overburden material on mining subsidence, and considers the 
effects of stratigraphic factors (strength and thickness of 
bedded rocks) and structural factors (preuence of faults and 
other major geologic structures). l'he paper is corlcerned 
essentially with the influence of competent overburden on 
subsidence, and as such is not applicable to the case being 
considered for AML sites such aa that at Beulnh with about 50 
feet of olay/sand overburden. 

It is apparent, therefore, that little has been reported 
about AML subsidence that is pertinent to this study. There 
exists the need, therefore, to briefly address the problem as it 
affects AML sites such as that selected for the test blasting 
program 

8.3.2. Mechanisms of AML Subsidence 

A possible mechanism for "natural" AML subsidence is 
illustrated in Fig. 8-11, The first stage is the breakage of the 
roof coal layer which was often left in the development for 
natural support. Sloughing of the coal is most likely due to the 
size of the unsupported span, and weakening of the coal over 



FIG, 8-11: CONCEPTUAL ILLUSTRATION OF THE STAGES OF THE FORMATION OF A "NATURAL" 
SINKHOLE ABOVE ABANDONED UNDERGROUND DEVELOPMENT 



time due to oxidation by air and water. The thickness of coal 
would, based on experience at the test blast site, be greatest 
in the more permanent types of access development,. such as the 
panel entries, Interseotion points for development, such au 
cross-cut with panel entry, and room with panel entry, would 
also tend to have higher roof coal thicknesses to support the 
large openings at these points, 

In overburden conditions such as those at the Beulah test 
site it is likely that the over consolidated clays and sandy 
clays would start to fail into the opening quite soon once there 
was no roof-coal barrier to prevent. this. If the development 
contained water, the fallen material would tend to erode, and 
gradually flow away from the source area as seasonal and other 
fluctuations in the level of mine water occur. 

As the area over which overburden material is eroding away 
gets larger, a build-up is likely in the room itself, which will 
fill up behind the fallen material, At this point there is 
likelihood of larger slumps of material, especially when 
undercutting action has developed (see Fig. 8-11). 

Eventually a point is reached where there may only be a few 
feet of unsupported material forming the "roof" to the feature, 
This obviously represents the state of maximum potential danger, 
where the weight of a vehicle, or even a person, may cause the 
structure to cave in. This hole may only be a few feet across at 
the top, but widens out considerably below, 

The surface expression of this process is shown in 
photographs from actual examples from an AML, site, in Figs. 8-12 
to 8-15, The first of these shows the develop~r~ent of a circular 
series of cracks (Fig, 8-12); the second photo shows an initial 
settling of the ground surface prior to slumping (Fig. 8-13). 

In the third photo (Fig. 8-14) the sinkhole has daylighted, 
and a very small surface feature in the middle distance is a 
second sinkhole, only about two feet across at surface. The 
final photo (Fig. 8-15) is a close-up of a newly-developed 
sinkhole, It shows that the surface expression of the feature is 
considerably smaller than its extent underground. In time the 
undercut portion will also cave along the underlying room, and 
the shape of the feature will be rectangular, rather than 
circular. 

Once the sinkhole has "daylighted", the action of surface 
erosion, mainly rain water and snow-melt, i s  ndded t,o the 
gravity-controlled erosion going on below, rind in time the 
sinkhole takes on the rounded profiles typical of "mature" AML 
areas., 

8.3.3. Roof Coal and Void Depth Measurement 

The depth of roof coal has been mentioned elsewhere in this 
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the blasted room, In some areas the ground surface was 
disturbed, but remained at the same general elevation as it had 
been prior to blasting. In other cases, there was surface heave 
along the length of the blast. 

During field blasting testwork it was found that deep holes 
developed at the ends of some blasts. This occurred where they 
were terminated againet unblasted voids, nnd t,he extra dept,h wne 
certainly due to lateral migration of material into these voids. 
Many of the deeper holes filled up over the course of a day or 
two, due to spalling of loose material from the initially 
near-vert icsl walls, The poet-blast p r o f i  l e s  in I.he nrairr pnrt of 
the blasts themselves did not change significantly, however, 
even by the Spring of 1987 after snow-melt. 

Some measurements were taken in the field of the depth and 
width of post-blast features. However, the early onset of 
winter, plus the desire to allow for some natural infilling to 
take place, meant that the majority of measurement work was 
carried out some 5-6 months after blasting. 

Measurement was carried out on 11 of the test blasts, and 
was not carried out to any great degree of accuracy, A tape WRR 
stretched across the sinkhole at various positions along its 
length, and the width measured. Where there was obvious 
backbreak, this was recorded, but the measurement of main 
interest was that of the limitu of aatual slumpind movement into 
the sinkhole. The depth of the c:entrnl, deepest part of the 
sinkhole was recorded at the same position, 

In some cases it was possible t,o locate these nreasurcmants 
fairly accurately by means of the identification numbers on 
wooden stakes marking former blasthole positions. In other 
cases, these locations were estimated by pacing out the distance 
along the length of the blast, Where surfncn herive resulted, the 
approximate height and width of this was also measured. 

Results from this measurement are tabulated in the columns 
headed "SINKtlOLE WIDTH" and "SINKHOL,E DEPTH" in Table 8-8. 
Negative values for "depth" actually refer to the approximate 
height of material swell above the general ground surface 
elevation. Measurements taken where there was definite evidence 
to suggest lateral movement of material into ndj~cent unblnsted 
voids are indicated in this table. Each blast measured is 
identified in this table by its number and location in the field 
testing program. The other parameters in this table are 
disaussed in the next section of this report. 

8 . 3 . 5 .  Model for Blast-induced Subsidence 

The model employed to represent blast-induced subsidence 
for the AML test site is a simple geometric model. It can be 
resolved in two dimensions only, and  consider^ two volumes of 



TFlIlll :Btl : ~ C U R T I U N  W SMLL FRCTDR Fa;! BSTED mTERIK 
-0 CN FIELO SUBSIOENCE Kfi5U!Et€NTS 

COISTRHCES I N  FEET) 

I----------------------------------------- 

:BLAST I  ION I a  I RUIH : O~BLROEN : ROOF I voro I srNKHaE I s ~ t w a ~  I SELL I 
1 8  I l ROWS I UIOlIi I OEPTH I C a r  I OEPW I MlOTH I W T H  I FRCTOR I 
1-----------------------------------------------------1 

I 35.0 I 0.0 : 15.0 1 25.0 : 6.0 : 
: 41.0 : 3.0 : 11.0 : 16.0 : 5.0 : 
: 43.0 : 5.0 1 0.0 : 22.0 I 0.0 : 
1 54.0 1 0.0 I 1.0 I - 1 -3.5 1 
I 50.0 1 3.0 1 7.0 1 17.0 1 3.0 1 
1 50.0 1 4.5 1 0.5 I 22.0 1 6.0 1 
: 56.0 1 1.5 1 0.0 : 28.0 1 8.0 : 
! 56.0 1 2.0 : 0.0 : 22.0 1 10.0 t 
: 54.0 : 4.0 ! 7.5 : - -1.5 : 
1 54.0 1 3.0 1 6.5 1 25.0 I 3.0 1 
1 50.0 1 4.5 1 6.0 1 30.0 1 6.0 I 
I 50.5 1 5.0 1 0.5 1 26.0 1 13.0 1 
1 50.0 I 5.0 1 9.0 1 27.0 1 0.0 1 
: 59.0 1 5.0 : 0.0 : 25.0 1 7.0 : 
1 55.0 1 4.5 1 1.5 1 - 1  -3.0 1 
I 57.0 1 5.5 1 7.5 I - 1 -4.0 1 
1 55.0 1 5.0 1 9.0 1 22.0 1 4.0 1 
1 43.0 I 3.0 1 12.5 1 31.0 1  12.0 1 
: 42.5 1 3.0 1 13.5 1 30.0 I 10.0 I 
I 42.0 1 3.0 : 13.5 ! 30.0 : 9.0 1 
1 43.0 1 3.0 1 12.0 I 24.0 I 4.0 1 
1 42.0 1 1.0 I 5.6 22.0 1 0.0 1 
I 61.0 7.0 : 2.5 , 22.0 1 -2.0 I 
1 57.5 1 1.0 : 1.5 ! 22.0 : -1.0 I 
1 55.0 1 0.5 1 4.0 1 22.0 : 0.0 I 
: 57.0 1 4.0 1 1.5 : 22.0 1 -4.0 1 
1 55.0 1 9.0 1 5.0 1 10.0 I 6.0 I 
1 43.0 1 1.5 1 13.0 1 25.0 1 15.0 f 
1 47.0 1 3.0 : 12.0 1 35.0 1 13.0 1 

: 46.0 : 2.0 I 10.5 : 20.0 1 5.0 1 
1 50.0 ! 6.0 : 12.0 : 25.0 : 19.0 I 
: 44.5 : 3.0 : 11.0 1 23.0 : 14.0 : 
1 44.5 1 3.0 1 11.5 1 20.0 1 13.0 I 
1  45.5 1 5.5 I 9.5 1 23.0 1 0.0 I 
: 45.5 1 3.5 1 0.5 : 20.0 : 10.0 : 
: 45.0 : 3.0 1 5.0 : 22.0 : 0.0 : 
1 37.0 ! 0.0 : 4.0 : 22.0 1 8.0 1 .---------------------------------- 

N Value suspect the  t o  djmmt u i b l n t d  w i d  i n t o  
Lhlch m b r i a l  cwld a m  latorally. 



material. The first is that volume initially located above the 
underground void. This is disturbed by blasting and then settles 
into a second volume which includes the actual void space 
available. 

Two sub-models are actually employed, one which models the 
formation of a surface depression, and nnothar which attempts to 
simulate surface heave. 

Based on actual field measurements, these sub-models are 
used to estimate the average swell. induced in the material as a 
re~ult of blasting. Once this  ha^ t ~ c c n  ot)t,ni tlctl, on nttempt is 
made to use typical site parameters for the test, blast site to 
predict likely post-blast profiles in sites of a similar nature. 

In each case the following site and field measurement 
parameters are required: 

- width of development (RW) 
- depth of overburden (D) 
- depth of pre-blast void (VD) 
- depth of post-blast sinkhole or height of 

surface heave ( 11 )  
- width of post-blast sinkhole, if present (SW) 

The geometric model used to calculate volumes for 
post-blast sinkholes is shown in Fig. 8-16, together with the 
termirlology u ~ e d  nnti trigonon~ct~ric eclrrnt.i o n s  t i c v t x  l opttd. It. r b r 1 n  

be seen that the model assumes that mnt.erinJ ver t,ic:allg above 
the void is affected. In addittiur~, two wedge-shaped areas are 
considered, which are associated with back-break (ie. where SW 
exceeda R W ) .  

The final area occupied by the blasted material is 
equal to the initial area, plus the available void area, minus 
the area of the depression itself. 

8.3.5.2. Surface Heave 

In the case where the ground heaves above the previous 
surface elevation a different geometrical model is applied. It 
has been assumed, to simplify calculations, that the width of 
the surface heave feature is always eclt~nl to t.hc room width. Ln 
practice this was found to be gnnerally the case. A second 
assumption that is made is that the sides of the heave structure 
slope at 45 degrees, The width across the top of the he~ved 
area, M, is thuu a frlnctlorl of t.hcx Iloinht., I I ,  o r  t.hc ~rrrf'rrc:c? 
heave. The model is illustrated in Fig. 8-17, which also shows 
the terminology used and the trigonometric relationships 
developed. 



UNSWELLED VOLUME VULi  = SW + RW M D 
2 

SWELLED VOLUMF VOL2 = VULl  + (RW >: VD) - (SW/2 n H) 

SWELL FACTOR SF r z ~  VEIL2 = i + (RW x VD) - (SW/2 x H) 
VUL 1 (SW + RW) /2 x U 

DEPTH UF BLAST- INDUCED S INKHULE 

F I G ,  8-16: GEOMETRIC MODEL FOR CALCULATION OF DEPTH 
OF BLAST-INDUCED SINKHOLE 



SWELLED VOLUME VOL2 = VOL1 + (HW x VD) + (RW + M) x H 
2 

I f  sides of  heave a r e  a t  45 degrees, then M = HW - 2H 

and VOL2 = VOLl + (RW x VU) + (RW-H) H H 

SWELL FACTOR SF = VOL2 = 1 + VD + (KW - H)  x H 
VOL 1 D HW x D 

HEIGHT OF BLAST-INDUCED SURFACE HEAVE 

solve quadrat ic f o r  H 

F I G ,  8-17: GEOMETRIC MODEL FOR C A L C U L A T I O N  O F  H E I G H T  
O F  B L A S T -  INDUCED SURFACE HEAVE 



The initial area is simply thnt which lies vertically 
above the room, The final area is equal to the initial area, 
plus the area of the void, plus the area heaved above surface. 

8.3.5.3. Calculation of Material Swell 

The material swell due t,o blautjng is eimply the ratio 
of final volume to initial volume for each of the geometric 
models described above. Trigonometric expressions which may be 
uued to oaloulate t h j ~  for each of the geomet.rio modele are 
inoluded in b'igu. 8-18 nrrd 8-1'7, 

Table 8-8 is actually a spreadsheet, the last column 
of which oalcul aten the ovorhurcien ~wrtl l t'not.or. 'I'he ~prf?a(juhef?t 
determines which is the correct trigonomc t,rio equation to apply 
by checking whether the "Sinkhole depth" value is positive or 
negative. In the latter case, where there was surface heave, the 
"Sinkhole width" column is not used. 

A statistical analysis was carried out, using the 
spreadsheet, on the calculated swell factors. For reasons 
explained earlier, those values which were associated with 
measurements at the ends of blasts, adjacent to unblasted voids, 
were not considered for this analysis. 

An average uwell fact.or of about 12% wae obtained. 
This is not unreasonable, given the nature of the overburden 
type. In strip mining applications for similar materials an 
initial swell of around 20% is a~sumed, which is reduced to the 
range of 10-16% 111 thc? reclni~nc*d npoi l corrdi laion, It i~ clul t.c 
likely that the blautinu acl.ior\, ~ r l d  the "paclting" of mat,erial 
into the confined underground void volume, could result in a 
swell of around 12%. Where swell factors in excess of 25% were 
calculat.ed, this is evidence thnt Rome localized bridging may 
have occurred in the blast, 

Results from the statistical analysis are summarized 
in Table 8-9. 

TABLE 8-9 : STATJSTICA~J ANA1,YSIS OF CAL(:UL,ATIONS OF 
MATERIAL SWELL DURING TEST BLASTS 

1,118 
standard deviation 0.057 
minimum value 1.013 
maximum value 1.310 



8.3.5.4. Prediction of Post-blast Profiles 

The same geometric models employed to calculate swell 
factors for actual field measurements from the test blasting 
program can be used to predict the depth of blast-induced 
subsidence, or the height of surface heave. 

Such information has two uscs as far n s  thin resenrcli 
project is concerned. Firstly, it provides a basis to explain 
some of the results obtained in the test blast program. Second- 
ly, it should provide a rough gujde for future work of this 
kind, by providing a n  indication of the type of profiles to be 
expected for a given set of site conditions. 

The post-blast profile model. is again ~pread~heet 
based. Reorganization of the equations shown in Figs. 8-16 and 
8-17 give the following expressions for the post-blast profile: 

For a post-blast depression: 

Depth = (Voll + RW.VD - Vo12) 

For surface heave: 

Height = positive root of t,tii~ quadratic equntion: 

(Heightla - ( I i W .  Height) + (Vo12 - Voll - HW.VD) = U 

Whore Voll = irii.t,ial. volr~slt? 
Vo12 = final volume 
RW = room width 
VD = void depth 
SW = sinkhole width 

Three main types of analysis were carried out using 
the post-blast profile model..These are variation of post-blast 
profile with : 

- void depth, for a given swell factor and over- 
burden depth 

- overburden depth, for a given swell factor and 
void depth 

- swell factor, for a given void and overburden 
depth 

Table 8-10 shows the spreadsheet used to calculate 
these results. It can be Been that void depths in the range of 



T f U E  8-10 : E W L E  OF SPRfSRDStLET-GEMERnTEO RESULTS FROH 
W E T  I&- II€UED SUBSIDENCE H M u  

- - - - - - - - - - - - - - 

i uo I H (INTI I H I I  uo I ui I H (INTI I H I I  SF I H (INTI I H 1 :  
: - - - - - - - - - - - - - - - - - - - - , - - - - - , I  I I I 

: 0.0 1 -11.2 t ERR :: 35 827.0 9.5 9.5 :: 1.00 1 17.4 : 17.4 :: 
1 0.5 1 -10.3 1 ERR 1 1  36 1 851.4 1 9.3 1 9.3 1 1  1.01 1 16.5 I 16.5 1 1  
1 1 . 0  1 -9.6 1 -10 1 1  37 1 8 1 5 . 1  1 9.1 1 9.1 111.02 1 1!3.5 115.5  1 1  
I 1.5 1 -8.6 I -7.5 1 1  30 1 890.7 I 0.9 1 8.9 1 1  1.03 1 14.6 114.6 :: 
: 2.0 1 -7.7 -6.2 :: 39 922.4 8.6 8.6 1 : 1 . 0 4  13.7 : 1 3 . 7  :: 
: 2.5 : 6 . 9  : -5.2 :: 40 : 946.0 : 0.4 : 13.4 : 1 .  : 12.7 : 12.7 :: 
1 3.0 1 -6.0 1 -4.3 1 1  41 1 969.7 1 8.2 1 8.2 1 :  1.06 1 11.0 111.0 II 
: 3.5 1 -5.1 1 -3.5 1 1  42 1 9 9 3 . 3  : 8.0 1 8.0 111.07 1 10.0 : 1 0 . 0  I t  
: 4 . 0  4 1 -2.8 :: 43 :1017.0 : 7.7 7.7 : :1 .08  9.9 9.9 :: 
: 4.5 : -3.4 : -2.2 :: 44 11040.6 : 7.5 : 7.5 :: 1.09 9.0 9.0 :: 
: 5.0 -2.5 1 -1.6 1 1  45 : 1064.3 : 7.3 1 7.3 : :1 .10 1 0.0 0.0 :: 
1 5.5 t -1.7 1 -1.0 1 1  46 : 1097.9 : 7.1 I 7.1 I: 1.11 1 7.1 : 7.1 :I 
: 6.0 I -0.0 1 -0.5 1 1  47 : 1111.6 6.0 6.0 :: 1.12 6.2 6.2 :: 
: 6.5 I 0.1 1 0.1 :I 40 : 1135.2 6.6 : 6.6 :: 1.13 ! 5.2 : 5.2 :: 
: 7.0 : 1.0 1.0 :: 49 : 1158.9 6.4 6.4 : 1.14 4.3 : 4.3 :: 
: 7.5 1 1.0 1 1.8 1: 50 : 1102.5 1 6.2 6.2 1 :  1.15 1 3.4 : 3.4 :: 
I 0.0 1 2.7 1 2.7 1 1  51 11206.2 1 5.9 1 5.9 1 1  1.16 1 2.4 1 2.4 1 :  
I 0.5 1 3.6 : 3.6 1: 52 t 1229.0 : 5.7 : 5.7 1.17 : 1.5 1 1.5 :: 
: 9.0 t 4.4 4.4 :: 53 : 1253.5 1 5.5 5.5 1 . 1  : 0.6 0.6 :: 
: 9.5 1 5.3 : 5.3 : I  54 : 1277.1 1 5.3 1 5.3 I 1.19 -0.4 1 -0.2 :: 
110.0 1 6.2 1 6.2 1 :  55 11300.0 1 5.1 I 5.1 : I  1.20 1 -1.3 1-0.0 I1  
: 10.5 I 7.0 I 7.0 1 1  56 1 1324.4 1 4.0 1 4.0 1 1  1.21 1 -2.2 1 -1.4 1 1  
: 1 1 . 0 I  7.9 1 7-9 1 :  5 7 : 1 3 4 0 . 1  4.6 1 4 . 6 : : 1 . 2 2  - 3 . 2 : - 2 . 0  1 :  
1 . 5 :  8.0 1 0.8 :: 50 :1371.7 : 4.4 4.4 : :1 .23  1 -4.1 : - 2 . 7  :: 
112.0 1 9.7 1 9.7 1 1  59 11395.4 1 4.2 1 4.2 1 1  1.24 1 -5.0 1-3.4 1 1  
1 12.5 1 10.5 1 10-5 1 1  60 1 1419.0 1 3.9 1 3.9 1 1  1.25 1 -6.0 1 -4.3 1 1  
: 13.0 1 11.4 t 11.4 1 1  61 11442.7 : 3.7 1 3.7 1 :  1.26 -6.9 : -5.2 1 1  
: 13.5 1 12.3 12.3 1: 62 : 1466.3 t 3.5 1 3.5 1:  1.27 -7.0 : -6.3 :: 
: 14.0 13.1 1 13.1 1 :  63 : 1490.0 : 3.3 3.3 :: 1.20 : -0.0 : - 7 . 9  :: 

. :  14.5 I 14.0 14.0 1 1  64 11513.6 1 3.0 1 3.0 1 :  1.29 1 -9.7 ERR 1 :  
115.0 I 14.9 1 14.9 1 1  65 11537.3 1 2.0 1 2.0 1 1  1.30 1 -10.7 : EPR : I  
I : I :: 66 : 1560.9 2.6 2.6 1.31 -11.6 ERR :I 
I I I I I I I I 

I I :: 1.32 -12.5 : EPR :: 
I I I I : : 1 . 3 3  -13.5 1 EPR :: I 1: I 

I I I I I I I 1 1  1.34 t -14.4 : ERR 1 :  
I I I :! ! ! ! : :1 .35 t -15.3 : El;a :: 
:- --- ------------- , , , , I I  I I 

I EFFECT OF VFIRIWUE I I I I EFFECT OF URRIABLE : : EFFECT OF VRRIABLE : : : VOID DEPTH I I WERaROW DEPTH :: f)EU FRCTOR I I I I I I 

I (FI6. 8-18) :I (FIG. 8-19] I I I I (FIG. 8-20) I I I I 

SF: SELL FACTOR VOL1: WELLED WLUIE 
RW: ROCM WIDTH WL2: SMLLEO U U K  
OD: OIIEREUKIEN DEPTH H< INTI: INI'ERIEDIAI'E CX~U~LATED AUE 
SW: SlNKHLLE WIDTH H: DEPTH/HEIUiT OF POST-BCAST PR(1FIL.E 

(SET AT 1.15 x RW) <NEGnTIVE VF1LLIE = SURFRCE HEfWE) 
VO : VOID OEPTH ERR: WI'SIUE R W E  MUERE0 BY MEL 



zero (void already filled) to 15 feet are considered. Overburden, 
depths in the range 35-66 feet are employed, which were those 
used for other types of analysis carried out in.this report. 
Swell factors ranging from 1.00 (no material swell) to 1.35 (35% 
swell) were.used in the third analysis type. 

