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DELAYED BLASTING TESTS TO IMPROVE HIGHWALL STABILITY-A FINAL REPORT 

By Virgil J. Stachura, 1 Lorry R. Fletcher, 2 and Michael A. Peltier 3 

ABSTRACT 

The Bureau of Mines conducted a series of delayed blasting experiments 
at a Barbour County, WV, contour coal mine that resulted in smoother 
highwalls. The highwalls were smoother due to reduced overbreak (exces­
sive rock breakage beyond the excavation limit) and were inherently 
safer due to reduced likelihood of rockfall. The experiments were 
directed at reducing overbreak without special drilling or significant 
additional cost. Reduced overbreak was accomplished by increasing the 
highwall hole delays, which changed the effective delay pattern geometry 
and the direction of burden movement. 

Three test combinations of blast delays were used in the highwall 
holes: (1) 50 ms longer than the nominal design, (2) 100 ms longer than 
nominal, and (3) 50 and 100 ms longer in the two rows of holes nearest 
to the highwall. The mine's nominal blast design was a flat V pattern 
with 17-ms surface delays between holes, 42-ms surface delays between 
rows, and 200-ms in-the-hole delays. All three test designs produced 
highwall improvements, compared with results using the nominal design, 
with occasional exceptions because of geologic variations. Observations 
and terrestrial photogrammetry showed that the delay changes produced 
generally smoother vertical profiles with less loose material. 

1 Geophysicist. 
2Mining engineering technician. 
3Mining engineer. 
Twin Cities Research Center, Bureau of Mines, Minneapolis, MN. 
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INTRODUCTION 

One of the major hazards found in sur­
face mining is rockfall from highwalls. 
This hazard occurs in all forms of ex­
cavation in rock, especially where explo­
sives have been used. The explosive 
energy not only fractures the rock to be 
excavated, but also damages the rock that 
borders the excavation. This reduces the 
stability of the highwall and increases 
the rockfall potential. The rockfall 
hazard is normally attributed to blasting 
practices, geologic conditions, and ad­
verse weather in 65% of the accidents in 
surface coal mines (1).4 Of these three 
factors, only blasting is controllable, 
and therefore, blasting was the subject 
of this investigation. 

The probability of fatal or nonfatal, 
injuries associated with mine workers' 
exposure to the highwall increases with 
the height of the highwall and the extent 
of its overbreak. In general, rock­
falls are most prevalent after rain­
storms, since the flowing water may wash 
out fracture fillings or hydrostatic 
forces may change the stress situation. 
Most rockfalls occur in the first 15 days 
of exposure (1). This is significant 
because most work below a highwall, such 
as stripping of overburden and coal re­
moval, is done during this time. The 
area of greatest hazard is within 25 ft 
of the toe for vertically falling rocks, 
and 90 ft from the toe for rocks deflect­
ed by the highwall during their descent 
(1). Three employee classifications are 
most frequently involved in highwall in­
cidents: dozer operators, 45%; ground 
laborers, 25%; and shovel operators or 
oilers, 10% (l). 

According to information obtained from 
the Health and Safety Analysis Center of 
the Mine Safety and Health Administration 
(MSHA), there were 123 fatalities and 
21,696 nonfatal injuries in the surface 
coal mining industry from 1978 through 
1984 (£-3). The reported injuries in 
surface coal mines are shown in table 1. 
Highwall incidents accounted for 11.4% of 

4underlined numbers in 
fer to items in the list 
the end of this report. 

parentheses re­
of references at 

the fatal and 0.7% of the nonfatal in­
juries and ranked secondS in average 
severity (table 2), with 583 lost work­
days per injury. Although the total num­
bers of fatal (14) and nonfatal (149) 
highwall injuries do not appear to be of 
great significance when compared with the 
overall totals for all mining-related in­
juries, the high average severity of 
highwall injuries indicates that they .are 
a serious problem. Another way of gaug­
ing the seriousness of highwall injuries 
is to calculate the probability of a 
fatality, as shown in table 3. The prob­
ability of a fatality in falls of high­
wall ranks first6 at 8.6%. 

In previous research sponsored by the 
Bureau of Mines, Engineers International 
Inc. evaluated blasting practices at 
nine contour mines and conducted eight 
test blasts at one mine site (4). The 
test blasts resulted in improved-highwall 
stability, but after the contractor left, 
the mine personnel reverted to their old 
blasting practices. There appeared to be 
too great a procedural impact for imme­
diate acceptance of the improved blasting 
practices. To maximize acceptance, the 
authors of this report emphasize simple, 
easily understood changes in blast design 
that minimize economic and procedural 
impact. A progress report, RI 8916 (5), 
was published on earlier tests conducted 
by the Bureau. This final report summa­
rizes the field experiments conducted by 
the Bureau at the Barbour County, WV, 
test site. 