In Table 8-10 a swell factor (SF) of 1.12, that 
encountered Prom field results n t  the test si Le, wna used for 
the first two analyses. A void depth (VD) of 10 feet was used to 
generate the second and third sets of data. An overburden depth 
(OD) of 50 feet was employed for the ~ t ~ ~ r d y  of the dept,h/heiut~t, 
( I t )  of thc post-t)lasL prof'il e it1 C.hc1 I'i rs t. ritd 1.11 i r.d anal y s e a .  
In each case a 22 foot wide room was considered, and it was 
assumed that the width of the post-blast depression (SW) was 15% 
higher than the room width (RW). 

In each case an intermediate value (H(TNT)) is 
calculated. If this is negative, implying material formed 
surface heave, this value is calculated by the quadratic 
solution described above. Any values marked "EItR" are those 
which cannot be calculated using the geometric model developed 
for the surface heave situation. 

It can be seen from Table 8-10 that there are certain 
critical values of the varied parameter at which the creation of 
a post-blast depression is no longer possible, and surface swell 
results, For example, it can be seen that no depression will be 
created for swell of 12%, in 50 feet overburden conditions, if 
the available void depth is less than 6.5 feet, 

For all. overburtien dcpt,ti~ i,n t,he r-ntige 35-66 f~ct,, 
however, it should be possible to form a surface depression if 
the available void is 10 feet deep and material swell is 12%. 
The critical swell factor for void depth of 10 feet and 50 feet 
overburden is 1.18 - if material swell. exceed9 thi.a, there ia 
more material than can be accommodated in the final volume 
including the void, and surface heave results. 

This data is presented ~r~phioally in Figs. 8-18, 8-19 
and 8-20. Such graphs could be useful for predicting results 
from future work of this kind, Critical void depths at lower (35 
feet) and higher (65 feet) overburden depths are analyzed 
graphically in Figa. 8-21 and 8-22 respectively. Overburden 
depth is studied using a lower void depth (7.5 feet) in Fig. 
8-23, and the critical swell factor is found to be 1.14 if this 
same void depth exists at 50 feet overburden (Fig. 8-24). 

There are obviously many morP comhinationa of swell 
factor, void depth and overburden depth that can be analyzed. 
Tables 8-1 1, 8-1 2 and 8-13 includ~ some pot.ent,i a1 1 y usefr~l 
results from t,hl R 1)nr-l. of t . 1 1 ~  t,c.c.t~nl(~nl nrlnl yr4 l w wot.11, 
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F.IC. 8-21 : F'OST-E)L.AS'l: I'EIOFILES 
VS. VOID DEPTH (SF=1.12,011=55',f?\Y.=22') 

DEPTH OF VOID (FEEl) 

FIG. 8-22 : POST-BLAST PI3rC)FILES 
VS. VOID DEP'IH (SF= 1 .111,01I~B5',I3\~~= 22') 

0.0 2.9 5.0 7.5 10.0 12.5 15.0 

fl1:F'l'H OF VOID (FECI) 



FIG. 8-24 : POST-BLAST PROFILES 
VS. SVVELL FACTOR: (013~5O',VO~*7.5',I?W:= 22' 



TABLE 8-11 : CIEITICAL OVEIlUURL)I<N DEPTflS  12'1' WHICH SURFACE 
SWELL MAY OCCUR AFTER AML BLASTING.  

TABLE 8-12 : C R I T I C A L  VOID DEPTHS AT WIIICH SURFACE 
SWELL MAY OCCUR AFTER AML BLASTING.  

SF = S w e l l  F a c t o r  RW = R o o m  w i d t h  
OD = O v e r b u r d e n  dep th  VD = V o i d  d e p t h  

ODc  = D e p t h  of  o v e r b u r d e n  above w h i c h  s u r f a c e  h e a v e  o c c u r 8  
VDc = D e p t h  o f  v o i d  be .Low w h i c h  surf 'nce hcnvc! occurs 
SFc = S w e l l  f ac tor  a b o v e  w h i c h  s u r f a c e  h e a v e  occu r s  



TABLE 8-13 : CRITICAL SWELL FACTORS AT WHlCH SURFACE 
SWELL MAY OCCUR AFTER AML BLASTLNG. 

SF = Swell Factor RW = Room width 
OD Overburden depth VD = Void depth 

ODc = Depth of overburden above which surface heave occurs 
VDc = Depth of void below which surface heave occurs 
SFc = Swell factor above which surface heave occurfl 

8  ,4  . CONCLUSIONS FROM TES'I' BLAST 1 NO PHO(I1tAM 

The test blast program carried out in relation to this 
research project was very successful. It proved that blasting 
could definite1.y be uaed as a menria of co l lapsfr~g underground 
openings. In addition, it allowed very useful data to be 
collected which will be of direct relevance to future work of 
this kind. This includes the estnblishmant of work in^ praotice~, 
b l ~ s  t design information, and an in~portarit ni?w insight irito AML 
work. 

This section of the report will be concerned with the 
effectiveness of individual blasts, and how field 
experimentation led to the optimization of blast design. The 
relevant technical characteristics of successful blasts-are used 
to make recommendations about future blast design. General 
comments are also made about working practices, and the 
suitability of blasting as an AML reclamation method. 

8 . 4 . 1 ,  1lSf'ect.iveness of 131 ~ 4 t 4  nrd Icie l d 
Experil~rer~t.at ion 

An attempt j u  mnda in T~hle 8-14 to uummnri xe the ovarnl I 



TABLE 8-14 : CLASSIFICATION AND MAJOR CHARACTERISTICS 
OF FIELD TEST BLASTS ACCOHDlNG TO FORMATION 
OF SURFACE DEPRESSIONS. 



performance of each test blast. ''he 21 blasts have been grouped 
into categories which attempt to classify the surface expression 
of blast-induced caving, which is the formateion of depressions, 
There is not necessarily a direct correlation between the 
formation of a post-blast depression and the success of a blast 
in collapsing the underground void. This will be discussed in 
more detail later. 

From Table 8-14 it can be seen that 12 blasts resulted in 
the creation of a surface depression which extended over all or 
moat of the blaut length, In the C R R ~ A  where not quite all of 
t,he blast exhibited a post-blr~st dcpresuion, the absence of R 

depression in 4 of these was over a distance which corresponded 
to only one or two blastholes. 

''he creation of a depression after blasting is definite 
evidence that the blast was successful in collapsing the 
underground void. There are a number of characteristics which 
these 12 blasta have in common: 

- all took place where the overburden cover was less 
than 60 feet in depth 

- in all of the totally successful blasts there was 
not less than 10 feet of void space below the roof 
coal 

- the blasts which were mostly successful had on 
average at least 10 feet of available void space over 
the port,iorl~ where arlrbt'nc:e d(?prf!s~iorla werue created. 
The portions of the blasts where R depression was not 
created coincided with blastholes where only 3 to 6 
feet of void space WRS detected. l'his reduced void 
upace was gencrnll y 1 oc:a t,cd i 11 t,hc ~)tinc?l er~ t r j  ea nrlti 
adjacent intersection areas with rooms where more roof 
coal had been left during mining to increase the 
stability of the openings, 

- all of the blasts were at least 130 feet in length 
- all of the blasts employed 6 inch diameter 
blastholes 

- these blasts showed no obvious correlation with the 
types and combinations of explosives used 

- eight of the 12 blasts employed two rows of blast- 
holes spaced 15 feet apart, on rows 8 feet apart 

There were 7 blasts where surface depressions were not 
created. In one case (N-6) the ground surface was disturbed, hut 
remained at a similnr elevation to thnt prior to blaatinu. In 6 



b l a s t s  s u r f a c e  h e a v e  t o o k  p l a c e ;  i n  h a l f  o f  t h e s e  cases a  
d e p r e s s i o n  w a s  c r e a t e d  a t  one  o r  b o t h  e n d s  o f  t h e  b . l a s t .  'l'here 
are a number o f  c h a r a c t e r i s t i c s  w h i c l ~  t h e s e  b l a s t s  have  i n  
common : 

- a l l  o f  t h e  b l a s t s  were i n  o v e r b u r d e n  c o v e r  i n  e x c e s s  
o f  55 f e e t  d e e p  

- f o u r  o f  t h e  b l a s t s  were less  t h a n  100 f e e t  l o n g ,  and  
none  e x c e e d e d  150 f e e t  i n  l e n g t h  

- t h e  maximum a v a i l a b l e  v o i d  s p a c e  below t h e  r o o f  c o a l  
f o r  a n y  o f  t h e s e  b l a s t s  w a s  9 f e e t ,  a n d  a l l  c o n t a i n e d  
some b l a s t h o l e s  i n  which l e s ~  t,lian 5 fee l ;  o f  v o i d  
s p a c e  was measu red  

- a l l  o f  t h e  b l a s t s  which  r e s u l t e d  i n  s u r f a c e  heave  
u s e d  26 rnR d e l a y  p s r i  c ) d ~  be t.wec!rl t )  l n ~  t . t~o  l r! tf(?oks 

The f i r s t  b l a s t  w a s  t a k e n  u s i n g  a s i n g l e  row o f  h o l e s  1 7  
f e e t  a p a r t .  A l though  t h i s  w a s  m o s t l y  s u c c e s s f u l ,  t h e r e  was a 
r e g i o n  c o r r e s p o n d i n g  t o  a b o u t  5  b l a s t h o l e s  where s u r f a c e  craters  
were fo rmed .  The c o l l a r  h e i g h t s  h e r e  were  8 . 5  f e e t ,  which  f o r  a 
3  f o o t  h i g h  u p p e r  c h a r g e  d e c k  c o r r e s p o n d e d  w i t h  a s c a l e d  d e p t h  
o f  b u r i a l  f o r  t h e  c h a r g e  o f  3 . 2  f t , / ( l b ) l / 3 ,  ' I 'his was charrued 
as a r e s u l t  o f  t h e  o b s e r v e d  c r a t e r i n g ,  a n d  t h e  c o l l a r s  were 
i n c r e a s e d  t o  9 . 5  f e e t  f o r  a l l  s u b s e q u e n t  b l a s t s  ( g i v i n g  a SDOB 
o f  3 . 5  f t / ( l b ) l / 3  f o r  a 3 f o o t  and  3 . 3  f t / ( l b ) l / 3  f o r a  4 
f o o t  u p p e r  d e c k ) ,  l t  wnR f e l t  t.hrrt, n ~ p n o i t i u  o f  1 7  f ea t ,  w r i ~  
p r o b a b l y  t o o  g r e a t  t o  o b t a i n  a d e q u a t e  o v e r l a p  o f  c r a t e r s  i n  a 
s i n g l e  row a p p l i c a t i o n ,  

I n  mos t  cases where  A 2 2  f'oo t w ide  r o o m  w r i s  b l a s t c ? d ,  t,wo 
rows  o f  b l a s t h o l e s  were employed .  Having a c h i e v e d  s u c c e s s  w i t h  
1 3  f o o t  h o l e  s p a c i n g s ,  t h i s  w a s  i n c r e a s e d  t o  15  f e e t ,  which a l s o  
p r o v e d  t o  b e  s u c c e s s f u l .  On a v e r a g e  A f o u r  f o o t  co.lumn o f  c h n r u e  
was u s e d ,  s e p a r a t e d  f rom t h e  n e x t  deck  by 6 o r  6 . 5  f e e t  o f  
s temming.  I n  g e n e r a l ,  t h e r e f o r e ,  t h e  a v e r a g e  d e p t h  o f  b u r i a l  f o r  
e a c h  s p h e r i c a l  c h a r g e  was a b o u t  8  f e e t .  A 17 f o o t  h o l e  s p a c i n g  
i s  t h u s  more t h a n  t w i c e  t h e  d e p t h  o f  b u r i a l ,  whe reas  1 3  f o o t  
s p a c i n g  is  a b o u t  one  a n d  a h a l f  times DOB. ' the  15  f o o t  s p a c i n g  
which  w a s  s u b s e q u e n t l y  f o u n d  t o  be optimum f o r  room b l a s t i n g  i n  
t h i s  t y p e  o f  material is  a b o u t  1 . 8 5  t i m e s  t h e  d e p t h  o f  b u r i a l .  

F o r  1 2  f o o t  w ide  a c c e s s  d e v e l o p m e n t  a s i n g l e  l i n e  o f  h o l e s  
u s i n g  12 f o o t  c e n t e r a  was i n i t i a l l y  empl.oyed. T h i s  d i d  not, 

f i r m  e v i d e n c e ,  i n  t h e  fo rm o f  a s u r f a c e  d e p r e s s i o n ,  t h a t  
: i r e ? t a s t  h a d  s u c c e s s f u l l y  broker,  t , h e  u r e n  h e r  t , h  i c k n ~ s a e s  o f  
r o o f  coa l .  a s s o c i a t e d  w i t h  t h e  pune.1. e n t , r i o s .  S r i  Irlt,t.er b l a s t  t,lie 
h o l e  s p a c i n g  o n  p a n e l  e n t r i e s  w a s  p u l l e d  i n  t o  9 f e e t ,  a n d  t h i s  
p r o v e d  t o  b e  more s u c c e s s f u l .  



Where p o s s i b l e  b l a s t s  were d e s i g n e d  s u c h  t h a t  t h e y  
t e r m i n a t e d  a g a i n s t  p r e - e x i s t i n g  s i n k h o l e s ,  o r  o t h e r  b l a s t s .  T h i s  
o b v i o u s l y  became e a s i e r  as t h e  p rogram p r o g r e s s e d .  Where t h e  
e n d s  o f  a b l a s t  were o p e n ,  i t  was f o u n d  t h a t  d e e p  s i n k h o l e s  
d e v e l o p e d .  T h i s  is  b e c a u s e  b l a s t e d  m a t e r i a l  moved l a t e r a l l y  i n t o  
t h e  a v a i l a b l e  v o i d  s p a c e ,  i n s t e a d  o f  f i l l i n g  u p  t o  t h e  same 
o v e r a l l  l e v e l  as t h e  res t  o f  t h e  c r e a t e d  d e p r e s s i o n .  

I n  cases w h e r e  it w a s  n e c e s s a r y  t o  l e a v e  o n e  o r  b o t h  e n d s  
o f  a b l a s t  o p e n ,  u s e  w a s  made o f  " c l o s u r e "  h o l e s .  I n  b l a s t  # 4  
( S - 1  ,S -2 )  t h e ~ e  were  d r i l l e d  i n  t h e  pi 1 la ru  a d j a c e n t  t.o t h e  
p a n e l  e n t r i e s ,  t o  a d e p t h  c l o s e  t o  t h a t  o f  t h e  o v e r b u r d e n  c o v e r .  
Decked c h a r g e s  were l o a d e d  i n  t h e  u s u a l  manne r ,  t h o u g h  i n  t h i s  
case t h e  d e s i r e d  a c t i o n  w a s  t o  b e  n s i d e w a y s  movement o f  
material i n t o  t h e  b l a s t - c r e a t e d  ~ i n k l l o l e .  'l'he a t t e m p t  t o  a v o i d  
d e e p  h o l e s  a t  t h e  e n d s  o f  t h i s  b l a s t  was n o t  s u c c e s s f u l .  

T h i s  was n e x t  t r i e d  i n  b l a s t  #9 (NC-7 ) ,  b u t  i n  t h i s  case 
s h o r t e r   hole^ were  d r i l l e d ,  t o  2 5  f e e t  dep t .h ,  n d a i n  l o c a t e d  , juu t .  
i n s i d e  t h e  p i l l a r s  on  e i t h e r  s j d e  o f  t h e  pnr le l  e n t r y .  'I'wo d e c k 8  
o f  c h a r g e  we re  u s e d .  I t  is n o t  p o s s i b l e  t o  assess t h e  s u c c e s s  o f  
t h i s  a t t e m p t  a s  t h i s  p a r t  o f  t h e  b l a s t  a p p e a r e d  t o  " b r i d g e "  u p ,  

C l o s u r e  h o l e s  were u s e d  s u c c e s s f u l l y ,  howeve r ,  a t  t h e  e n d s  
o f  t h e  p a n e l  e n t r i e s  a s s o c i a t e d  w i t h  rooms S-1 ( b l a s t  # l o )  a n d  
S-12 ( b l a s t  # 1 1 ) .  T h e s e  we re  30 a n d  25 f e e t  i n  d e p t h ,  
r e s p e c t i v e l y ,  a n d  employed  t,wo d e c k s  o f  e x p l o s i v e .  The o l o ~ t ~ r c  
h o l e s  were p l a c e d  j u s t  i n  t h e  p i l l a r s ,  a b o u t  12  f e e t  f rom t h e  
n e a r e s t  b l a s t h o l e  l o c a t e d  a b o v e  t h e  p a n e l  e n t r y  i t s e l f .  The 
e x a m p l e s  q u o t e d  a r e  i l l u s t r a t e d  i n  t h e  scale d r a w i n g s  o f  t h e  
b l a s t s  i n  Appcrldix A .  

I n  b l a s t  #19 ( S - 9 ( N ) )  p r o b l e m s  c r e a t e d  by l a c k  o f  t i m e  a n d  
w e a t h e r  c o n d i t i o n s  mean t  t h a t  c l o s u r e  h o l e s  were n o t  d r i l l e d  a t  
t h e  w e s t e r n  e n d  o f  t h e  p a n e l  e n t r y  B R R C ) C ~ H ~ ( ! ~  wl t l l  room S-!4. 'l'hr? 
r e s u l t  was t h a t  a d e e p  h o l e  was i n i t i a l l y  c r e a t e d ,  i n  e x c e s s  o f  
25 f e e t .  T h i s  s u b s e q u e n t l y  f i l l e d  u p  t o  a b o u t  18  f e e t  by 
s l o u g h i n g  material f rom i t s  s i d e s .  T h i s  would  t e n d  t o  b a c k  u p  
t h e  i d e a  t h a t  c l o s u r e  h o l e s  are  n e c e s s a r y  i n  t h i s  a p p l i c a t i o n ,  
a n d  t h e r e f o r e  i s  a n  i n d i r e c t  i n d i c a t i o n  t h a t  t h e  u s e  o f  c l o s u r e  
h o l e s  w a s  g e n e r a l l y  s u c c e s s f u l  d u r i n g  t h e  t e s t  b l a s t  p rog ram.  

The o t h e r  area i n  wh ich  e x p e r i m e n t a t i o n  was c a r r i e d  o u t  
d u r i n g  t h e  f i e l d  b l a s t i n g  p r o g r a m  w a s  t h e  f i l l i n g  o f  i n d i v i d u a l  
s i n k h o l e s .  T h i s  was f i r s t  a t t e m p t e d  i n  b l a s t  # 7 ,  whe re  h o l e s  
were p o s i t i o n e d  a r o u n d  two s m a l l  s i n k h o l e s  t o  t h e  n o r t h  and  
n o r t h e a s t ,  a n d  o n e  l a r g e r  s i r i k h o l e  t o  t h e  s o u t h  o f  room N-7. I n  
e a c h  case t h e  h o l e s  were l o c a t e d  a b o u t  3-4 f e e t  f r o m  t h e  s i n k -  
h o l e  r i m  a n d  d r i l l e d  t o  a d e p t h  o f  20-25 f e e t .  

'l'he two smn 11 er  s i t ~ k l ~ o  1 . e ~  l \ ~ l ( j .  near. v e r t  i o a l  s l  d a s  , nrrd t l ~ c ?  
t o e  d i s t a n c e  w a s  t h u s  n o t  a p p r e c i a b l y  g r e a t e r  t h a n  t h e  b u r d e n  a t  
s u r f a c e .  T h e s e  were l i g h t l y  l o a d e d  w i t h  a 5  f o o t  c y l i n d r i c a l  
c h a r g e s  p l a c e d  n e a r  t h e  bot,toni of 2 0  f'oot. ho.li?s and  d e ~ i g n c d  t.o 



break material laterally into the sinkhole. Success was achieved 
with this design, 

In the case of the larger sinkhole to the south, two declted 
charges were loaded into 25 foot deep holes, which were located 
4-5 feet back from the edge of the sinkhole and spaced about 15 
feet apart. These were not successfi~l in breaking material ink0 
the sinkhole. 'l'he toe burden was large, due to tbe 45-50 degree 
angle on the sinkhole walls. The 4 foot column of ANFO placed at 
the hole bottoms did not have sufficient toe-pulling capability 
to move the large toe burden. 

Blast #20 was employed exclusively to fill a vertical 
-walled sinkhole that formed at the northern end of room N-4. 
Blastholeu spaced about 10 Feet npnr-t, were tlrbi l l c d  ~borlt 5 Fe~t, 
back from (he rim of this sinkhole. Two decks of explosive were 
used - a five foot cylindrical charge of slurry at the hole 
bottom, and a four foot ANFO deck separated by a two foot 
strtlnming co Irlnhn, I i u  desigti proved t.o t)rt vcbr*y sr~(:cc~~lfu 1 , ( L I I ~  

indicates that considerable potential exists for the use of 
blasting to fill sinkholes which, by virtue of their vertical 
sides, represent a significant danger in abandoned mine land. 

8.4.2. Factors Influencing Test Blast Results 

In the previous section R number of ct~ar.nc:t.oristics which 
the blasts yielding a certain result had in common were listed. 
The purpose of this section is to combine the observed results 
from the test program with that from technical data analysis and 
make some concludir~g remarks about those factors which inf luerice 
the results of AML blasting. 

8 , 4 , 2 . 1 .  tjlus t Design 

Obviously the results of an AML blasting program will only 
be successful if the correct blast design is applied. Blast, 
design has been described in some de tai 1 elsewhere in th i s 
report. This section will simply summarize those technical 
parameters which were found to be successful for the overburden 
type and field conditions encountered at the Beulah test site. 
These may be applied to future work of this kind in similar 
materials, 

Below 40 feet of overburden 3 explosive decks  were foirr~d to 
be suf ficient to collapse the utidergrorlnd opr?ni~rgs. 'I'he t)ot,tom 
deck was 4 feet in height, with a scaled depth of burial ranging 
from 2.0-2.3 ft/(lb)l/3 for ANFO, and 1.9-2.2 ft/(lb)l/3 for 
FI typical R Lurry product. 'rhe I t.rrut,h of t hc rlppr I. t,wo drc~ks 
varied from 3 to 4 feet, with associatc?d scaled ticbpt.hs of burial 
of 2.0-2,3 ft/(lb)l/3 for ANFO. 

Between 41 and 59 feet of ovc?rbtrrtien, 4 tic!cka were usc?cj. 



For holes of depth 41-51 feet, a 4 foot charge column was used 
in the bottom of the hole, corresponding to a scaled depth of 
burial ranging from 2.0-2.3 ft/(lb)l/s for ANFO, and 1.9-2.2 
ft/(lb)l/a for slurry. Between 52 and 59 feet the length of 
the lower deck was increased from 4.5 to 6 feet over this depth 
range to compensate for greater depth of burial. Scaled depths 
of burial in this case were in the order of 2.4 ft/(lb)l/a for 
ANFO, and 2.3 ft/(lb)l/a for a typical slurry product. Typical 
scaled depths of burial for the other 3 decks in this range of 
overburden were in the range of 2.2-2.5 ft/(lb)l/a for ANFO. 

Above 60 feet of overburden cover 5 decks were required, 
and the use of a higher density explosive than ANFO is recom- 
mended for the bottom deck, which should be of the slurry type 
if water is present. Between 5 and 7.5 feet of charge was 
employed in holes of this depth range, with a scaled depth of 
burial in the order of 2.0 ft/(lb)l/a for the lower density 
Energel product, reduced to about 1.9 ft/(lb)l/s for Iregel. 
Again typical scaled depths of burial for the other decks in 
this overburden depth range were 2.2-2.5 ft/(lb)l/J for ANFO. 

Less testwork was carried out using 8 inch blastholes. 
Results for blast 118 (see Appendix D) show that scaled depths 
of burial were in fact somewhat lower than for 6 inch holes, at 
1.7-2.0 ft/(lb)l/a when using an explosive with the density of 
ANFO. This was largely in response to the less than ideal 
results from the first blast, 14, which employed larger diameter 
holes, where the scaled depths of burial were similar to the 6 
inch diameter case. There are, as will be seen shortly, other 
factors which affected the performance of this particular blast. 

More testwork would be required where large diameter 
blastholes were employed before conclusions and recommendations 
can be made regarding technical design parameters. A general 
conclusion relating to the use of 8 inch diameter holes is ,that 
they will probably be required for overburden depths in excess 
of 65 feet, simply to get enough charge weight into the column 
to provide acceptable scaled depths of burial. 

As noted in the previous section, a collar height 
corresponding to scaled depths of about 3.3-3.5 ft/(lb)l/a 
yielded acceptable results, which was 9.5 feet in 6 inch and 13 
feet in 8 inch diameter blastholes. 

With regard to hole spacing and the number of rows to use, 
it may be concluded that for narrow rooms or panel entries a 
single row of blastholes is sufficient. A hole spacing of 1.5 to 
1.8 times the typical depth of burial for a decked charge 
yielded good results in rooms 22 feet wide. In narrower 
development such as panel entries where one expects more 
restricted space for blast movement a spacing of about 1.1 times 
depth of burial is recommended. 

There was evidence from the test blast program that a 



single line of 8 inch holes could be successfully employed Ln a 
20 foot wide room. The experimentation carried out on room S-9 
(blasts #19 and 21) suggests that a single line of.6 inch holes 
spaced at 12 fee+ (1.5 times typical depths of burial) can be 
effective. From a cost point of view, as will be seen later, 
thie is a very important design consideration. 

It is likely, though, that the craters formed by explosive 
decks in a single row of holes will not be of sufficient radius 
to break all the way to the pillars. This may result in a 
narrower, and deeper depression than if two rows are used. As a 
rouah guide, if the wall-to-wall distance for a room is greater 
than 1.75 times the typical depth of burial for a decked charge, 
then two rows of blastholes should be employed. For the test 
site conditions this would correspond to a room width of around 
14-15 feet, and explains why two rows were used in most cases. 

The only direct evidence from field testwork results that 
indicated that blast design had been less than totally 
successful came from post-blast exploration drilling which 
showed that portions of two blasts (#4, (S-1 and S-2) and #9 
(NC-7)) had "bridged" at the position of the upper two decks. 
While there was evidence that the presence of rock layers, and 
poesible overlap of number 6 and 7 down-the-hole delays could 
have been the cause of this, it may be that a modification in 
the blast design could be beneficial. 

As seen earlier, the upper explosive deck has a cratering 
action up to surface (SDOB of about 3.5 ft/(lb)l/a), and 
another down to the deck below (SDOB of about 2.3 ft/(lb)l/J). 
During the detonation of the top deck it is possible, however, 
that the explosive action felt a greater relief upwards to the 
"free face" provided by the ground surface than that available 
below. This would be especially true if there were rock layers 
in the region associated with the stemming column between the 
top two decks. 

One possible design modification would be to increase the 
length of the charge column in the uppermost deck to about 12 
charge diameters (6 feet in a 6-inch blasthole) which would be 
olasaified aa a cylindrical charge. However, in the absence of a 
free face for lateral movement this could behave as two adjacent 
spherical charges. The collar ehould be scaled to a depth of 3.5 
ft/(lb)l/\ based on a spherical charge center located 4 
charge diametere down from the top of the column. The etemming 
interface ehould then be calculated using a scaled depth of 2.3 
f t ( 1 b  with charge center located 4 charge diametere up 
from the bottom of the uppermoet aharge column. 

8,4,2.2. Material Swell. Void Space and 
Overburden Devth 

A detailed technical analysis using a model to explain the 



relationship between overburden depth, material swell and 
available void depth in a room was presented earlier in this 
chapter. It was shown that for a 22 foot wide room in 50 feet of 
overburden, with a swell factor of 12% one might not expect the 
formation of a depression if void depths of less than 6.5 feet 
were available. 

When considering the second set of blasts as categorized in 
Table 8-14 (those where surface depressions formed over almost 
all of the blast length) it can be seen that in three of these 
cases surface heave of material over parts of the blasts can be 
explained by the above relationship. In the case of blast #11 
(S-12), in lower cover, the surface heave occurred at the 
position of the panel entry where there was restricted material 
movement. In blast #16 (S-ll(S) the lack of subsidence was 
probably due to the fact that available void space into which 
material could fall had been filled by material which spilled 
laterally from the southern end of the previous blast. 

A second conclusion from the blast-induced subsidence model 
was that in overburden depths of 55-65 feet one required 7-8 
feet of void space to create a surface depression. It was seen 
that all 7 blasts where surface heave occurred had overburden 
depths of 55 feet or greater, and that the maximum void depth 
encountered was 9 feet. Over much of these blasts void depths 
were five feet or less. Post-blast exploration drilling adjacent 
to room S-1 (blasts #10 and #15) indicated that the rooms 
appe.ared to have been filled up to the level of the roof coal. 

It should be clear, therefore, that the creation of surface 
heave is by no means an indication that a blast has not been 
successful in collapsing and filling an underground void. Blast 
#18 (N-6) resulted in no change of surface elevation, though the 
very limited void depth indicates that surface heave should in 
fact have occurred in this case, It is likely, therefore, that 
the single row of holes employed did not break the roof coal 
over its entire width between the pillars. Some material was 
able to migrate laterally into the room - which was subsequently 
filled and thus presents no potential hazard from future caving. 

The only blast where some surface heave occurred which 
cannot be explained directly by a lack of adequate void space is 
#9 (NC-7). Here, as previously described, there was other 
evidence why this had occurred. Another interesting point which 
ties in the idea of available void space was the very large hole 
created at the intersection of the cross-cut and panel entry in 
this blast, Probably as a result of a pillar failure at this 
location, a large void volume was created, which resulted in a 
much wider and deeper sinkhole on surface than would be expected 
for 12 foot wide access development. 



8.4.2.3. Length of Blast 

It was observed from Table 8-14 that 4 out of,the 7 blasts 
where surface heave resulted were shorter than 100 feet. It was 
thought earlier on in the study that this was a direct 
contributing factor to the success of a blast, and that the 
collapsing action was restricted in shorter blasts due to there 
being less overall distance over which the mechanism could 
develop. This mechanism was likened to the "domino effect" - if 
there was not enough room for the first domino to fall, there 
would be no collapse of the structure. 

However, blast #16 (S-11(S)) was fairly short, but was 
definitely successful. In all of the shorter blasts there was 
limited void space which itself explains the surface heave. 
Indeed, a blast was often short because it was terminated 
against a pre-existing sinkhole. Creation of such a sinkhole was 
almost certainly the reason for the limited void space, due to 
the lateral migration of material into the un-collapsed part of 
the room. 

There is no apparent reason, therefore, based on results 
from the test blasting program, why short blasts should be any 
less successful than longer ones. There will be more "wastage" 
in that void space available to one blast will be partly reduced 
by lateral filling from the previous and adjacent blast. There 
is a distinct cost advantage of maximizing blast length, as will 
be seen in the next chapter, during any AML reclamation project 
using blasting. 

8.4.2.4. Millisecond Delays 

Millisecond delays were employed on surface between 
boreholes, and between decks in the hole. There were two reasons 
for the use of millisecond delays. Firstly, it is desirable from 
the point of view of minimizing ground vibration levels that low 
charge weights are detonated for a given delay interval. It is 
obvious from results presented in Chapter 7 that this was 
achieved, and that the use of surface and down-the-hole delays 
was justified. 

In addition, use of down-the-hole delays was required in 
order that each blasthole functioned as a series of cratering 
charges, blasting to the free face created by the charge below. 
The evidence presented in previous sections of this Chapter for 
the successful collapse and filling of underground development 
indicates that correct use of down-the-hole millisecond delays 
was made. 

Initially a 25 millisecond delay period was used between 
successive explosive decks. From blast #14 (S-11(N)) onwards 
this. period was increased to 50 milliseconds, with the arrival 
of the 250 ms period number 9 delay. The technical rationale 



behind this decision was explained in Chapter 4  of this report. 
The 50 ms period between decks gave more time for material 
movement, and increased the chances that there was a free face 
for material to blast into. 

It was noticed from high-speed films that the direction of 
the caving action immediately after the blast changed also with 
the use of 50 milliseconds between decks. When using 25 ms delay 
intervals the caving action tended to start at the end of the 
blast, and work back towards the start. When this was changed to 
50 ms the caving action appeared to follow behind the blast from 
its start to its finish. This is a strong indication that the 
greater delay interval was beneficial, as it brought on the 
caving/collapsing action more quickly, thus reducing the 
possibility of "hang-ups" in the blast. 

8 . 4 . 3 .  Technical and Design Implications from Test 
Blast Results 

8 . 4 . 3 . 1 .  Effectiveness of Working Practices 

The test blast program at the Beulah AML site indicated 
convincingly that blasting could be safely and successfully used 
as an AML reclamation method. A mobile rotary drill using 
compressed air was found to be practical for drilling work. 
Mobility within a site where there were pre-existing sinkholes 
was found to be possible, and the rig could be moved quickly and 
easily around the site. Drilling set-up time was minimal. The 
contracting of a drilling crew which has had previous experience 
in AML sites is a very distinct advantage. 

Use of pickups for access and explosives transport was 
found to be feasible, even under difficult and deteriorating 
weather conditions. Safe and efficient working practices were 
developed for all of the "unit operations" associated with AML 
blasting work, which were described in Chapter 5 .  

The use of explosives was found to be effective - slurry 
type explosives, with their higher density and waterproof 
properties, were effective in the lowermost deck. Use of the 
None1 system for surface trunkline and down-the-hole delays was 
found to be advantageous, both from the point of view of noise 
levels (which were minimal) and for ease of use, 

A 300 foot long blasting cable was sufficient for safe 
initiation of blasts - collar heights were selected correctly 
and fly-rock was minimized. The site was in a remote location, 
but sufficient personnel were available to man road-blocks and 
ensure that safe procedures were adopted at blast time. 

A seismograph for airblast and ground vibration measurement 
should be considered as essential in work of this type. Results 



from seismograph measurements taken indicated that work of this 
type, carried out under the conditions described, should not 
present vibration levels of any concern at distances of greater 
than 4 0 0  feet from an AML blast. The use of a high-speed camera 
is not essential, but good practice if such an instrument is 
available. 

It was found that blasting activity did not cause the 
collapse of adjacent or nearby sinkholes, even where it was 
subsequently determined that these had caved by natural 
processes to within 1 0  feet of the surface. It was found that a 
room could be blasted in two portions without significant loss 
of efficiency. However, blastholes located in or adjacent to the 
room but not blasted could be lost, and it is not therefore 
recommended that holes be drilled too soon before they are 
required. 

8 . 4 . 3 . 2 .  Recommended Design Philosophy 

A blast design philosophy whereby cratering charges are 
blasted successively into the underground opening from the 
bottom of the hole upwards is recommended. To minimize ground 
vibration levels and to ensure that there is sufficient time for 
collapse to occur, holes should be separated by surface delays. 

In loosely consolidated materials such as glacial till, 
clays and soft sandstones collar heights should be calculated 
according to a scaling factor of 3 . 3 - 3 . 5  ft/(lb)l/b. Scaled 
depths of burial of between 2 . 0  and 2 . 5  ft/(lb)l/b should be 
employed in such materials to design the charge and stemming 
heights and placement. Use of a charge column of length 1 2  
charge diameters is recommended for the uppermost deck, which 
should act as two adjacent spherical charges. 

A blasthole spacing on surface of 1 . 5  to 1 . 8 5  times the 
typical depth of burial for a charge should be employed in 
development 1 5  feet or wider. Below this, due to confinement, it 
may be appropriate to reduce this spacing to around 1 . 1 - 1 . 2  
times the typical depths of burial. 

When the wall-to-wall distance for the development exceeds 
1 . 7 5  times the typical depth of burial it is recommended that 
two rows of blastholes be employed. These rows should be 
separated such that there is approximately the same distance. 
between rows as there is distance between a row and the pillar 
wall. It is necessary to stagger the hole placement on rows to 
optimize the distribution of explosives and minimize the drilled 
footage. 

Standardization of loading instructions for holes of a 
given diameter and depth is essential for efficient field 
operations. Modifications should be made where necessary to take 
into account factors such as thickness of roof coal and the 



presence of hard rock bands. If water is detected in blastholes 
it is essential to employ a slurry type explosive. 

The use of column charges to cause the collapse of under- 
ground openings from surface is not recommended, nor was it 
attempted during the project fieldwork. Reasons for the use of 
spherical crater charges, analogous to those used in the VCR 
method of underground mining, were presented in Chapter 2. In 
conventional pit bench blasting one or more vertical free faces 
are present to the side of a blasthole. Therefore, it is often 
possible to widen blasthole spacings by making more explosive 
energy available in a hole. This can be achieved by use of 
larger diameter blastholes, or of a higher energy explosive, or 
by fully loading the charge column, as opposed to deck loading. 

In AML blasting, though, the only available free-face for . 
blasting is downward, and below the hole. The orientation of the 
free face is not suitable for bench blasting techniques. It is 
very unlikely, therefore, that the extra explosive quantity in a 
column charge would do any useful work. An increase in the 
blasthole spacing would probably result in incomplete caving of 
the room. The extra explosive consumed in a column charge would 
be wasted, and would certainly increase the cost of AML 
blasting. 



9. COST ANALYSIS 

9.1, INTRODUCTION 

The analysis of the costs associated with the use of 
blasting as an AML reclamation tool is a very important aspect 
of the overall feasibility of the method. Even though it has 
been proven that the method is technically feasible, it is 
necessary to assess its economic viability. 

This overall aims of this section of the report are as 
follows : 

- to report the costs associated with the 
fieldwork for this project 

- to analyze these costs and their significance 
- to identify key cost centers 
- the use of actual costs as a basis for the 
establishment of a "Cost Model" for AML blasting 
work 

- use of the Cost Model to project costs for 
future work of this kind 

- to compare the cost of blasting with.other AML 
reclamation methods 

Care was taken during the analysis to separate those costs 
which had an essentially "research component" from those which 
would be incurred in the actual use of the method, once proven 
and refined, for AML reclamation work, 

The cost of initial site selection and evaluation is not 
included in this analysis, nor is the exploration drilling which 
was carried out to define the overall site characteristics, 
Mention of the project costs for this, and other potential AML 
sites, is made in Chapter 3 of this report. The cost of 
exploratory "line-up" drilling is incorporated into this 
analysis, however. 

. Extensive use for this analysis has been made of a 
"spreadsheet" program, using a microcomputer. The actual 
software employed was the Lotus 1-2-3 package. Use of the 
graphics capability of this program has also been employed to 
produce many of the figures associated with the Cost Model. 