The experiments described in this re­
port are directed at reducing overbreak 
without special drilling or significant 
additional cost. They use simple changes 
in timing, which improve relief by chang­
ing the direction and time of burden 
movement. In this report, overbreak is 
defined as excessive breakage of rock be­
yond the desired excavation limit (~). 

5The disparities in rank between tables 
2 and 3 apparently resulted because table 
2 does not include data for 1983 and 
1984. 

6see footnote s. 
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TABLE 1. - Reported injuries, surface coal mining, 1978-84 

Year Fall of highwall All injuries 

1978 ••••••••••••••••••• 
1979 ••••••••••••••••••• 
1980 ••••••••••••••••••• 
1981 ••••••••••••••••••• 
1982 ••••••••••••••••••• 
1983P•••••••••••••••••• 
1984P•••••••••••••••••• 

Total ••••••••••••• 
Ppreliminary. 

TABLE 2. - Average injury severity, 
surface coal mining, 1978-82 

Fatal 
2 
2 
5 
0 
1 
1 
3 

14 

Accident classification 

Average 
lost workdays 

per injury 

Explosives and breaking 
agents •••••••••••••••••••• 

Fall of face, rib, side, or 
highwall •••••••••••••••••• 

Falling, rolling, or slid-
ing material •••••••••••••• 

Electrical ••••••••••••••••• 
Powered haulage •••••••••••• 
Exploding vessels under 

pressure •••••••••••••••••• 
Ignition or explosion of 
gas or dust ••••••••••••••• 

Machinery •••••••••••••••••• 
Other injuries ••••••••••••• 
Nonpowered haulage ••••••••• 
Slips or falls of person ••• 
Hand tools ••••••••••••••••• 
Fire••••••••••••••••••••••• 
Handling material •••••••••• 
Striking or bumping •••••••• 
Stepping or kneeling on 

objeCt •••••••••••••••••••• 

704 

583 

478 
288 
212 

197 

166 
148 

41 
39 
36 
35 
32 
26 
23 

21 

Nonfatal Fatal Nonfatal 
33 17 4,145 
26 17 3,848 
16 25 3,512 
19 21 3,258 
29 20 2,985 
12 13 2,226 
14 10 1, 722 

149 123 21,696 

TABLE 3. - Fatality probability per 
reported incident, surface coal 
mining, 1978-841 

Accident classification 

Falls of face, rib, side, 
or highwall •••••••••••••••• 

Explosives and breaking 
agents ••••••••••••••••••••• 

Falling, rolling, or sliding 
material ••••••••••••••••••• 

Electrical •••••••••••••••••• 
Exploding vessels under 

pressure ••••••••••••••••••• 
Powered haulage ••••••••••••• 
Ignition or explosion of gas 
or dust •••••••••••••••••••• 

Probability, 
pet 

8.6 

6.4 

6.0 
3.8 

2.6 
2.2 

1.4 
Machinery••••••••••••••••••• 1.0 
Other injuries.............. .4 
Slips or falls of person.... .1 
Fire........................ NF 
Handling material........... NF 
Hand tools.................. NF 
Nonpowered haulage.......... NF 
Stepping or kneeling on 
object..................... NF 

Striking or bumping......... NF 
NF No fatalities reported. 
1Injury information for 1983 and 1984 

is based on preliminary data. 
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EXPERIMENTAL PROCEDURE 

BLAST DESIGNS 

The approach selected for devising the 
experimental blast designs was to take 
the design in use at the mine site and 
make minor delay-period changes. No 
other parameters were changed intention­
ally, but the accuracy of spacings and 
burdens varied, more than one hole dia­
meter was occasionally used, and powder 
column heights also varied. The mine 
where the tests were conducted used a 
NONEL7 (also called shock tube) initiat­
ing system, so the original delay times 
reflected those available using that 
system. 