9.2, ANALYSIS OF ACTUAL FIELDWORK COSTS 

9.2.1. Unit Costs Employed 

Table 9-1, which actually forms part of the spreadsheet 
used for this analysis, shows the breakdown of unit costs into 
cost centers, and the actual values that were incurred during 
the 1986 testwork, 

Drilling was carried out at 6 and 8 inch diameters, and the 
costs incurred for both of these are contained in the 
spreadsheet. Explosives were ordered in two separate batches; 
the first was larger, and therefore lower unit costs for ANFO 
and slurry were incurred. The cost of explosives accessories, 
and labor charges, remained constant throughout the project. 

The general costs of travel, subsistence, rentals and 
miscellaneous field items were totalled for the project, and 
then assigned a "per blast" cost simply by dividing the total 
item cost by 21, the number of blasts taken. Although this is 
something of an oversimplification, this approach is felt 
justified as the general cost associated with a particular blast 
is small when compared with the drilling, blasting and labor 
costs. 

As the actual costs incurred are to be used as the basis of 
a Cost Model to predict cost of future work of this kind (see 
Section 9.3. of this report) it was necessary to separate those 
costs which had a distinctly "research oriented" component, 
namely those associated with targeting explosives with None1 
trunkline, and high-speed camera work. 

9.2.2, Calculation of Blasting Cost Components 

The second page of the blast costing spreadsheet calculates 
the actual cost of the major components of each blast, and the 
total cost associated with it. These are contained in Appendix F 
for the 21 blasts carried out in the fieldwork. Table 9-2, which 
contains the analysis of the cost of blast number 13, will be 
used to illustrate the following description of how costs were 
actually calculated. 

Each blast is identified by its number and location, and 
the number and diameter of blas"tho1es is recorded, together with 
the number of rows of blastholes employed. The length of the 
blast is multiplied by the affected width (in this case the 
width of the room plus half of the distance in the pillar to the 
next room) to obtain an "area of influence", which is used to 



A?lL PROJECT - BLAST COST ANALYSIS. 
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DRILLING COST /FT ------------- 
EXPLOSIVES COSTS ---------------- 

ANFO 
SLURRY 

BOOSTERS 
DTH DELAYS 

SURF. DELAYS 
HOLE PLUGS 

CAPS 
PRIMALINE 

NONEL T'LINE 
BALER TWINE 

LABOR COSTS 

/LB 
/ LB 
EACH. 
EACH 
EACH 
EACH 
EACH 
/ FT 
/ FT 
/FT 

BLAST. ENGR. /HR 
FIELD ENGR. /HR 
LABORER /HR 

GENERAL COSTS ------------- 
TRAVEL (PICKUP RENTAL, MILEAGE, GAS) ------ 

TOTAL FOR PROJECT 
PER BLAST 

COSTS USED 
P = a O Z L E I 1 1 a  

8 INCH 6 INCH 
90.900 . 80.750 

BATCH 2 BATCH 1 
50.212 50.161 
80.451 90.386 

53.120 
81.680 
92.200 
S1.820 
91.976 
SO. 079 
80.057 
90.003 ------------ 

----------- 
TOTAL FOR PROJECT 

PER BLAST 

RENTALS 

SEISMPGRAPH 
MAGAZINES 
TRAILER 

TOTAL FOR PROJECT 
PER BLAST 

MISCELLANEOUS ------------- 
nIsc. FIELD EQUIPMENT 
GRAVEL (STEMMING) 
SNOW REMOVAL, BOBCAT HIRE 
WOODEN STAKES 

TOTAL FOR PROJECT 
PER BLAST 

STAKES, TARGETS ETC. (RESEARCH COMPONENT) 5380.00 
PER BLAST 927.14 ------------ 

TABLE 9-1: COST PARAMETERS AND VALUES USED FOR CALCULATION 
OF I N D I V I D U A L  B L A S T I N G  COSTS 
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u P I n I l n P l P P P P l l P E I E t P a f P t P P P l u I ~ 3  

BLAST NO. 13 

LOCATION : N - 1 0  # HOLES 23 DIAU. 6 
LENGTH 155 F T  WIDTH AFFECTED : 40 FT  
NOmOF ROWS 2 ' AREA OF INFLUENCE 6200 SO. FT --------------------------------------------------------------------- 

COST 
DRILLING ---- -------- ROOM LINE-UP 180 FT (b @ 0.750 / F T  8135.00 

PRODUCTION 1347 F T  (b 8 0.750 /FT  = 81,010.25 
TOTAL 91,145.25 . ------------ 

BLASTING -------- ANFO 5200 LBS (d 9 0.175 /LB I 8910.00 
SLURRY O L B S I d  S 0 . 3 8 6 / L B  P SO. 00 
BOOSTERS 9 2 Id 3.120 EACH = 9287.04 
DTH DELAYS 9 2 Id 1.680 EACH 9154.56 
42 MS DELAYS 23 (d 2.200 EACH = 950.60 
HOLE .PLUGS 25 Id 1.820 EACH = 8 4 5 . 5 0  
CAPS 1 CS 1.976 EACH 91 -98 
PRIMALINE 1 4 2 0  FT 1 0.079 /FT  P 8111.47 
BALER TWINE 2 8 4 0  FT  Q 8 0.003 / F T  P 97.10 ------------ 

TOTAL 81,568.25 ------------ 
NONEL T 'L INE 1400 FT  B 8 0 . 0 5 7 ' / ~ ~  I 879.80 

(RESEARCH COHPONENT) ------------ 
LABOR ----- LINEUP 1.75 HRS (d d 18.50 /HR 

PREPARATION 3 . 5 0 H R S I d  9 2 8 . 5 0 / H R  
BLASTING 10.00 HRS (d 8 55.50 /HR 

TOTAL 
OVERHEADS 50 X DIR LAB 

TOTAL 

RESEARCH COMPONENT 
2.00 H R S  @ 9 55.50 /HR 

TOTAL ( +  OVERHEADS) 

GENERAL ------- TRAVEL /BLAST 

SUBSISTENCE /BLAST 
RENTALS /BLAST 
MISC. /BLAST 

TOTAL /BLAST 

RESEARCH COMPONENT /BLAST 

--------------------------------------------------------------------- 
TOTAL COST (EXCL, RESEARCH) = 94,082.28 
= I P a m I P L = =  I L = I I ' L I I I ' P  

TOTAL COST (INCL. RESEARCH) = 6 4 , 3 5 5 . 7 2  
I I C E P I = I P P  P I I P l l l P I I P P  

COST/ACRE (BASED ON T H I S  BLAST, EXCL. RESEARCH) t 9 2 8 , 6 8 1 . 3 0  
= L I I I m = = C  l l P l E l l C C l l l  

I I I P P = I P D I P ~ ~ = P ~ ~ I I O P L : I I P ~ = ~ I = = = P = C I = I I P ~ I P ~ = = ~ = I = = = = = = = C ~ = ~ ~ P P = = I = L : = I  

TABLE 9-2: EXAMPLE OF SPREADSHEET USED TO CALCULATE COST OF 
I N D I V I D U A L  BLASTS 



pro-rate the cost of the blast to a cost per acre (explained 
later). 

The room line-up drilling footage was estimated for each 
blast; this does not include the exploration drilling at the 
site to locate rooms themselves, but is the drilling carried out 
to locate the lateral limits of the underground openings in 
order that blastholes could be properly positioned. The 
production drilling footage is the actual amount of drilling 
carried out during field operations for that particular blast. 

For blasting cost calculation, all consumption of 
explosives and explosives accessories are those recorded from 
magazine inventory sheets for that day. Primaline and baler 
twine footages are estimated, based on the known drilling 
footage for a blast. Nonel trunkline, where used for targets in 
high-speed camera work, is recorded as a separate cost as this 
represented a purely "research component" of the fieldwork. 

A uniform approach was taken in assigning labor charges. It 
was assumed that on average each blast involved about 1.75 hours 
work by the field engineer during the room line-up stage. In 
addition, about 3.5 hours work was involved, by the field 
engineer and one helper, in preparation for the blast. This 
includes the location and staking out of the blasthole pattern, 
and the measurement and plugging of the blastholes prior to 
actual blasting operations. 

It is estimated that a blasting operation took, on average, 
about 10 hours with the crew size that was available during the 
1986 testwork. This included all blasting "unit operations", 
including loading powder from the magazine, making up the 
boosters with the appropriate down-the-hole delays, and actual 
charging, measuring and stemming operations. It also included 
the location and setup of the engineering seismograph, the 
tie-in of the blast using surface delays, the wiring-up, and the 
blast itself, followed by a visual check for misfires and a 
brief assessment of its success. 

Again, the "research element" of labor cost was kept 
separate - it was estimated that for a typical blast where the 
high-speed camera was used, a further two hours work were 
involved over and above normal blasting operations. This 
includes the time spent in attaching Nonel trunkline to the 
appropriate delay, the fixing of the coiled Nonel to the 
targets, and the set-up, film loading, testing and actual 
operation of the high-speed camera. 

The general costs associated with the blasting fieldwork 
constituted only about 10% of the total expenditure. They 
included travel, subsistence, rentals and miscellaneous field 
equipment as shown in Table 9 - 2 .  This cost was divided equally 
between the 21 blasts for the purpose of this analysis. Had this 
site been more remote from the area of operations of the 



participating companies, these costs would have been more 
significant. Then, it would be necessary to pro-rate them on 
some other basis, such as the blast area of influence. 

9.2.3. Calculation of Total Blasting Cost 

The costs of each blast component were totalled in the 
spreadsheet to give a total cost for the blast, inclusive and 
exclusive of the research component (see Table 9-2). Data for 
each individual blast is contained in Appendix F. This is also 
summarized, together with other pertinent data, in Table 9-3. It 
can be seen from this table that the total cost of a blast taken 
to collapse an underground opening during the 1986 testwork 
varied from $2300 to $5575. Blast number 20 was employed only to 
fill a sinkhole, with a correspondingly lower cost. 

Total and component costs for the 21 blasts are illustrated 
graphically in Fig. 9-1, where it can be seen that the labor and 
general costs associated with each blast are assumed to be 
constant for all cases except blast # 20. These are exclusive of 
the "research" cost element. In almost every case, explosives 
represented the largest cost element. 

9.2.4. Calculation of "Pro-rated" Cost per Acre 

Once the actual cost of a blast is calculated, it is 
possible to "pro-rate" this to a cost per acre, assuming exactly 
the same site conditions over that acre, according to the 
following expression: 

Cost per acre = Cost of blast x 43560 
Area of influence (sq.ft.) 

Thus a blast is pro-rated according to the number of times 
its area of influence fits into an acre. Since the area of 
influence includes the pillars, this pro-rated cost will apply 
only for an acre of land in which the exact same mining 
configuration occurred. 

The pro-rated cost per acre for each of the 21 blasts forms 
the bottom line of each cost analysis spreadsheet (see Table 
9-2) and is exclusive of any research component. These numbers 
are also summarized in Table 9-3, and shown graphically in Fig. 
9-2. 

It can be seen that, based on the actual costs incurred, 
that a cost per acre of between $15,000 and $53,000 was 
experienced. Further discussion of these results will be made in 
the next section. 
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9.2.5. Cost Analysis of Actual Blasts 

Variation in actual blasting cost is obviously very 
dependent on the size of the blast taken, with longer blasts 
requiring more blastholes, and therefore more drilling footage, 
and using a greater total weight of explosives. It is thus of 
little relevance to compare the actual blast cost data from 
Table 9-3 or Fig. 9-1; discussion will therefore be focussed' on 
the pro-rated cost per acre of each blast. 

The particular value of this part of the analysis is in the 
assessment of those unit costs to which total cost per acre is 
most sensitive, so that these parameters may be studied using 
the Cost Model (see Section 9.4. of this report). 

It is apparent that blasting cost per acre is dependent on 
some of the following factors: 

9.2.5.1. - Overburden Depth 
Deeper overburden involves more drilling and higher 

explosives consumption. Fig. 9-3 illustrates the average depth 
to void for the 21 blasts carried out. To a large extent, the 
high pro-rated costs per acre in blasts 10 and 15, for room S-1, 
are due to the deep overburden cover in this area. The same may 
be said for blast number 18 on room N-6. 

9.2.5.2. - Blasthole Diameter 
Higher explosives costs may result from the use of 8 inch, 

as opposed to 6 inch blastholes. An 8 inch blasthole contains 
78% more explosive volume per foot than a six inch. This is 
offset to some extent by the fact that it is often possible to 
space the 8 inch blastholes further apart, and use a single line 
of blastholes, thus reducing the number of holes and the total 
drilling footage. 

This was the case for blast number 18 (N-6), where the 
single line of blastholes used exactly halved the drilling 
footage that would have been incurred using a double line of 6 
inch holes. The fact that the pro-rated cost per acre is higher 
than average for this blast is due more to high overburden depth 
than the fact larger holes were used 

9.2.5.3. - Number of Rows of Blastholes 
It is obviously considerably less costly to blast a room of 

a given width with a single line of blastholes than with a 
double row. Though the hole spacing may have to be reduced in a 
single row case for the same blasthole diameter, the footage of 
blasthole to be drilled and charged will be almost halved. 
However, it must be assured that a single row will successfully 
collapse a wider room. 





The first blast taken during the testwork, number 1 on room 
N-14, had one of the lowest pro-rated costs per acre because a 
single row of holes was employed in a 22 foot wide room. Blast 
number 9 also used a single row, and the hole diameter and 
average overburden depths were essentially the same. The 
pro-rated cost per acre was higher, though, for reasons which 
will shortly be discussed. 

Blasts 19 and 21 were taken in adjacent parts of room S-9, 
using double and single rows of blastholes respectively. The 
site conditions were, therefore, virtually identical. Blast 19 
was a little longer, and had, in fact, a 20% greater area of 
influence; this had no effect on the pro-rated cost per acre, 
however. Blasthole spacing for the single row blast was reduced 
by 3 feet relative to the double row blast. 

When the correction is applied for the different areas of 
influence, it is found that the drilling and blasting costs for 
the double row case were 44% and 52% higher, respectively, than 
for single row blasting. The cost per acre associated with the 
former was, at $26,549, about 16% higher than for the single row 
case. This reduction does not seem very high, in view of the 
major savings in explosives for the single row case. However, 
the explanation lies in the fact that the same labor charges 
were applied to both blasts. 

In a non-research application, however, this would not be 
the case. Single row blasting involves less time for a given 
blast size, and it would therefore be possible to schedule 
longer blasts than for a double-row case, Since labor costs are 
also pro-rated by the blast area of influence, they would be 
lower in a longer, single row blast and therefore the total 
pro-rated cost per acre would be reduced more than is the case 
in this example, This is a significant fact.or when considering 
the development of a Cost Model, and will be discussed further 
later on. 

9.2.5.4. - Explosive Type 

If an area can be blasted using ANFO alone, then the 
explosives cost will be appreciably lower than if the higher 
cost slurry type is required. This must be weighed against the 
increased bulk strength of the higher density slurry explosives, 
and their superior performance in wet conditions. 

The effect of explosive type on overall cost can perhaps be 
best illustrated by comparing blast numbers 12 and 15 (N-8(N)and 
S-1(S) respectively), which were both in about 55 feet of 
overburden cover. The total cost of blast number 15, where two 
decks of slurry explosive were employed due to wet hole 
conditions, was about 27% higher than that for blast 12, where 
all ANFO was used. This is almost entirely due to the difference 
in cost between the two explosive types - both blasts used about 



3200 pounds of explosives. The explosives cost for the blast 
using slurry was 78% higher than the case for all ANFO, when 
correction is made for the different blast areas of influence. 

9.2.5.5. - Area of influence 

It has already become apparent from previous discussion 
that this is a very important factor in determining the cost per 
acre for a blast, The pro-rated costs for blasts 2 and 6 from 
the testwork are very high because their associated areas of 
influence were low. The blasts were short, and involved the same 
labor cost as larger blasts. Such costs would not normally be 
encountered in AML blasting of a non-research nature, where 
efforts would be made to maximize the length of room blasted in 
a shift. 

The area of influence that a blast has in an AElL property 
is very closely linked with the relative widths of rooms and 
pillars, and the type of development, at the site. The concept 
of "percent extraction" will be introduced here. In many coal 
deposits where room and pillar mining was employed, the three 
dimensional concept of mining extraction (the volume of coal 
mined from the deposit or part of the deposit relative to its 
minable reserves) can be resolved essentially into two 
dimensions. If one assumes that for the area of interest that a 
seam of constant thickness was mined with rooms of consistent 
height, then the percent extraction by area and by volume 
(mining extraction) are the same. 

This being the case, then the percentage extraction from an 
AML site can be obtained from the following expression: 

Percent extraction Room width 
Room width + Pillar width 

At the 1986 test site in Beulah rooms were on average 22 
feet wide and separated by 18 foot pillars; this is a "mining 
extraction" of 55%. Fig. 9-4 illustrates how, for a given 
percent extraction, the amount of blasting work required at an 
AML site will vary if rooms are narrower than 22 feet. It is 
assumed at this time that the typical double row blast that can 
be taken in one day is 220 feet long, whereas a single row blast 
of 350 feet is possible. The actual cost for each of these 
blasts is assumed to be $5000, including drilling, explosives, 
labor and general costs. 

The number of blasts per acre for a given room and pillar 
configuration is thus expressed by: 

No. blasts = 43,560 
Blast length x (Room width + Pillar width) 



22' wide rooms, 10' ~ i l l a r s  

551 ex t rac t i on  I 0.55 r 43560 = 23,150 sq. f t . l r c r e  
DOUBLE ROW I 23950 i 220 i 22 8 4.95 b l a s t s l a c r r  8 $25,0001acrc 
61N6LE ROW 8 23958 + 350 5 22 8 3.11 b l r s t s l a c r e  = $15,50O/acre 

12' wide access development. 80' spacinp 

152 ex t rac t i on  I 0.15 r 43560 = 6,515 sq. f t . l ac re  
81N6LE ROY I 6543 t 350 t 12 8 1.56 b l r s t r l r c r a  8 $7,80Olatra 

F I G ,  9-4: ILLUSTRATING RELATION- 
SHIP BETWEEN ROOM WIDTH, 
PERCENT EXTRACTION AND 
BLASTING COST PER ACRE 
FOR 55% EXTRACTION 

12' wide rooas, 9.0' u i l l a r 5  
551 emtract ion I 0.55 x 13560 = 23,950 sq, f t . l a c r e  

BINGLE ROW I 23950 ) 350 ! 12 8 5.1 b l r r t r l r t r e  S2B,500/rcre 



For the typical case at the test site, this gives: 

No. blasts = 43,560 = 5 blasts/acre 
220 x (22 + 18) [Double-row blasting] 

and 

No. blasts = 43,560 = 3.1 blasts/acre 
- 350 x (22 + 18) [Single-row blasting) 

It is therefore possible to estimate that for 55% extrac- 
tion the cost of single row blasting is, at around $15,00O/acre, 
about 60% of that when a double row is used for rooms of the 
same size. If, however, the room width which can be successfully 
blasted with a single row is less, then there will be no cost 
saving. This is illustrated in the lower part of Fig. 9-4, where 
it can be seen that a 12 foot wide room, at 55% extraction, is 
associated with a 9.8. foot wide pillar. There are 5.7 such 
blasts in an acre, and the cost per acre increases to $25,000. 

However, when smaller opening size is combined with greater 
pillar widths, the cost of blasting an acre may be reduced very 
appreciably. Part of the test site consisted of panel entries 
and cross-cuts which were 12 feet wide and separated by 80 foot 
pillars. This is illustrated in Fig. 9-4, and represents only a 
15% extraction. As such, there are only 1.5 such blasts in an 
acre, and the per acre blasting cost is only $7,500. 

It is for this reason that the pro-rated cost for blast 
number 9, on NC-7, was so much lower than average. Its area of 
influence was much higher than for room blasting. It also 
explains why blast number 17 had such a low pro-rated cost, even 
though the majority of the blast consisted of a 22 foot wide 
room using two rows of blastholes. Part of this blast also 
consisted of a 12 foot wide cross-cut, with a much larger area 
of influence associated with it. 

This subject is discussed further in the section describing 
analysis with the Cost Model for AML blasting. 

9.3. AML BLASTING COST MODEL 

9.3.1. Introduction 

From the previous section of this report it should be 
obvious that the cost per acre of AML blasting work can be very 
variable. It is sensitive to variable site parameters, cost of 
drilling and explosives, and very sensitive to the percent 
extraction from a site. One of the major aims of the research 
effort in this project has therefore been the development of a 
method to model and predict costs for future work of this kind. 



To this end a model has been devised, using the Lotus 1-2-3 
package, which is based very closely on the spreadsheet designed 
for analysis of actual costs. However, while much of the 
information for the actual cost analysis was input from 
fieldwork cost records, the Cost Model calculates many of these 
items, including the drilling footage, explosives consumption 
and actual labor charges that are likely to be associated with a 
given set of site characteristics. 

A schematic for the Cost Model is presented in Fig. 9-5, 
which also illustrates the formation of the spreadsheet database 
described previously in this report and presented in Appendix G. 

The general aims of the Cost Model developed have been the 
following: 

1. Establish typical costs for each item (drilling, 
explosives, labor, general field and project expenses) 
based largely on the 1986 experience, and on data 
included as Appendix F in this report. 

2. Design the model in such a way that the following site 
parameters may be varied, and accurately incorporated: 

- choice of single or double row blasting 
- selection of room width, and blast length 
- selection of average depth of overburden 
- selection of overall site area 
- selection of a percentage extraction 
- selection of explosive type(s) 

3. Based on the above cost items and selected site 
parameters, the following must be calculated 
automatically by the model: 

- footages of room line-up and production 
drilling 
- theoretical consumption of explosives and 
explosives accessories 
- labor charges for line-up, preparation and 
blasting 
- general costs (travel, subsistence, rentals, 
etc. ) 

4. Generation of tables and graphs by the model to carry 
out a cost "parameter analysis". This will calculate 
the change in blasting cost per acre due to variation 
in the following important criteria: 



FIGURE 9-5 : SCHEMATIC FOR COST DESIGN MODEL 

Input of actual cost data 

- unit drilling cost 
- unit explosives cost 
- unit explosives 

accessories cost 
- unit labor costs 
- project overheads 
- general project costs 

Per blast: 
- actual drilling footage 
- actual explosives consumption 
- actual explosives 

accessories consumption 
- actual labor hours 
- area of blast 

Calculation of actual costs 

- individual cost per blast 
- individual cost per unit area 

reclaimed 

COST DESIGN MODEL 

Input to design model: 

- site factors 
- explosives type 
- number of blasthole rows 
- blasthole diameter 
- area to be reclaimed 
- percent extraction from area 

Model calculates: 

- cost/acre for each cost center 
- tatal cost/acre for project 

- SPREADSHEET DATABASE 



- overburden depth 
- drilling cost 
- explosives cost 
- labor cost 
- percent mining extraction from a site 
- size of site area 

For this model single-row and double-row cases are 
considered separately. In practice a combination of both 
configurations will probably be required at a site, with the 
relative importance of one or the other dependent very largely 
on the distribution of development widths and types within it. 

9.3.2. "Base Case" Cost Model Parameters 

In order to model the effects of varying site and cost 
parameters on the overall blasting cost per acre it was first 
necessary to establish " base" values for each of these 
parameters. The Cost, Model consisted of two spreadsheets, very 
similar to those employed for analysis of actual cost data from 
fieldwork. The first contains unit cost data for drilling and 
explosives, and the itemized calculation of unit labor and 
general site costs for a 10 acre site. This data is then used by 
the second spreadsheet, which calculates the total cost per acre 
based on the input site characteristics. 

Table 9-4 shows the first of these spreadsheets, with all 
of the "base case" values employed. Values which are marked by 
" * t * * "  in this table are those which are actually calculated by 
the spreadsheet, and are dependent on site conditions. Their 
calculation will be described later. 

A drilling cost of $l.OO/ft is assumed; this is consistent 
with current prevailing rates in North Dakota and Montana, but 
may have to be revised to reflect the more favorable economic 
climate for drilling firms in some other parts of the country. 

The explosives costs for ANFO and slurry are a little lower 
than those we experienced in our 1986 tcstwork, but are 
nevertheless considered appropriate for a non-bulk product for a 
single delivery of a size consistent with a typical 10 acre 
site. The prices of explosives accessories (delays, etc.) are 
virtually identical to those encountered in our field work. 

Actual calculation methods employed by the spreadsheet will 
be described in the next section of this report. It was felt 
that the model should be developed for a ten-acre site, as this 
was consistent with the size of the 1986 test site. In most 
cases, since blasting cost is pro-rated on a per acre basis by 
the Cost Model, one would not expect a very marked change in 
cost per acre as site size increases. There would be some 
"economies of scale" for a larger site; this is discussed later. 



. . 
AML PROJECT - BLAST COSTING MODEL. ................................. --------------------------------- 

DRILLING COST / FT ------------- 
EXPLOSIVES COSTS 

ANFO 
SLURRY 

BOOSTEPS 
DTH DELAYS 

SURF. DELAYS 
HOLE PLUGS 

CAPS 
PRIMALINE 

NONEL T'LINE 
BALER TWINE 

LABOR COSTS ----------- 
, BLAST. ENGR. 

FIELD ENGR. 
LABORER 

/ LB 
/LB 
EACH 
EACH 
EACH 
EACH 
EACH 
/FT 
/ FT 
/ FT 

/HR 
/HR 
/HR 

COSTS USED ----------  ---------- 
8 INCH 6 INCH 
L1.500 L1.000 

BATCH 1 
SO. 145 
80.360 
83.200 
$1.750 
S2.250 
51.850 
$2.000 
80.079 
SO.  057 
SO. 003 

- - - - - - - - - - - -  

GENERAL COSTS ------------- 
TRAVEL (PICKUP RENTAL, MILEAGE, GAS, MOBILIZATION) ------ 

TOTAL FOR PROJECT L3,OOO.OO 
PER BLAST * ------------ 

SUBSISTENCE ----------- 
ENGINEERS @ 950 /DAY = **** 
LABORERS Q 540 /DAY z a * * *  ------------ 

TOTAL FOR PROJECT 
PER BLAST 

RENTALS 

SEISMOGRAPH Q $500 /MONTH = 
MAGAZINES Q 8400 /MONTH = 
TRAILER Q 8350 /MONTH = 

TOTAL FOR PROJECT 
PER BLAST 

MISCELLANEOUS ------------- 
UISC. FIELD EQUIPMENT 
GENERAL SITE SERVICES 
CONSU,HABLE FIELD SUPPLIES 

TOTAL FOR PROJECT 
PER BLAST 

TABLE 9-4: ILLUSTRATING COST CEiiTERS AND VALUES USED FOR COST 
MODEL SPREADSHEET (***"  denotes calculated value) 



The duration of the work, for a site of a given size is 
obviously a function of the size of the drilling and blasting 
crew. This in turn affects the total cost of travel, subsistence 
and rental charges for a project. 

A total travel cost of $3000 has been used for work at a 
ten acre site. This is intended to include rental of at least 
one pickup, the mileage charge on this and at least one other 
vehicle, gas, and equipment mobilization. It has been assumed 
that the site would be located at such a distance from the 
offices of the companies involved with the blasting work that it 
would be possible to drive to the site at the beginning, and 
back to home location at the end of the project. If the 
distances involved were significantly greater, then the $3000 
estimate would have to be revised accordingly. 

A daily subsistence of $50 has been assumed for each of the 
two engineers for room and meals. As a minimum crew size is 
being assumed, it is felt that at least one of the laborers 
should be experienced with this type of work. As such, 
therefore, it may well be necessary to bring this person in from 
outside of the site area. A daily subsistence for one laborer at 
$40 per day has also been included in the Cost Model. The second 
laborer, required for deeper overburden sites, could probably be 
hired locally. 

It has been assumed that, as was the case for 1986 
testwork, rental of a powder magazine (semi-trailer type), plus 
smaller magazines for boosters and primers, would be required. 
In addition, some kind of small mobile trailer would be needed 
for use as a field office. In most cases it would be advisable, 
even if not mandatory, to use a blasting seismograph at the site 
in case of possible complaint and/or litigation by local 
residents, This may not be necessary at very remote sites. 

Miscellaneous general site expenses would include equipment 
such as tapes, blasting cable, blasting machine and other sundry 
tools and items. These would in many cases be re-usable items, 
and for this reason their cost should not be extended in a 
strictly linear manner to larger blast sites than 10 acres. 
General site services may include items such as limited dozer 
work to level magazine sites or minor work on existing roads. It 
would not include a major access development. Consumable field 
supplies would typically include marker stakes, tape and sundry 
other items. 

9.3.3. Variable "Base Case" Parameters 

The second spreadsheet used by the Cost Model is presented 
as Table 9-5. Though this is concerned largely with calculation 
(calculated values are shown as " * * * * "  here), there are some 
items that are employed which may be considered as variable 
"base case" data. These are parameters that may well be fixed 



ANL PROJECT - BLAST COST ~IODEL. ANALISYS NO. n n 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 ~ 1 1 1 1 I ~ m I I ~ ~ ~ I ~ I  

COHMENTS: VARIABLE nnnnn 
10 ACRE SITE. BASE CASE. nnnnnn ROW. 

DESlGN PARAMETERS : ............................................... ------------------- 
HOLE DIAX. 6 INCH NO. ROWS ? 1 or 2 
LENGTH 3 5 0  or 2 0 0  FT ROON WIDTH 1 2  o r  2 0  FT 
ROW SEPARAT. 8 F T  HOLE SPACING 12 or 15 F T  
# HOLES a a a a  AV. DEPTH TO VOID 55 FT 
PILLAR WIDTH aara FT AREA OF INFLUENCE a*** SO. FT 
% EXTRACTION 40.0% VOID/ACRE ***a SO. FT 
S I T E  AREA 10 ACRES NO. BLASTS a a a a  

LOADING PARAMETERS : CHOICE ------ > n 

1. ALL ANFO 4. BOTTOH 2 DECKS ENERGEL 
2. BOTTOH DECK ENERGEL 3.  BOTTON 2 DECKS IREGEL 
3. BOTTOH DECK IREGEL ----------------------------------------------------------------------- 

COST 
DRILL ING ---- -------- ROOMLINE-UP ***a F T @  a l . O O O / F T =  aaaa 

PRODUCTION ***a I T  B 13 1.000 /FT I aaaa ------------ 
TOTAL 

BLASTING -------- ANFO 
SLURRY 
BOOSTERS 
DTH DELAYS 
SURF. DELAYS 
HOLE PLUGS 
CAPS 
PRIMALINE 
BALER TWINE 

***a 

a a a a  

*a** 

a a a a  

a*** 

a a a a  
.**a 
a*.. 

**a* 

LBS Q 1 0.145 
LBS B r9 ' 0.360 

Q 3.200 
B 1.750 
Q 2.250 
Q 1.850 
a 2 .ooo 

F T  L 0.079 
F T  Q I# 0.003 

/ LB 
/LB 
EACH 
EACH 
EACH 
EACH 
EACH 
/ FT 
/ F T  

aaaa 

a*.. 

aaaa 
.an. 

aaaa 

*.*a 
a*** 
a  a  a  a  

a a a a  --------- 
TOTAL aaaa 

LABOR ----- LINEUP 1.75 HRS Q L 20.00 /HR I 933.00 
PREPARATION 3 . 5 0 H R S Q  B 30.00 /HR = Cr105.00 
BLASTING 10.00 HRS B O r**r /HR = aaaa ------------ 
TOT A L 
OVERHEADS 50 X D I R  LAB 

aaaa 
I .**a ------------ 

TOTAL mama 

GENERAL 
---.---- TRAVEL /BLAST 

SUBSISTENCE /BLAST 
RENTALS /BLAST 
MISC /BLAST' 

TOTAL /BLAST 

TOTAL COST I ***a 

COST/ACRE (BASED ON T H I S  BLAST) I a*.. 

I ~ I P P I I P I I ~ ~ P I P ~ ~ ~ P ¶ ~ O I I I I I ~ P P I P P ~ ~ P P P ~ P S ~ ~ ~ P ~ ~ ~ ~ ~ ~ ~ ~ E E ~ ~ ~ ~ P ~ U ~ ~ ~ ~ S ~ ~ ~ ~  

T A B L E  9-5 : I LLUSTRAT I NG SPREADSHEET USED FOR COST MODEL 
CALCULATIONS (""" DENOTES CALCULATED VALUE)  



for a given site, but will vary from one site to another. 

9 . 3 . 3 . 1 .  Blasthole Diameter 

During the 1 9 8 6  testwork it was found in most cases that 6  
inch blastholes were successful in collapsing underground 
openings in the material types and overburden depths 
encountered. The Cost Model assumes that blastholes are of this 
diameter. If analysis were to be required at other diameters, 
such as 8 inch, all that would have to be provided in addition 
is a table of typical loading weights for different blasthole 
depths at this diameter. Such a table for 6 inch holes is 
described and included later in this chapter. 

9 . 3 . 3 . 2 .  Number of Blasthole Rows 

As previously discussed, single or double row blasting can 
be considered by the Cost Model. The choice here will depend 
very much on overburden strengths, and on the widths and types 
of underground development. 

9 . 3 . 3 . 3 .  Room Width 

This is obviously very site specific, and may also vary 
within a site. In the latter case, it would be necessary to run 
the Cost Model for each room width in order that the pro-rated 
costs per acre accurately reflect the development being blasted. 

9 . 3 . 3 . 4 .  Blasthole Spacing 

This will depend very much on material types being blasted. 
In most analyses presented in this report it has been assumed 
that single row blasting uses 1 2  foot spacing, and double row 
blasts have holes spaced 1 5  feet apart on rows separated by 8 
feet. 

9 . 3 . 3 . 5 .  Blast Length, Crew Size and Project 
Duration 

During 1 9 8 6  testwork it was found that the minimum 
practical labor force was three men. However, for larger blasts 
0 2 5  holes) or those in deeper cover requiring 5  explosive 
decks, four men were required, using two loading crews of two 
men each. 

For the "base case" a 3  man team is considered, consisting 
of a senior blasting engineer, a field engineer, and one 
additional laborer. This is the absolute minimum that is 
considered necessary for work of this kind, and would involve 



labor by all three people in the actual hole loading process, 
and considerable manual labor by the field engineer throughout 
the fieldwork. When the overburden depth exceeds 60 feet, the 
Cost Model automatically includes a second laborer at $10.00/hr1 
as this is the depth at which it is assumed that 5 deck blasting 
would be employed. 

The use of 50 working hours per week is consistent with 
experience during our testwork. The $lO.OO/hr charge for the 
laborers has been set a little higher than might be currently 
expected to reflect overtime rates and to simplify calculations. 

It was found during the 1986 testwork that the maximum 
number of blastholes that could be loaded in a 10 hour day was 
about 30. The practice of leaving a blast partly loaded 
overnight would certainly be prohibited by safety regulations 
unless a permanent guard was mounted. On this basis, the length 
of typical single and double row blasts may be calculated, which 
is found to be about 350 feet and 200 feet respectively. This 
assumes a blasthole spacing of 12 feet for single row and 15 
feet for double row, which are consistent with successful 
practice during the 1986 testwork. 

From this it is then possible to calculate the number of 
blasts that will have to be taken in a 10 acre site, and thus 
the project duration can be determined. The actual calculations 
carried out by the Cost Model to do this are described in 
section 9.3.4.8. of this report. 

9.3.3.6. Depth of Overburden 

This is such an important site parameter in determining AML 
blasting costs that it is considered in every anal-ysis using the 
Cost Model. It is used as a variable parameter, and when other 
site and cost parameters are being varied, the model is still 
run at four different overburden depths. The value for 
overburden depth which might be considered typical for sites 
such as the one in which testwork was carried out in 1986 is 
50-55 feet. 

9.3.3.7. Percent Extraction 

This parameter is studied in some depth later in section 
9.4.2.5. A "base case" value of 40% is considered typical for 
near surface underground coal deposits mined using the room and 
pillar method. The value of 55% for the 1986 test site was 
rather higher than might be expected, given the material types. 
The 22 foot wide rooms encountered are rather wider than usual 
for this type of mining operation. 
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9.3.3.8. Theoretical Explosives Consumption 

In order to calculate the cost of the explosives that will 
be consumed in a blast, it is necessary for the Cost Model to 
use "base case" data regarding typical explosive weights for a 
blasthole of a given size and length. 

This information is obtained from the technical data 
analysis described in Chapter 8 of this report. Table 9-6 gives 
this information for 6 inch blastholes for the five different 
loading options available. These are: 

1. Use of ANFO only. 

2. Use of ENERGEL (slurry) explosive in the bottom 
deck. 

3. Use of ENERGEL in the bottom two decks of 4 and 5 
deck holes. 

4. Use of IREGEL (slurry) explosive in the bottom 
deck. 

5. Use of IREGEL in the bottom two decks of 4 and 5 
deck holes. 

If blasting is to take place in very different material 
types, or is to be attempted in overburden depths outside of the 
range presented here, then it would be necessary to generate 
additional tables for explosives consumption. This would be more 
of a concern initially at the technical design stage than for 
cost analysis. Different types of slurry explosives may generate 
slightly different explosive weights for a given blasthole 
depth. However, it is felt that the five loading options 
presented above cover most of the conditions that will be 
encountered in this type of work. 

9.3.4. Cost Model Calculations 

The calculations as they are actually carried out by the 
Cost Model are described in the order in which they appear on 
the two pages of the spreadsheet. They refer to the lines marked " * * * * "  in Tables 9-4 and 9-5. 

9.3.4.1. Travel Costs per Blast 

A total travel cost for a ten acre site is assumed to be 
$3000. This is pro-rated in a linear manner for larger sites - 
the cost foe a 15 acre site is assumed by the Cost Model to be 
$4500, for example. The total travel cost is divided equally 



TABLE 9-6: E;(PLOSIUES HEIGHTS RH]  BOREHOLE OEPTHS FIS 
EHPLOYm BY RM. BLASTING Q35T m0EL. 
<RLL UEIGHbS EXPRESSED I N  WUMK) -- ---- --7 - - - -- - 

:OIRHf3ER : 6 INM m I m m m 
I 6 INCH 6 INCH m m m ---- --- - - 6 IHM 6 INCH 

:- - -- I 

: LOAOING : RLL M O  : BOTTOM ENERGEL BOrrOn IREGEL : BOTTOM 2 EE(ER6€L : BOTlUH 2 IREGEL : 
:- ---- --- - - - m 

: DEPTH : HT. Uf . : CCT. HT- : KT- KT. : KT. WT. CJf- CCT. m m 

: FT : wo SLURRY : wo SLURRY : WFO SLLWW : ANFO SURRY : RNFO SLURRY : : -- - -- ---- - m I 

m 3 5  104.3 62-6 : 62.6 41.7 : 62- 6 49.1 : 62.6 41.7 : 62.6 49-1 : 
m 
m 36 : 109.5 67-8 : 67.0 41.7 : 67.8 49.1 : 67.8 41-7 : 67.8 49-1 : 
m 37 : 119.9 78-2 : 78.2 41.7 : 78.2 49.1 : 78.2 41.7 : 78.2 49-1 : 
m 
m a : 119.9 78-2 : 78.2 41.7 : 78.2 49.1 : 78.2 41.7 : 78.2 49-1 : 
m 39 119.9 78-2 : 78.2 41.7 : 78.2 49.1 : 78.2 41.7 : 78.2 49-1 : 
m 
m 4 0  125.1 83-4 : 83.4 41.7 : 83.4 49.1 ! 83.4 41-7 : 63.4 49-1 : . 41 : 125.1 93-8 : 93.8 31.3 : 93.8 36.8 : 62.6 62.6 : 62.6 73-6 : 
I 4 2  135.6 93-8 : 93.8 41.7 : 93.8 49.1 : 62.6 73.0 : 62.6 85-9 : 
m 
m 43 146.0 104-3 : 104.3 41.7 : 104-3 49.1 : 62.6 63.4 : 62.6 98-1 : 
I 
m 44 146.0 104-3 : 104.3 41.7 : 104.3 49.1 : 62.6 63.4 : 62.6 98-1 : 
m 
m 45 : 146.0 104-3 : 104-3 4 1 . 7 :  104.3 49.1 : 62.6 83.4 : 62.6 98.1 : 
m 
m 46  146.0 104-3 : 104.3 4 1 . 7 :  104.3 49-1 ! 62.6 63.4 : 62.6 98.1 : 
m 
m 47 156.4 114.7 114.7 41.7 : 114.7 49.1 ! 73.0 63.4 : 73.0 98-1 : 
m 
m 48 161.6 119.9 : 119.9 41.7 : 119.9 49.1 : 78.2 63.4 : 78.2 98-1 : 
I 
6 49 172.1 130-3 : 130-3 4 1 - 7 :  130.3 49.1 : 88.6 63.4 : 88.6 98-1 : 
I 
m 50 156.8 125-1 125-1 41-7 : 125-1 49.1 : 83.4 63.4 : 63-4 98-1 : 
m 
I 51 : 166.8 125-1 : 125.1 41.7 : 125.1 49.1 : 83.4 63-4 : 63.4 98-1 : 
m 52 172.1 125-1 : 125.1 46.9 : 125.1 55.2 : 83.4 88-6 : 83.4 104-3 : 
I 53 : 182.5 130-3 130.3 52.1 : 130- 3 61.3 : 83.4 99.1 : 83.4 116-5 : 
m 
m 54 : 192-9 140-8 : 140.8 52.1 : 140.8 61.3 : 88.6 104.3 : 88.6 122-7 : 
m 
m 55 : 203.3 151-2 : 151.2 52.1 : 151.2 61.3 : 99.1 104.3 : 99-1 122-7 : 
m 
m 56 : 213.8 156.4 156.4 57.4 156.4 67.5 : 104-3 109.5 : 104.3 128-8 : 
m . 57 : 224.2 166-8 166.8 57.4 : 166.8 67.5 : 109.5 1 1 4 . 7 :  109.5 1 3 4 - 9 :  
I 
I 58 : 234.6 172-1 172.1 62.6 172-1 73.6 : 114.7 119.9 : 114.7 141-1 : 
I 
m 59 : 250.3 187-7 : 187.7 62-6 : 187.7 73.6 : 125-1 125.1 : 125.1 147-2 : 
a 

I 0 60 : 229.4 177.3 : 177.3 52-1 : 177-3 61.3 : 125.1 104.3 : 125.1 122-7 : 
I 
rn 61 : 239.8 177-3 : 177.3 62.6 : 177.3 73.6 : 125.1 114.7 : 125-1 134-9 : 
m 
m 62 : 250.3 187.7 : 187.7 62.6 : 187.7 73.6 : 125.1 125-1 : 125.1 147.2 : 
I 
I 6 3  260.7 1 9 8 - 1  198.1 62.6 : 198.1 73.6 : 135-6 125.1 : 135.6 147-2 : 
I 
m W : 271.1 208-6 : 208.6 62.6 208-6 73.6 : 146.0 125.1 : 146.0 147-2 : 
m 
m 6 5  2B1.5 213-8 : 213.8 67.8 : 213.8 79.7 : 146.0 135.6 : 146.0 159-5 : 
m 
rn 66 : 292.0 213-8 : 213.8 78.2 213.8 92.0 : 146.0 146.0 : 146.0 171-8 : L 

P,J 

-- ---- ------ - - -- - < 



into whatever number of blasts is calculated for the site 
(calculation of this is explained later). 