The blast design used by the mine and 
the Bureau's first two alternative de­
signs were previously described in detail 
in RI 8916. Briefly, design 1 (the pat­
tern used by the mine) was a flat V with 
surface delays of 17 ms between holes, 42 
ms between rows, and 200-ms in-th~-hole 
delays. Designs 2 and 3 were the same as 
design 1 except that in-the-hole delays 
of 250 and 300 ms, respectively, were 
used in the highwall holes. Design 4 was 
the same as design 1 except that 300-ms 
in-the-hole delays were used in the high­
wall holes and 250-ms in-the-hole delays 
were used in the second row of holes from 
the highwall. The four designs and the 
cumulative delay times for each blast 
hole are shown in figures 1 through 4. 
Each plan view (figs. 1-4) includes an 
arrow that indicates the observed direc­
tion of burden movement. In figures 2 
through 4, this direction is perpendicu­
lar to the plane of the highwall, a sign 
of im~roved relief over that illustrated 
in figure 1. Design 4 was tried because 
of reports of overbreak extending far be­
yond a distance equal to one burden (7-
8). It was anticipated that the addi­
tional delay in the second row of holes 
from the highwall would provide addition­
al relief, reducing the damage to the 
highwall. 

7Reference to specific 
not imply endorsement by 
Mines. 

products does 
the Bureau of 

HIGHWALL EVALUATION 

To determine a criterion for evaluating 
the test blasts, discussions were held 
with MSHA inspectors, mine superintend­
ents, safety officers, and blasters. The 
general theme found in these discussions 
was that a smooth highwall of competent 
appearance is a safer one. A competent 
appearance is achieved by reducing over­
break. In addition to visual inspection 
criteria, stereo photography techniques 
were used to analyze the blasting effects 
in this study. The use of highwall pro­
files generated from stereo photographs 
provided for more analytical and consist­
ent comparison of highwalls than visual 
inspection. Early stereo procedures are 
described in RI 8916, while later tech­
niques are described below. Since an 
aerial mapping firm generated the many 
profiles that were needed, the earlier 
procedures were modified to provide nec­
essary controls or dimensional refer­
ences. The procedure was to--

1. Take two photographs (left and 
right stereo pair) with parallel camera 
axes, with separation one-fourth to one­
fifth of the distance to the highwall. 

2. Survey the location of the two 
camera stations and at least four targets 
on the highwall as controls such that 
their x, y, and z coordinates may be cal­
culated. The four targets should be com­
mon to both the left and right pictures 
(fig. 5). 

The photographs and coordinates were 
given to a photogrammetry firm so it 
could set up the pictures in a manner 
which duplicated the highwall geometry 
through a stereoscope. A photogrammetric 
operator then scanned a cursor over the 
surface seen in the stereoscope in verti­
cal sections at regular intervals to read 
the x, y, and z coordinates of points on 
the highwall surface and feed them into a 
computer. The vertical sections were at 
1-1/2- to 3-ft horizontal intervals, and 
the vertical increments between reading 
points were 1/3 ft or less. The vertical 
profiles of the highwalls were plotted 
from the coordinates by a Bureau computer 



to determine the effectiveness of each 
blast design. (Examples of the plotted 
profiles are included in the "Results" 
section on page 7.) The amount of over­
hanging material forming ledges and the 
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shape of the highwall could be easily ob­
served from the profiles. An irregularly 
shaped highwall was considered to be the 
result of a poor blast design. 
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0T1 Target 

Camera and 
~--- survey stations 

FIGURE 5.- Illustration of stereo photography technique with control targets. 

FIGURE 6. • Test site location (site 2), Barbour County, WV. 
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TEST SITE 

The highwall profiles presented in this 
report are from test site 2, a contour 
coal mine located in Barbour County, WV, 
as shown in figure 6. However, overall 
evaluation of the blast designs is based 
on results from all three test sites 
(fig. 6). The overburden is in the 

Monongahela Series, which is composed of 
green and gray fine-grained sandstones, 
alternating with red and/or sandy shales 
and a few thin limestones. The most im­
portant coal seams are the Redstone and 
Pittsburgh Seams. 

RESULTS 

The highwalls of 59 test blasts were 
evaluated from stereo photographs, on­
site observation, photographs taken by 
the blaster, and notes made by the 
blaster. Profiles and photographs of 
four typical highwalls are shown as 
figures 7-14. Figures 7 and 8 show a 
highwall formed by a shot that used 200-
ms in-the-hole delays throughout. This 
highwall was dangerous because of the 
large (5-ft) overhang left of center. 
Overbreak had caused the lower material 
to fall away, leaving the overhanging 
portion as a hazard. 