9.3.4.2. Subsistence for Project 

It is assumed that one blast per day is taken for whatever 
site size and number of blasthole rows is selected. The total 
subsistence for a project is thus calculated as follows: 

Subsistence = 2 x daily rate x no. blasts in site 
(for engineers) 

Subsistence = No. laborers x daily rate x # blasts in site 
(for laborers) 

The maximum number of laborers requiring subsistence would 
generally be one, as explained earlier, whatever crew size may 
be required. 

The total subsistence cost is shared equally between blasts 
as was travel cost. 

9.3.4.3. Rentals Cost 

The actual rentals cost is arrived at in the following 
manner : 

Rental cost = Item rental/month x # blasts in site 
20 

It is assumed here that blasting is carried out on weekdays 
only - there are therefore on average 20 blasts taken per month. 
The per blast cost of rentals is assigned as described above for 
travel and subsistence, 

9.3.4.4. Miscellaneous Items 

As mentioned earlier, some field equipment will be 
re-usable; this is estimated by the Cost Model as follows: 

Field equipment cost = $750 (for sites less than 10 acres) 

Field equipment cost = $750 x Site size x 0.75 
10 

(for sites > 10 acres) 



The costs of general site services and consumable field 
supplies are calculated as follows: 

Cost = $ 4 5 0  (or $300) x Site size 
1 0  

Miscellaneous costs are equally divided into the number of 
blasts calculated for the site. 

9 . 3 . 4 . 5 .  Number of Holes in Blast 

The number of holes in a blast is calculated by the Cost 
Model according to the following expression: 

# holes = # rows x [ Integer value (blast length) + 1 I 
of (hole spacing) 

9 . 3 . 4 . 6 .  Pillar Width 

Pillar width and percent extraction are characterized by 
the following formula: 

X extraction = Room width x 100  
(Room + pillar width) 

Pillar width is thus given by: 

Pillar width = Room width x [ 1U0 - 1 1  
% extr. 

9 .3 .4 .7 .  Area of Influence and Void/acre 

Area of influence in this column of the Cost Model is 
calculated as the actual blast area: 

Area of influence = Blast length x room width 

The void per acre is simply the number of square feet in an 
acre ( 4 3 , 5 6 0 )  multiplied by the percentage extraction as a 
fraction. For 40% extraction, therefore, the void area per acre 
= 43560  x 0.4 = 1 7 , 4 2 4  sq. ft,. 

9 . 3 . 4 . 8 .  Number of Blasts 

This calculation, which is very importarlt for the 
calculation of project duration and other site related cost 



centers, is calculated as follows: 

# blasts = Integer [ Site area x 43560 s % extr. 1 t1 
value of 1 blast length x room width x 1 0 0  1 

(where site area is in acres and blast dimensions are 
in feet) 

9 . 3 . 4 . 9 .  Room Line-up Drilling Footage 

The Cost Model assumes that a typical blast (whether 2 0 0  
feet long in two-row or 3 5 0  feet long in single row cases) 
requires about 6 line-up holes to ensure that the drilling 
pattern is centered on the room. In many cases, especially where 
a fixed room width and pillar width was not adhered to, this may 
in fact be a little conservative. However, it is hoped that the 
initial exploration drilling (not included in the Cost Model) 
would help here. The drilling line-up footage for each blast is 
thus calculated as six times the average overburden depth. 

9 . 3 . 4 . 1 0 .  Production Drilling Footage 

This is simply calculated by: 

Production footage = # holes x average overburden depth 

9 . 3 . 4 . 1 1 .  ANFO Explosive Consumption 

Depending on what loading parameters option is selected, 
the Cost Model obtains the weight of ANFO for that hole depth 
using a spreadsheet "lookup" function for the information 
contained in Table 9 - 6 .  It scans the hole depths until the 
correct depth is reached, and then scans across to the 
appropriate column. 

The returned ANFO weight is simply multiplied by the number 
of holes in the blast. 

9 . 3 . 4 . 1 2 .  Slurry Explosive Consumption 

This is obtained in exactly the same way as described above 
for ANFO, if options 2  to 5 are selected for loading parameters. 

9 . 3 . 4 . 1 3 .  Consumption of Explosives Accessories 

- Boosters and DTH delays; 

The total number of boosters and down-the-hole delays is 



calculated as follows: 

Total = # holes x # decks in a hole 

The Cost Model determines the number.of decks in a hole 
according to the selected depth : 

< 41 ft : 3 decks 
4 1 - 5 9  ft : 4  decks 

> 5 9  ft : 5 decks 

In the case of boosters an additional 2 boosters per blast 
is added to the above total to cover wastage. 

- Surface delays, hole plugs and caps 

The number of surface delays and hole plugs used in a blast 
is simply set to the number of holes in it. It is assumed that 
one electric blasting cap per blast is used. 

- RX Primaline and baler twine footages 
It is assumed by the cost model that the primaline footage 

used per blasthole is equal to the depth of the hole plus an 
additional 3  feet used for tie-off at the hole collar. As two 
strands of baler twine were used to hold the-plug in place at 
the bottom of the hole, the associated footage is assumed to be 
twice that for primaline. Primaline footage is calculated as 
follows: 

Primaline = Production drilling + [ #  holes x 3 1  
footage footage 

9 . 3 . 4 . 1 4 .  Labor Costs 

The calculation of labor costs by the Cost Model is based 
on the assumptions about charges and hours described earlier. 
The model automatically "adds on" the additional laborer when 
blasthole depths go over 60 feet and five explosive decks need 
to be loaded. 

Labor overheads are calculated and included in the labor 
charges by the Cost Model. The rate of 50% has been assumed for 
the cases studied in this report. 

9 . 3 . 4 . 1 5 .  General Costs 

The general cost items of travel, subsistence, rentals and 
miscellaneous that were previously calculated on a per-blast 
basis are totalled for each blast. 



9.3.4.16. Cost of Blast 

The total cost of a blast is obtained by adding the 
subtotals of drilling, blasting, labor and general costs. 

9.3.4.17. Cost per Acre, Based on this Blast 

The pro-rated cost per acre of a blast is obtained from the 
actual blast cost according to the following expression: 

Cost/acre = Cost of blast x 43560 x % extraction 
Blast Area of influence 

9.4. COST MODEL ANALYSIS 

9.4.1. General Points 

As with previous cost analysis work carried out in 
conjunction with this project, two basic approaches to blasting 
were considered : single row and double rows of blastholes. The 
analysis of the effect of varying unit costs was carried out at 
at four different overburden depths : 35 feet, 45 feet, 55 feet 
and 65 feet. In general, therefore, there were 8 separate 
analyses carried out for a single varying cost parameter. The 
other "base case" conditions which were applied have been 
previously described. 

The loading method assumed as typical consisted of slurry 
(ENERGEL type) explosive in the bottom deck, and ANFO in the 
other decks. The model may be used to generate variable cost 
data using other loading configurations if desired. 

The spreadsheet design was essentially identical to that 
used for analysis of actual cost data from the fieldwork. The 
difference was the use of a "MACRO" command structure to 
calculate and tabulate total costs for a given variable cost. 
Each table produced contains the value of the varied parameter, 
the total cost per acre resulting, and a breakdown of this into 
the major cost centers of drilling, blasting, labor and general 
expenses. 

A total of 35 tables of' cost data have been produced for 
this study using the Cost Model. These are identified according 
to the codes presented in Table 9-6, and are contained in 
Appendix G of this report. One of these analyses is presented as 
an example in Tables 9-7, 9-8 and 9-9; the first two of these 
tables present the Cost Model spreadsheet, including calculated 
values. Table 9-9 shows the variation of AML blasting 
reclamation cost centers and total cost for variable overburden 
depths, usjng double-row blasting and the "base case" parameters 
described previously. 



TABLE 9-6 : SUMMARY OF COST ANALYSES 
CARRIED OUT USING COST MODEL 

Studied 
Parameter 

Overburden 
Depth 

Drilling 
Cost 

($/ft) 

Explosives 
Cost 

($/lb AN) 
($/lbsl.) 

Labor 
Cost 

( %  base 
rate) 

Percent 

extraction 

( % )  

No. 
Rows 

1 
2 
1 

1 
1 
1 
1 
2 
2 
2 
2 

1 
1 
1 
1 
2 
2 
2 
2 

1 
1 
1 
1 
2 
2 
2 
2 

1 
1 
1 
1 
2 
2 
2 
2 

O/B 
Depth 

- 
- 
- 

35 ft 
45 ft 
55 ft 
65 ft 
35 ft 
45 ft 
55 ft 
65 ft 

35 ft 
45 ft 
55 ft 
65 ft 
35 ft 
45 ft 
55 ft 
65 ft 

35 ft 
45 ft 
55 ft 
65 ft 
35 ft 
45 ft 
55 ft 
65 ft 

35 ft 
15 ft 
55 ft 
65 ft 
35 ft 
45 ft 
55 ft 
65 ft 

Minimum 
Value 

35 ft. 
35 ft. 
35 ft. 

$0.50 
$0.50 
$0.50 
$0.50 
$0.50 
$0.50 
$0.50 
$0.50 

$0.10 
$0.35 
$0.10 
$0.35 
$0.10 
$0.35 
$0.10 
$0.35 

85% 
85% 
85% 
85% 
85% 
85% 
85% 
85% 

20% 
20% 
20% 
20% 
20% 
20% 
20% 
20% 

Incre- 
ment 

1 f t  
1 ft 
1 f t  

$0.10 
$0.10 
$0.10 
$0.10 
$0.10 
$0.10 
$0.10 
$0.10 

$0.01 
$0.01 
$0.01 
$0.01 
$0.01 
$0.01 
$0.01 
$0.01 

5% 
5% 
5% 
5% 
5% 
5% 
5% 
5% 

2% 
2% 
2% 
2% 
2% 
2% 
2% 
2% 

Maximum 
Value 

66 ft. 
66 ft. 
66 ft. 

$2.50 
$2.50 
$2.50 
$2.50 
$2.50 
$2.50 
$2.50 
$2.50 

$0.23 
$0.48 
$0.23 
$0.48 
$0.23 
$0.48 
$0.23 
$0.48 

115% 
115% 
115% 
115% 
115% 
115% 
115% 
115% 

60% 
60% 
60% 
60% 
60% 
60% 
60% 
60% 

- 

Code 
# 

OD1 
OD2 
OD3 

DC1 
DC2 
DC3 
DC4 
DC5 
DC6 
DC7 
DC8 

EC1 
EC2 
EC3 
EC4 
EC5 
EC6 
EC7 
EC8 

LC 1 
LC2 
LC3 
LC4 
LC5 
LC6 
LC 7 
LC8 

PE 1 
PE2 
PE3 
PE4 
PE 5 
PE6 
PE7 
PE8 



RML PROJECT - PLFIST COSTINQ MODEL. 
11111111111111111111111111111111. 

DRI LLINQ COBT /FT 
--I--------- 

EXPLOSIVE9 COBTB -------------..- 
ANFO /LP 

SLURRY / LB 
BOOSTERS ERCH 

Df H DELFIYB EClCH 
SURF. DELRYB . ERCH 

HOLE PLUGS ERCH 
CRPS ERCH 

PRIMRL INE /FT 
NONEL T'LINE /FT 
BRLER TWINE /FT 

LRPOR COBTB ----------- 
eLR9T. ENQR. /HA 
F IELD  ENQR. / HR 
LFIBORER /HA 

OENERRL CO3T9 ------------- 
1 RRVEL (PICKUP RENTRL, MILEROE, ------ 

TOTRL FOR PROJECT 
PER BLRBT 

SUBSISTENCE ----------- 
ENGINEERS E 650 /DRY 
LRBORERS d $40 /DRY 

TOTFIL FOR PROJECT 
PER BLRST 

COST8 USED 
- - 1 1 1 = = ~ t =  

8'  1 NCH 6 INCH 
. I .  so0 1. OClO ------------ 

' PRTCH I 
$0.143 

' $0.360 
$3.200 
$1.750 ' 

*i?.i?SO 
*1.850 
$2.000 
$0.079 
$0. 057 
$0.003 

RENTFILS ------- 
SEISMOGRRPH @ 65Z10 /MONlII = *I, 1CKI. CIO 
MAQRZINES @ C4Clt) /MONTH a $881:). 00 
TRQILER a $350 /MONTH - $770. 00 ------------ 

TOTRL FOR PROJECT 
PER BLRST 

MISC. F IELD EQUIPMENT 
QENERRL B I T E  SERVICES 
CONBIJMRBLE F IELD  BUPPLIEB 

TOTAL FOR PROJECT 
PER PLRBT 

TABLE 9-7: COST CENTERS AND VALUES USED FOR CALCULATION 
OF COST MODEL FOR VARIABLE OVERBURDEN DEPTH 
(ANALYSIS OD21 



RML PROJECT - BLRST COST MODEL. RNRLISYS NO. OD2 
l = = I = P = = = = = = = = = P = = = P I E = = P = = = = = = = = = =  

COMMENTS : VRRIFIBLE DEPTH 
10 RCRE S I T E .  BRSE CRSE. DOIJBI-E ROW. 

DESIGN PRRRMETERS I ............................................... 
------------------- 
HOLE DIRM. 6 INCH NO. ROWS : 2 
LENGTH 200 F T  ROOM WIDTH 20 F T  
ROW SEPFlRFlT. 8 F T  HOLE SPRCING 15 F T  
# HOLES 2 8  RV. DEPTH TO V O I D  5cJ F'T 
P I L L R R  WIDTH 3 0 . 0  F T  RRER OF INFLUENCE 40CJC) Sa. F T  
x EXTRRCTION 40. OX VOID/RCRE 1 7 4 2 4  sa. FT 
S I T E  FIRER 10 RCRES NO. BLRSTS 4 4  

LORDING PRRRMETERS : CHOICE ------ ) 2 ------------------- 
1. R L L  FINFO 4. BOTTOM Z DECKS ENERGEL 
2. BOTTOM DECK ENERGEL 5. BOTTOM 2 DECKS IREGEL 
3. BOTTOM DECK IREGEL ....................................................................... 

COST 
D R I L L I N G  ---- -------- ROOM LINE-UP 150 F T  8 $ 1. 000 / F T  = $150. 0 0  

PRODUCTION 1 4 0 0 F T m  B l . O C l O / F T =  9 1 , 4cJO. 01:) 
------------ 

TOTRL 6 1, 55cJ. 00 
BLFlST I NG -------- FlNFO 3 5 0 3 . 7  L B S  B $ 0. 1 4 5  / L B  = $ 5 0 8 . 0 4  

SLURRY 1 1 6 7 . 3  LBS @ B 0 . 3 6 0  / L B  = $4213. 4 5  
BOOSTERS 1 1 4  B 3 . 2 0 0  EFICH = $364.  00 
DTH DELFlYS 1 1  @ 1 . 7 5 0  EFICH- = $191.  5 0  
SURF. DELF~YS ee I? 2 . 2 5 0  EFICH = $63.  CICJ 
HOLE PLUGS 28 e 1.850 E ~ C H  = $ 5 1 . 8 ~ 1  
CRPS 1 II 2. C100 EFlCH = $2. ClO 
PRIMRLINE 1 4 8 4  F T  8 $ 0 . 0 7 3  / F T  = $1 16.4'3 
BRLER TWINE 2 3 6 8  F T  @ $ Cf. OCj3 / F T  = $ 7 . 4 2  

LRBOR ----- 

TOTRL $ 1 , 7 3 3 . 5 0  

L I N E U P  1 . 7 5  HRS @ B 20. o C r  /HR - $35.  ClCl  - 
PREPRRRTION 3. 50 HRS @ B 3f:r. c:rO /HR = $lC~5.0(:1 
BLRST I NG 10.00 HRS @ $ 60. ocr  /HR = $61:r0.<~0 ------------ 
TOTFIL 
OVERHERDS 50 X D I R  LFIB 

TOTRL 

GENERRL - ------- TRRVEL /BLFIST - $68. 1 8  
SUBSISTENCE /BLRST - $140.1:,(:1 
RENTRLS /BLRST - 6 6 2 . 5 0  - 
MISC. /BLRST - $34. 0 3  - 

------------ 
TOTFIL /BLQST $ 3 0 4 . 7 7  

------------ 

TOTRL COST = $4 .638 .27  

COST/RCRE (BFlSED ON T H I S  BLRST) = $ 2 0 , 4 6 5 . 6 7  

T A B L E  9-8: SPREADSHEET USED FOR COST MODEL CALCULATIONS 
FOR V A R I A B L E  OVERBLIRDEN DEPTH ( A N A L Y S I S  OD21 



.......................................................... 

1 1  RML PROJECT COST MODEL - VRRIRELE DEPTH, 2 ROWS. (OD2 I1 
I I--------------------------------------------------------l I I 
I 1  PRRRMETER C 0 S T P E R  R C R E  I I I I 

I ;---------.-----------------------------------------------o I  I I 

I 1  DEPTH D R I L L  ELRST LRBOR GENERRL COST/RCRE 1 1  
I I (FT)  COST COST COST COST 1 I 
;;--------------------------------------------------------t I 1 I 

I I 
I I  35 $4,726 $5,688 $4,835 $1,328 $16,577 1 1  
I  I 
I I 36 84,861 $5,790 $4,835 $1,328 $16,815 I1 
I :  37 $4,336 $5,985 $4,855 $1,328 $17,144 1 1  
I I 38 $5, 131 $5,395 $4,835 31,328 $17,289 I 1  
I l  33 $5,2636 86,005 $4,835 $1,328 $17,433 1 I 
I :  40 $5,401 $6,108 34,835 $1,328 $17,672 1 :  
I I 41 85,536 $6,448 $4,835 $1,328 $18,148 I t  
I I 42 $5,672 $6,316 $4,835 1 8  818,751 1 :  
1 :  43 $5,807 67, 11 1 $4,835 $1, 328 $19,000 1 I 
I :  44 $5,942 $7,121 $4,835 $1,328 $13,226 : : 
I I 
I I 45 $6,077 $7,131 $4,835 $1,328 $13,371 1 1  
I I 
I I 46 $6,212 $7,142 $4,835 $1,328 $13,516 I \  
I I 
I I 47 $6,347 $7,336 $4,835 $1,328 813, €346 1 I 
I :  48 $6,482 $7,433 $4,835 $1, 328 seo, 083 1 I 
1 1  43 $6,617 $7,633 $4,835 $1,320 $20,413 1 I 
I t  
I I 50 $6,752 $7,551 84,835 $1,328 $20,4636 I I 
I I 
I I 51 $6,887 $7,561 $4,835 $1,320 $2C-),C11 : 1 
I I 52 $'7, (1)22 $7, 800 $4, 835 $1, 388 $W, 98s I I 
I I 53 $7, 157 $8, 132 $4,835 $1,3Z8 $21,451 I 1 
I1 54 $ 7 9 2  $8,326 $4,825 %1,338 $21,782 1 1 
I I ee J,J $7,427 $8,521 $4,835 $l,3E:0 $22,111 1 I 
I I 56 $7,562 $8,852 $4,855 81,328 $22,577 1 1  
I I  57 $7,637 $3,047 $4,835 el., 3za see, 307 : 1 
I I 38 $7,832 $3,378 $4,835 $1,520 $23,373 1 1 
I 1 59 $7,367 $9,665 $4,835 $1,328 $23,795 I 1 
I I 60 $8, 102 $3,637 $5,489 $1, St.);-? $24,729 1 I 
I 1 61 $8, 237 310, 105 $5,489 $1,5(..)2 $25,332 I 1 
1 :  6 $8,372 $10,299 $5,489 $1,5r:)2 $25,662 I I 
1 I 63 $R, 507 $10,494 $5,4R9 $1,5(.)2 *25,992 I 1 
1 1 64 $8,642 $10,689 $5,4R9 31,502 $26,321 1 1 
1 :  65 $8,777 $11,020 $5,489 $1, S(-)2 $26,788 I I 
I I 
I I 66 $8,312 $11,488 $5,489 $1,502 $27,391 1 1  
1 ;  .................................................. : I  

TABLE 9-9 : TABLE SHOW I NG VAR I A T  1011 OF BLAST-ASSOCIATED 
COSTS WITH OVERBURDEN DEPTH, GENERATED BY COST 
MODEL (ANALYS I S  OD2 ) 



In addition, 11 graphs were prepared showing the variation 
of total cost and major cost center subtotals (on a per acre 
basis) with the variable site and cost parameters selected. 
These are presented in the following section of this report, 
which also contains a brief description, and discussion, of the 
results of the cost analyses carried out 

It is intended that this information will provide a useful 
guide for assessing the cost feasibility of future AML blasting 
projects of this type. It is felt that the use of a spreadsheet 
based model, employing a readily available commercial software 
package, with which many are familiar, is appropriate for this 
type of work. This analysis can by no means be regarded as 
exhaustive, however. The number of permutations of site 
parameters and cost parameters is obviously very large. 
Nevertheless, it should provide the type of "ball-park" figures 
which are so often required, but so seldom available, for 
feasibility studies. 

9.4.2. Results of Analysis using Cost Model 

9.4.2.1. Variable Overburden Depth 

Depths varying from 35 to 66 feet (those which were 
encountered during 1986 testwork) were considered. Three actual 
sets of data were produced: 

- for single row blasting of a 12 foot wide room (OD1) 
- for double row blasting of a 20-foot wide room (OD2) 

- for single row blasting of a 20 foot wide room (OD3) 

Analysis OD3 was carried out to illustrate the effect of 
use of a single row of blastholes, as opposed to two rows, for a 
wider room, with very significant results. 

Results are presented in full tabular form in Appendix C-1. 
They are summarized in graphical form in Figs. 9-6, 9-7 and 9-8. 
Graphical results indicate clearly two "breaks" in the ascending 
trend of total cost with drilling depth. These occur at 41 feet, 
and 60 feet overburden depths, which correspond to a change from 
3 to 4 decks, and from 4 to 5 explosive decks respectively. 

For three deck blasting using a single row (analysis OD1) 
the total cost per acre increases by about $235 per foot of 
additional overburden in the range 35 to 40 feet. For four deck 
blasting this increase is about $315 per foot in the 41-59 feet 
overburden range. This increases to an extra $431 per foot of 
overburden when five decks must be used in the range 61-66 feet. 
The corresponding increases for "base case" double row blasting 
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over the 3, 4 and 5 deck overburden ranges are $219, $297 and 
$412 per foot, per acre, respectively. These are slightly lower 
than for the single row case. 

Both drilling and explosives costs per acre increase 
directly with overburden depth. Labor costs remain constant 
until the requirement for five decks causes the Cost Model to 
recognize the extra crewman needed for loading operations. 

It can be seen that the results from this analysis do not 
vary significantly between single row blasts in a 12 foot room, 
and double row blasts in a 20-foot wide room (analyses OD1 and 
OD2 respectively) when the ext.ract,ion from a site has been 
constant at 40%. This is because the areas of influence for an 
actual blast (room width times blast length) are very similar 
(4200 sq. ft. and 4000 sq. ft. for single and double row blasts 
respectively). 

However, if single row blasting can be successful1.y 
employed in the wider room, the savings are appreciable (compare 
analyses OD2 and OD3). For example, at 50 feet overburden, 
savings of about 37% of the total cost per acre can be made if a 
single row of blastholes can be substituted for a double row in 
a 20 foot wide room. The reason for this is that the area of 
influence increases for the single row case, as a Longer blast 
may be taken for the same approximate number of blastholes. The 
increase in area of influence is about 75% when a single row can 
be employed; the number of blasts required in a ten acre site is 
reduced from 44 to 25. 

9.4.2.2. Variable Drilling Cost 

The results of varying the drilling cost for 6 inch 
diameter blastholes from $0.50 - $2.50 per foot are presented in 
Appendix G-2. Results from two of these analyses, for 55 feet of 
overburden using single and double row blasting respectively, 
are shown in graphical form in Figs. 9-9 and 9-10. 

It can be seen from analyses DC3 and DC7 that the total 
cost per acre almost doubles over this range of drilling costs. 
This confirms observations made so far in this study that 
drilling cost is a very important control on overall AML 
blasting costs. The increase in total AML blasting cost per acre 
is $782 for each 10 cent increase in drilling cost for single 
row blasting and is $707 per 10 cent increase in the double row 
case. 

9.4.2.3. Variable Explosives Cost 

For a situation where ANFO and slurry are combined in a 
typical blast, the cost of these explosives was varied according 
to the following: 
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FIG. 9-10 : AM[L BLASTING - COST FvIODElL 
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- ANFO cost from 10 cents/lb to 23 cents/lb 

- slurry cost from 35 cents/lb to 48 cents/lb. 

It is unlikely that ANFO costs of less than 15 cents per 
pound will be experienced unless one is dealing with a.bulk 
product. Indeed, the likelihood of obtaining bagged ANFO for 
smaller sites is decreasing, according to a local explosives 
supplier, due to the very low demand and handling difficulties 
experienced with this product. 

The range of slurry costs represents, more than anything, 
the economies of scale that can be made with a bagged product, 
and the interrelationship of manufactured batch size with 
transport costs associated with different consignment sizes. 

Tables contained in Appendix G-3 illustrate that the 
overall cost of AML blasting is rather less sensitive to 
explosives cost than was the case for drilling cost. Some 
typical graphical relationships are shown for 55 feet overburden 
in single and double row cases in Figs. 9 - 1 1  and 9-12  
respectively. 

Although these graphs show only variable ANFO cost on the 
horizontal axis, the trends include the variation of slurry cost 
as well. In 55 feet of overburden for example (analyses EC3 and 
EC7 for single and double row blasts respectively) the increase 
in total cost per acre over this range of explosives costs was 
only about 25%. For single row blasting at 55 feet overburden 
depth there was an increased total blasting cost per acre of 
$235 per one cent increase in both ANF'O and slurry cost. The 
corresponding increase for double row blasting was $230 per one 
cent increase per acre. 

9 . 4 . 2 . 4 .  Variable Labor Cost 

Results of the analysis of variable labor costs on overall 
AML blasting cost are contained in Appendix C-4. This analysis 
was carried out using a simple percentage of the base case labor 
costs used for other analyses. The range considered was plus or 
minus 15% of the base case costs of $30.00/hr (blasting 
engineer), $20.00/hr (field engineer) and $10.00/hr (laborer). 

Graphical results from the analysis of variable labor cost 
for 55 feet of overburden in single and double row blasting 
(analyses LC3 and LC7) are presented in Figs. 9-13  and 9-14 
respectively. 

A five percent variation in labor cost produces a total 
cost per acre variation of about $230 in single row blasting, 
and $242 per acre when double row blasting is used for 55 feet 
of overburden. The impact of a 15% variation in labor cost was 





FIG. 9-12 : AMIL BLASTING - COST MIODEIL 

Cl TOT. 

COSTfACRE VS. EXPLOSIVE COST (AN) [EC7] 

$0.220 

X GEN 
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reduced to only about' a 3% variation in overall AML blasting 
cost per acre. 

9.4.2.5. Variable Extraction from Site 

As was expected, based on previous discussion and observed 
results, the analysis of AML blasting cost with percentage 
extraction from a site proved to be very significant. Since all 
blasting costs are pro-rated to a cost per acre, it is obvious 
that a higher extraction rate, which involves more blasts in an 
acre, will lead to a correspondingly higher total blasting cost. 

The extraction ranges considered were as follows : 

Single row blasting in 12 foot wide rooms: 

- 20% (48' wide 'pillars) to 60% (8' wide pillars) 

Double row blasting in 20 foot wide rooms: 

- 20% (80' wide pillars) to 60% (13' wide pillars) 

Results of this analysis are presented in Appendix C-5 of 
this report. Figs. 9-15 and 9-16 show graphically the results of 
analyses PE3 and PE7, for single and double row blasting 
respectively in 55 feet of overburden. There is observed a very 
wide variation in total blasting cost per acre, from 
$12,00O/acre to $34,00O/acre in single row blasting, and from 
$11,00O/acre to $33,00O/acre in the double row case. 

Fig. 9-17 is presented to illustrate three different cases 
which are also included in the overall analysis. A s  was 
illustrated earlier, there is no saving made by using single row 
blasting unless this is achieved at a wider room width. In the 
upper part of Fig. 9-17, for example, it can he seen that for 20 
foot wide rooms at 40% extraction (by area) there is a reduction 
in the number of blasts per acre from 4 to 2.5 if a single row 
of blastholes can be successfully employed. 

If, however, a single row of blastholes is used to collapse 
12 foot wide rooms, and the extraction percentage was still 40%, 
it is 66% more expensive than single row blasting in 20 foot 
wide rooms. This is because there are more blasts to be taken 
per acre for the narrow rooms which are, at the same percentage 
extraction, more closely spaced. 

In the examples presented in Fig. 9-17 it can be seen that 
as the percent extraction increases from 40% to 60% for a 20 
foot wide room this is due to a pillar width reduction from 30 
feet to 13 feet. The number of double row blasts per acre for 
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this configuration increases from 4 to 6, and the number of 
single row blasts goes from 2.5 to 3.7. 

In analyses PE3 and PE7 (Figs. 9-15 and 9-16 respectively) 
the total cost per acre increases by about $5500 for each 10 
percent increase in extraction for single row, and by about 
$5400/acre per 10% extraction for double row blasting 
situations. These increases are an order of magnitude higher 
than those which were encountered for incremental changes in the 
other variable site and cost parameters studied. 

9.4.2.6. .Variable Site Size 

The only cost factors which are not independent of site 
size are the general project costs. Since these only represent a 
small percentage of the cost of a typical blast, the effect of 
variable site size on overall cost per acre is negligible. Trial 
runs were made using the Cost Model to evaluate this; results 
have not been documented. 

9.5. COST COMPARISON WITH OTHER AML RECLAMATION METHODS 

It was apparent from results obtained using the Cost Model 
that the cost of reclaiming abandoned mine land using blasting 
can be extremely variable. The most significant factor in 
determining a per-acre cost was the mining extraction from the 
site. Other important controls were depth of overburden and 
drilling and explosives costs. For complete reclamation of a 
blasted AML site it is probable that fill material would have to 
be brought in to restore the land surface for agricultural or 
other commercial use. 

The amount of actual mining carried out at a site will have 
a ' very strong influence on reclamation cost whatever the 
technique employed. Drilling and explosives costs will obviously 
not be applicable factors in other methods. In this discussion 
main attention will be focussed on a common and simple method of 
AML reclamation - fill of existing sinkholes. This can be by 
dozer work at the site, or by trucking in fill from elsewhere. 
In either case, the cost - per acre will be determined by the 
volume of sinkholes requiring fill. 

The cost of filling will be determined by the depth, size 
and number of sinkholes. It was shown in Chapter 8 that for a 
given height of underground development, the depth of the 
resulting sinkhole may decrease with an increase in overburden 
depth. Therefore, deeper overburden may actually reduce the cost 
of filling sinkholes, though it will always increase the cost of 
blasting. The size (width) of the sinkholes will be controlled 
by the width of the rooms, and the number of these will depend 
on the spacing of underground development. 



It is shown in Fig. 9-17 that at a 40% mining extraction 
the area of undermined land could be 17,450 sq.ft./acre if rooms 
were wide, and about 5% .higher (18,300) if. the rooms were 
narrow. If sinkholes are o f  fairly uniform depth, therefore, 
there will not be a great difference in work, and therefore in 
cost, involved in filling these, regardless of development width 
or the number of sinkholes, 

It was established in Fig. 9-17 that the typical cost of a 
single or double row blast in AML work may be around $5000. It 
was also shown that for a similar overall area of undermined 
ground and the same percentage extraction in mining, development 
width was very critical in controlling blasting cost per acre. 
The cost of reclaiming the narrower rooms was over $30,000 per 
acre. The wider rooms could be blasted at about half this cost, 
and for as low as $13,000 per acre if a single line of 
blastholes could be employed. 

It is very important to appreciate the above points before 
a reasonable comparison can be made between the cost of 
different AML reclamation methods. 

Table 9-10 shows the typical cost of some different 
reclamation techniques that have been applied in North Dakota. 
For most reclamation methods the costs are very dependent on 
site characteristics, and can vary very significantly when 
similar techniques are applied to different sites. Thus it is 
extremely difficult to compare cost of different reclamation 
techniques without specific site information. 

Unfortunately, the specific information required to make a 
meaningful analysis of Table 9-10 is not available. It was 
compiled from historic data, and in most cases site 
characteristics were not recorded. The most reliable information 
is probably that related to the rock or earth fill of individual 
openings and sinkholes, since much of this work has been carried 
out in North Dakota over the last 10 years. 

Remote backfill was applied in one known case where 
sinkholes opened up in a trailer park. Obviously the use of 
blasting was impossible, and the problem could not be solved 
simply by filling in the holes that appeared. In this case a 
hydraulic fill, mi-xed with cement, was pumped underground in an 
attempt to fill the dangerously undermined area. The cost of 
this was extremely high, and it is not certain where all the 
fill went. Much of it may have flowed a considerable distance 
from the actual hazard site through panel entries and roadways. 

Daylighting, using a small dragline or hydraulic shovel, or 
a back-hoe, appears to be a method comparable to blasting in 
that total elimination of hazardous areas of potential caving is 
possible, The cost would also appear to be comparable. The 
danger to men and equipment is a serious consideration, however. 
Like blasting, this method would also require fill for complete 



TABLE 9-10 ' 

RECLAMATION TECHNIQUES AND RELATED COST 

RECLAMATION TECHNIQUE PROBLEMS PER ACRE COSTS 

complete Reclamation 

Underground Mines....,............. VO,P,S,IRW 

1. daylighting-without coal removal 

shallow mine................... 
deep mine...................... 

2. remote backfill................ 

3. dynamic consolidation 

shallow mines.................. 10,000 - 70,000 . 

Reclaiming Individual Hazard by: 

Y. Using rock or earth fill...... Vo,P,S < $1,000 

2. Blasting and/or Cement Blockage P 3,000 - 5,000 

................... 3.  Backsloping DH 10,000 - 50,000 

4. Fence Off Hazard.............. Vo,P,DH,PWAI 
S,HEF,IRW,HWB < $1,000 

FOOTNOTES: 
VO - Vertical Opening 

P - Portal 

S - Subsidence Prone Area 

IRW - Unauthorized and Dangerous ~isposal of.Industria1 or 
Residential Waste 

DH - Dangerous Highwall 

PWAI - Polluted Agricultural/Industrial Water Resource 

HEF - Hazardous Abandoned Mining Equipment or Facilities 

HWB - Unauthorized and Dangerous Use of a Water Body for 
Recreational Purposes 
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reclamation of the site. 

Backsloping represents , a  potentially useful AML method if 
natural collapse has completely occurred and a land profile with 
gentle depressions is acceptable, The cost would again appear to 
be comparable to blasting followed by some grading work in 
blast-induced sinkholes. 

The data for blasting related AML work in Table 9-10 refers 
almost exclusively to some work carried out by the North Dakota 
Public Service Commission near New Leipzig. Unfortunately, the 
type, size and extent of underground workings was not 
documented. The area was part of an existing landfill. The 
$30-40,000 cost per acre cannot, therefore, be compared 
specifically with those generated in the test blast program or 
from analysis with the Cost Model. 

The cost associated with blast #20, employed to fill an 
individual sinkhole during the test blast program, was about 
$1200. While this exhibited excellent technical feasibility, the 
cost would appear to be prohibitive when compared to typical 
costs per acre using trucked-in earth or rock to fill sinkholes. 
This method may have some application in an emergency situation 
where the immediate closure of isolated subsidence features was 
required. Also, if a cheap source of fill is not available then 
blasting may be a good alternative. 

The use of fill provides only a remedy for the existing 
problem. It is hard to predict how many times the same area may 
need to be filled before all subsidence has stopped. Therefore 
the cost is uncertain. In one case of which we are aware new 
holes opened up within weeks of the completion of an initial 
fill reclamation. 



10. ENVIRONMENTAL ASPECTS OF AML BLASTING 

10.1, INTRODUCTION 

The purpose of this chapter is to briefly consider the 
environmental aspects of AML blasting work, based on 
observations from the test site used for the research project. A 
brief comparison will be made between blasting and other AML 
methods in this respect. Some brief comments on the potential 
land use for blasted AML land will be made. 

An AML site where numerous sinkholes have occurred will 
have virtually no commercial use. Fig. 10-1 is a photograph of a 
typical site where subsidence is well-advanced. It is waste 
land, and represents a danger to the public. Some of the 
sinkholes contain water. The greatest danger from such sites, 
however, is the presence of potential sinkholes which are about 
to break through to surface. A likely mechanism for sinkhole 
formation was described in Chapter 8, with illustration of a 
newly formed sinkhole. 

Blasting is a reclamation method that ensures that there 
will be no additional or unexpected subsidence once reclamation 
has occurred. .If a site is simply reclaimed by filling existing 
sinkholes, there will exist the danger that additional ones will 
develop later. This is probably the greatest hazard of all that 
could exist at an AML site. A field reclaimed and replanted may 
not look like abandoned mine land at all. If the land is for 
public use, people and vehicles run the risk of falling into a 
structure that has caved to within inches of the surface since 
the initial reclamation effort. If the land-use is agricultural, 
there is risk to men and machinery even if the land is known by 
the users to be formerly undermined. 

10.2. PRE-BLAST LAND USE 

The Beulah site used for the testwork consisted of approx- 
imately 10 acres of North Dakota Game & Fish Management land. 
The surface vegetation consisted of tall grass (brome) with 
small interspersed clumps of shrubs and forbes. The site is 
easily accessible and open to the public. The primary use of 
this area was for public hunting, especially during pheasant and 
deer-hunting seasons. 

Prior to the research project the area was considered 
extremely hazardous due to the presence of vertical openings. 
The site had been posted with warning signs, and the North 
Dakota Public Service Commission had contracted out several 
reclamation jobs on adjacent sites. This work consisted mainly 
of grading and filling existing sinkholes, followed by 
revegetation. 



F I G .  10-1: TYPICAL ABANDONED MI.NE LAND SHOWING ADVANCED STAGE OF 
SINKHOLE DEVELOPMENT 



A general idea of the situation at the site can be obtained 
rom Figs. 10-2 and 10-3. The first of these shows a near 
ircular sinkhole that developed at the intersection of 12-foot 

wide access development. It is a gently sloping.basin-like 
depression, and represents a fairly "mature" stage of sinkhole 
formation. This is backed up by the presence of vegetation in 
the depression, except for around its rim where presumably some 
minor slumping had occurred fairly recently. 

Fig. 10-3 shows an elongated V-shaped depression which lies 
above, and is aligned with, one of the rooms in the southern 
part of the test site. Again the slopes are fairly gentle, and 
there has been considerable revegetation. It is possible that 
the small trees were present before subsidence occurred, and 
continued to grow as the land surface dropped. Both Figs. 10-2 
and 10-3 were taken in the fall, and indicate the length to 
which the grass grew at the site during the summer months. 

10.3. POST-BLAST LAND USE 

Most of the blasting work carried out at the test site 
resulted in the formation of shallow surface depressions. In a 
few cases there was a few feet of surface heave at the ends of 
blasts, and in others this extended over part or all of the 
blast length. There was relatively little, if any, disturbance 
of topsoil in the former case, and none in the latter. Some 
typical post-blast profiles, photographed about six months after 
blasting work was completed, are illustrated in Chapter 4 of 
this report. 

On completion of the program, observations by ourselves and 
others confirmed that, over the majority of the area, the 
-overall wildlife habitat had been enhanced by the work. Follow- 
ing winter snowfall and the resulting spring melt, many areas 
which formerly had fairly steep slopes had been graded by 
natural cracking, slewing and water action. In some depressions 
ponded water was found. 

By late spring/early summer vegetation had begun to estab- 
lish itself. This was particularly the case for the vertical 
-sided sinkhole which was closed by blasting methods. This was 
also true for most of the depressions created. Fig. 10-4 illus- 
trates a blast-created sinkhole immediately after blasting. The 
sides are near vertical at the rim, but darker topsoil can be 
clearly be seen in the depression. 

Fig. 10-5 shows the same feature, photographed seven months 
later from further back, which indicates that there has been 
some spillage of material into the depression from its rim, 
reducing the overall slope of the sides. New grass is growing on 
chunks of topsoil which still contained roots, even in one case 
where the growing surface is in fact vertical. The part of the 
blast showing surface heave, which can be seen in the foreground 



F I G ,  1 0 - 2 :  TYPICAL I N D I V I D U A L  SINKHOLE WITH NEAR-C:[RCLILAR 
SHAPE SUCH AS MAY TYPICALLY FORM AT I ~ E R -  
SECTIONS OF UNDERGROUND DEVELOPMENT 

F I G ,  10-3: TYPICAL "V-PROF1 LE" OF ELONGATED SINKHOLE 
ALIGNED WITH AN UNDERGROUND ROOlY 



F I G ,  VIEW OF SAME BLAST 
( N-14) APPROXIMATELY 
SEVEN MONTHS LATER 
SHOWING DEGREE OF 
REVEGETAT I ON 

F I G ,  10 -4 :  VIE14 OF :BLAST # I  
(N-14)  IMMEDIATELY 
AFTER BLAST I NG 



of this picture, has been totally revegetated except for the 
cracks. 

It was evident by the spring of 1987 that, in many of the 
blast-created depressions, areas of microclimatic conditions had 
been created. In these areas, the soil, water and temperature 
regimes had been subtly altered to suit different forms of 
vegetation. A number of different plant species, in addition to 
the brome grass which had formerly covered the area, were noted. 
Natural vegetation of the site will take several years. It is 
expected that some woody or herbeous vegetation types will 
establish themselves. In areas where moist soil conditions 
prevail wet meadow or wetland vegetation should establish. 

It is felt that the wildlife habitat has already been enhanced 
by the work, and that this can be achieved for other such sites 
without the use of equipment for recontouring and revegetation 
work. In addition the possibility exists to create ponds or 
wetlands, and to introduce plant types which the wildlife 
manager deems best suited to use by different types of wildlife. 
Such work could then be used to create more beneficial land use. 

If commercial application is to be made to land reclaimed 
by AML blasting, it would probably be necessary to remove 
topsoil prior to blasting. This would only have to be carried. 
out from above the rooms and entryways blasted. Dozed material 
could be banked up between rooms in pillar areas, if this can be 
practically achieved without creating serious access problems to 
blasting operations. Where rooms are located close together, or 
pillar failure is suspected, this might not be the appropriate 
course of action. 

Some additional remote backfill may be required, to 
compensate for the depression depth. Guidelines for estimating 
approximate volumes were given in Chapter 8. In other cases 
material swell may be sufficient to fill the depression. In 
either case the topsoil could then be dozed back onto the final 
land surface. 



11. CONCLUSIUNS AND RECOMMENL)ArI'IONS 

11.1. CONCLUSIONS 

1. This research proeject has shown that the use of crater 
blast design techniques to cave-in underground mine 
workings is technically feasible. 

2. Blasting is an AML reclamation method which minimizes 
the chance of additional subsidence after reclamation, 
and so enhances the long-term safety and utility of 
the site. 

3. Crater blast design utilizes spherical explosive 
charges (charges in which the length does not exceed 8 
times the charge diameter), with distances betweell . 
charge centers and available free faces being scaled 
by the cube root of the charge weight. 

4. The test site selected proved well suited for the 
research. It included variable cover, varied tunnel 
dimensions and it was well documented. It was Game 
and Fish Department land and changes t,o the topo- 
graphy, as this affected wildlife habitat, could be 
examined. 

5. The performance of adequate preliminary work including 
site reconnaissance, data gathering and exploratory 
drilling will have a significant impact on blasting 
success. 

6. Overall project cost will be minimi~ed when detailed 
topographic and mine maps are available. Decreasing 
levels of information wi1.L increase preliminary 
exploration drilling cost and initial engineering 
design time and cost. . 

7. The preparation of composite maps incorporating both 
the topography and the mine workings is very helpful. 
This is especially true if the topographic maps result 
from recent aerial survey and include existing 
sinkholes. 

8. Data from the exploratory drilling should be gathered 
carefully. Exploration will be the largest, percentage 
of the total site selection, evaluation and 
exploratiorl cost. The total cost of exploration will 



be quite sensitive to drill cost per foot. It will be 
essential to budget adequate monies for exploration 
and this will be a function of site uncertainty. 

9. ANFO should be used, whenever possible, as the 
explosive. It is inexpensive, easily loaded and 
reliable. Unless very hard strata are encountered 
over the workings it has adequate energy output (870 
cal/gm) to fragment the material. 

.O. If water is a problem one should attempt the use of 
plastic borehole liners, which normally work well for 
hole diameters of 6-inches and above. The ANFO is 
loaded inside the liner which is sealed at one end. 
For cases where extremes of water are present or blast 
hole liners don't work then an emulsion, waterproof 
heavy ANFO or slurry ought to be considered. These 
products may also be useful if the strata are hard and 
maximizing the weight of explosives in the cratering 
deck is desired. This is because they have consider- 
ably higher densities than ANFO. Care should be taken 
to find a product which will be easily loaded into 
smaller diameter holes. This was a problem in the test 
program. 

Initial design for the deck charges was based on cube 
root scaling with d/Wl/ 3 = 2.5 Ft/Lbl/s. In 
kenera1 scaled depths of burial in the range of 
2.0-2.3 ft/(lb)l/3 were employed successfully. If a 
higher density slurry explosive was used in the bottom 
deck the associated SDOB would be in the order of 
1.9-2.2 ft/(l.b) 1 1 3 .  However, actual design had 
depths of burial that varied due to physical 
dimensions such as hole depth and to factors such as 
occurrence of rock layers and thick roof coal. 
Variations were not generally drastic and did not 
appear to affect results significantly. 

The collar (explosive/stemming interface) was designed 
for d/Wl/3 of 3.1 ft/lbl/3. This was intended to 
heave the surface but not creaLe flyrock, Subsequent- 
ly, to further protect the topsoil from disruption a 
scaled depth of burial of 3.25 ft/lbl/3 was chosen. 
For 8-inch diameter holes d/Wl/3 = 3.5ft/lbl/3 was 
used. It is concluded that in the geology experienced 
at the site a d/Wl/3 of 3.25 ft/lbl/3 is quite 
adequate t,o provide heave and to avoid flyrock or 
surface bursting. 

13. Initial spacing of the holes along a line was 2.0 
times the depth of burial. 'l'his appeared too great. 



Spacings were reduced to 1 . 5  times the depth of burial 
along the row, which worked well. it was subsequently 
found that, on the wide rooms, spacings of 1 . 8 5  times 
the depth of burial were adequnte. Spacings between 
rows had to account for the dimensions of the opcn- 
ings. In 22 foot wide development the rows were 8 feet 
apart with 7  feet from each row to the pillar. For 
narrow entries spacings between holes of 1 . 5  times 
burial depth were initially tried. It was subsequently 
found that optimum results were achieved if this was 
reduced to around 1 . 1  times depth of burial. For 
narrow entries the blast pattern consisted of one row 
centered on the axis. 

1 4 .  In general if wall-to-wall distances in the develop- 
ment to be blasted exceed 1 . 7 5  times the depth of 
burial, two rows of blastholes, on which hole locat- 
ions should be staggered, are recommended. It was 
found, however, that a single row could in some cases 
be used for wider rooms, and a hole spacing of 1 . 4  
times the depth of burial was found to be acceptable. 
This works well when there is adequate void beneath, 
and the large roof span results in an overall weaker 
structure. 

1 5 .  Standard loading scales were established for six inch 
blastholes for the range of overburden depth ( 3 5 - 6 5  
feet) experienced at the test site. This is a recom- 
mended practice to improve the speed and efficiency of 
loading operations. 

1 6 .  An integral part of the application of crater theory 
to AML blasting is the use of decked spherical charges 
which detonate in sequence from the bottom up. 'I'he 
lowermost deck blasts into the underground void. Each 
charge blasts material into the void created by the 
previous charge in the detonation sequence. This can 
be achieved by use of down-the-hole millisecond delays 
connected to a detonating cord downline. 

1 7 .  Millisecond delay times should be adequate to allow 
each cratering deck to relieve in advance of the next. 
In this study 25111s between decks in a blast hole was 
found to provide marginal performance. The use of 
SUms delays, which gave a more systematic diagonal 
detonation sequence, provided greater relief and 
enhanced results. 

1 8 .  Millisecond delays are also essential to the control 
of vibration. For this reason use of surface delays 
between blastholes is also recommended. In order to 



reduce airblast effects, a reduced noise system such 
as Nonel is recommended. 

19. In the test blast program 21 blasts were taken, which 
involved part of a 10 acre site area. In general six 
inch blastholes were used to collapse 22 foot wide 
rooms in a regular room and pillar operation. In two 
cases 8 inch diameter blastholes were employed. Two 
blasts were centered exclusively on 12 foot wide 
access development. Two blasts were employed partially 
or totally with the objective of filling in 
pre-existing sinkholes. 

20. Line-up drilling along the room or entry is important . 
to proper blasthole placement. Blasts should be staked 
out by a responsible person and the holes should be 
drilled on the stakes. Failure to do so will reduce 
the effectiveness of the blasting with possible 
bridging resulting. During blasthole drilling the 
drillers should record any variations in geology from 
the norm. Presence of water should be noted as well. 
Blastholes should be carefully measured before 
loading. 

21. Seismic cones make good hole bottom plugs. They are 
placed fairly easily and are readily available. It is 
important to secure them using light twine so the load 
is well supported. Placement must be correct and this 
means, again, careful taping of the hole. 

22. Deck loading requires careful operation with constant 
taping of the holes for correct explosive and stemming 
deck heights. Sloppy procedures here will lead to 
poor results. 

23, Nonel surface tie-ins using 42ms noiseless trunkline 
delays were employed. These have the advantage of 
being of low noise, safe and easy to connect. The 
burial of delay elements, blasting cap and primacord 
pigtails is highly recommended t.o minimize airblast 
and noise. 

24. The high-speed camera was an effective tool for analy- 
zing blast effectiveness. Surface heave could be det- 
ermined qualitatively and quantitatively. Millisecond 
delay accuracy was determined and the onset of caving 
could often be observed. Camera studies showed that 
the blasts consistent,ly detonated in sequence. The 
12ms surface delays had a mean delay time of 37.3111s. 



25. The down-the-hole delays displayed more variation. 
This has been a common observation in the mining 
industry. The number 6 and 7 delays seemed to 
detonate at about the same time. However, the sample 
size was quite limited and general conclusions should 
not be drawn. The change from 25111s to 50111s delay 
between decks acted to eliminate problems resulting 
from the delay firing time variations. 

26. The blasts for which surface movement was studied had 
total vertical displacements of 8 to 10 feet. Velocit- 
ies were in t.he 10 to 20 feet per minute range. ' l ' h i s  
would be typical. Movement of the top without flyrock 
was possible. Disruption of soils, although signifi- 
cant, was minimized. Such suitable plant growth mat,- 
erial was kept near the top of the blasted material 
and some plant growth was noted the next spring. 

27. The method of blasting studied leads to low charge 
weights per delay period and this means low levels of 
vibration. Square root scaling ( U / W 1 / 2 )  was found to 
better represent the vibration data than cube root 
scaling. It is concluded that the detonation of mul- 
tiple deck delayed cratering charges generates a 
ground disturbance similar to that of a linear column 
charge. For a scaled distance of 42 ft/(lb per delay 
period)l/' a vibration level Less than 0.5 ins/sec 
can be maintained. This should eliminate most prob-- 
lems . Charge weights that can be detonated at this 
scaled distance are reasotlable. 

28. Airblast was low, being at least an order of magnitude 
less than that representing the onset of damage. Care 
taken in loading and connecting the blast was impor- 
tant in this regard. 

29. Larger diameter holes will mean greater weights per 
delay period and therefore this may be a restriction 
on hole size when close to houses and other buildings. 

30. Blasting near to structures is possible. This study 
shows blasting as close as 1,000 feet from buildings 
represents little problem. Blasting to within 400 
feet of structures will be acceptable if care is 
taken. This should also apply to water wells and 
pipelines. It is assumed that the struct~lre or 
facility is not undermined. 



31. The slurry explosives exhibited loading densities much 
lower than expected. This was a field observation, 
later confirmed by detailed technical analysis of 
actual blast data. It appeared to be due to releasing 
the product from the bag and dropping it down the 
hole. For some reason these products did not compress 
or couple as well as expected. If a slurry is to be 
used care must be taken in selection, It may be that 
an emulsion or heavy ANFO will be more suitable. An 
important consequence of the above is that blasts 
should be designed based on the expected loading 
density of slurry type products, and not the bagged 
density as claimed by a manufacturer. 

In the majority of cases the post-blast profile 
consisted of a V-shaped depression running along the 
center of the blasted room. In some cases there was 
surface heave over the blast area. When a depression 
is created it is possible to state definitely that a 
blast was successful in collapsing the underground 
structure. Zt is very important to realize, however, 
that surface heave will result from a successful blast 
if there was insufficient room in the underground 
volume to accommodate blast-induced material swell. 
Therefore, surface heave is not a definitive indic- 
ation of an unsuccessful blast. 

33. Measurement of the subsidence or heave produced by 
blasting was carried out for some blasts. A model was 
developed that allowed an estimate of the typical . 

material swell encountered during testwork to be 
calculated. This may also be used to predict post 
-blast, profiles for other work of this type. The 
results show when to expect depressions or heave based 
on variations in critical factors such as,overburden 
depth, room height and swell factor. 

34. Post-blast drilling indicated that in most cases where 
surface heave was experienced the voids had been 
filled. This exploration was completed where possible 
but did not occur for all heaved blasts. Visual and 
drilling evidence showed that two blasts were known 
not to be entirely successful. These showed bridging 
of the material at the position of the two upper 
decks. These were blasts # 4  (N-1,N-2) and #9 (NC-7). 

35. The test program was largely successful technically. 
A few problems were encountered as is expected in a 
research project. Those problems were mostly worked 
out by the end of the program through changes in 



millisecond delay times, hole spacings, number of 
rows, explosives placement and so forth. It was found 
that the blast results correlated well with overburden 
depth, and the void depth available in the rooms. 
Closure of an individual sinkhole proved successful 
also, Great potential exists for the use of blasting 
in this area, especially in steep-sided sinkholes. 

36. The exclusive use of ANFO in a blast provided equally 
good results as the use of slurry in the bottom deck. 
This can be done unless there is water in the bottom 
of the hole. 

37. In rooms 22 feet wide it appears that one row of holes 
yields equally good results as two rows. The spacirlgs 
between holes have to be reduced to 1.3 times the 
depth of burial. The resulting surface depressions 
will be deeper and not as wide. 

38. Hole diameter should be govern~d by hole depth 
primarily. The goal should be to limit the number of 
decks to 4. This is less complicated to work with, 
the blast is less likely to choke and millisecond 
delay time variations (DTH) are less likely to be a 
problem. Where overburden cover exceeds 60 feet it may 
therefore be preferable to use larger diameter blast- 
holes than six inch. IIowever, blast vibration may 
also play a role in this. It should also be noted that 
five decks were used successfully in a few cases. 

39. The costs associated with AML blasting were analyzed 
in detail, and a model was developed for prediction of 
the cost per acre associated with work of this kind 
for dif'ferent site and operational parameters. 
Analysis of actual blast cost data from the testwork 
program indicated that the cost per acre for blasting 
was variable. It was concluded that the parameters to 
which blasting cost was most sensitive included 
overburden depth, drilling and explosives cost, and 
whether one or two blasthole rows could be employed 
for a given development size. 

40. Since reclamation costs are considered on a per acre 
basis, nearly all methods are very dependent on the 
amount of mining in an acre of ground. In a typical. 
room and pillar operation this correlates directly to 
the ratio of room to pillar widths, and can be 
considered in two dimensions as a percent ext,raction 
by area. This is by far the most important factor in 



determining the cost of AML blasting on a per-acre 
basis. 

41. In one scenario studied using the APlL blast Cost Node1 
a single 3 or 4-man blasting crew was considered for a 
10 acre reclamation site size. It was determined that 
a typical blast that could be taken in a single day 
would be 220 feet long, if two rows of blastholes were 
required, or about 350 feet long in the single row 
case. Where 6 inch blastholes were used in 50 feet of 
overburden cover, a typical single or double row blast 
would cost in the order of $4500-$5000. 

42. At a site where the rooms are 20 feet wide, and the 
room and pillar configuration was such that a 40% (by 
area) mining extraction exists, a typical double row 
blasting operation using the data described above 
would cost in the order of $20,000 per acre. If this 
same configuration could be blasted using a single row 
of blastholes, this cost reduces significantly, to 
around $12,500 per acre. However, if the rooms were 
narrower, at 12 feet, then the cost using a single row 
of blastholes is again around $20,000 per acre at the 
same 40% extraction. If the percent extraction is 
higher, at 6U%, then for the wider rooms the per acre 
costs are $30,000 and $19,000 for double and single 
row applications respectively. 

43. The above example illustrates that blasting costs can 
vary widely. The number and size of the underground 
openings present in a given acre of land are by far 
the most critical factors affecting the AML blasting 
cost of that sj te. 

44. Blasting is an AML reclamation method that is cost 
competitive with other methods of area reclamation. 
It may be less competitive with individual feature 
reclamation. The depth to the works affects costs 
especially if drilling cost is high. It would also 
affect daylighting costs but would not affect remote 
backfill to the same extent. Ilowever, for the ranges 
of depths tested and drilling cost of $l.OO/ft or less 
the method is comparable. With ANFO as the explosive 
and one row blasting on wide rooms, the method is 
quite cost attractive. 

45. I n  most cases the use of blasting will require topsoil 
removal, regrading (possibly including f'ill 1 , topsoil 
replacement and seeding. In some cases, however, such 



as wild life habitat production leaving the area as 
blasted may well lead to micro-climatic and vegetation 
systems that enhance the habitat. 

1 1 . 2  RECOMMENDATIONS FOR FURTHER WORK 

1. Further experimentation is recommended using 8 inch 
diameter blastholes in overburden cover depths in 
excess of 60 feet. The technical fcnsibility of this 
should be investigated together with the increased 
levels of blast vibration that may result. 

2 ,  Further modifications to the upper explosive deck 
should be attempted, to avoid the possibility of 
bridging of the blast at this level. We have 
concluded that to effectively crater to the surface 
and also downward a double length deck should be 
attempted. A charge length of 1 2  times the diameter 
is proposed. 

3. Great potential exists for the use of blasting to fill 
in individual sinkholes. It is suggested that this 
possibility should be studied in more detail. 
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