The second highwall example (figs. 9-
10) resulted from a shot that used 250-ms 
delays in the highwall holes and 200-ms 
delays in the rest of the shot. This 
highwall was smoother and showed well­
interlocked material. There were some 
small ledges of about 1 ft, but they ap­
peared to be locked in tightly. 

The third example (figs. 11-12) was 
formed by a shot that used 300-ms delays 
in the highwall holes and 200-ms delays 
in the rest of the shot. This highwall 
was sawtooth-shaped, although it did ap­
pear to be fairly solid. The shearing 
between holes was not as good as when 
250-ms delays were used in the highwall 
holes (example 2). This was found to be 
true in many cases when 300-ms delays 

·were used. 
The fourth example (figs. 13-14) was 

formed by a shot that had 300-ms delays 
in the highwall holes, 250-ms delays in 
the second row of holes from the high­
wall, and 200-ms delays in the remainder 

of the pattern. The highwall was smooth 
and showed well-interlocked material. 
This fourth shot design gave results com­
parable to those obtained using 250-ms 
delays in the highwall holes (example 2). 
The fourth shot design was tried because 
of reports of overbreak extending far be­
yond a distance of one burden (7-8). The 
additional row of longer delays-(250 ms) 
provides a more uniform burden for the 
highwall holes (300-ms delays) because of 
the improved shearing action of the 250-
ms delays. In addition to the uniform 
burden, less overbreak should occur up to 
a distance of two burdens because more 
time is allowed for burden movement. The 
evaluation system of stereo-generated 
profiles and photographic observation 
could not detect a reduction in frac­
tures, although this probably occurred as 
a result of the additional row of 
delays. 

In spite of the variables found in the 
field, blast designs 2 and 4 produced the 
best results. Design 4 should be used in 
difficult geologies where designs 2 and 3 
produce poor results, since it introduces 
a second row of relief. Design 3, used 
in the third example (figs. 11-12) tended 
to produce a sawtooth appearance; how­
ever, this appearance corresponded to the 
joints present and so would not neces­
sarily occur at another site. The 
authors believe design 3 resulted in less 
overbreak than design 1 did (first ex­
ample, figs. 7-8), but that the shearing 
action between holes was not as good-­
hence the sawtooth appearance. 
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FIGURE 7.- Test highwall, no increase in delay time (blast design 1). 
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FIGURE 8.- Test highwal! profiles, no increase in delay time. 
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FIGURE 9.- Test highwall, 50-ms-longer delays in highwall holes (design 2). 

Test highwall 

FIGURE 10. • Test highwall profiles, 50-ms-longer delays in highwall holes. 
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FIGURE 11. Test highwall, lOO-ms-longer delays in highwall holes (design 3}. 
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FIGURE 12.- Test highwall profiles, lOO-ms-longer delays in highwall holes. 

Test 
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FIGURE 13.- Test highwall, 50- and 100-ms-longerdelays in two rows of holes nearest to the highwall (design 4). 
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FIGURE 14. • Test highwall profiles, 50· and lOO·ms-longer delays in the two rows of 
holes nearest to the highwall. 
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CONCLUSIONS AND RECOMMENDATIONS 

The results demonstrated that greater 
highwall stability can be achieved by 
changing the burden movement to a direc­
tion closer to perpendicular to the plane 
of the highwall. The changes in blast 
design described in this report can be 
implemented without increasing costs or 
technical complication. 

Redirecting the burden movement was ac­
complished by using delays in all high­
wall holes that were either 50 or 100 ms 
longer than those previously used in the 
delay pattern. Another variation was to 
increase the delay time by 50 ms in the 
second row of holes from the highwall and 
by 100 ms in the highwall row of holes. 
The lengthened delays allowed more time 
for the burden to move, thereby reducing 
overbreak, which causes irregular and un­
stable highwalls. At the test sites 
used, the 50-ms-longer delays or combina­
tion of 50- and 1004ms-longer delays or 
combination of longer delays worked 
better, than when the delay time was in­
creased by 100 ms only. This was because 
of the better shearing action obtained 
with the 50-ms incremental increase. 
Since the test mine had a particular 

geology and used the NONEL initiating 
system for blasting, other mine sites and 
initiating systems (such as electric) may 
require adjustment of the delay time to 
obtain optimum results. 

The test results showed a general im­
provement in the highwalls even though 
drill-hole alignment wandered, powder 
column heights varied, the geology chang­
ed continually (because the test site was 
a contour mine), and scaling practices 
varied. During the course of study, the 
safety officer and the mine operator both 
observed that the highwalls had notice­
ably improved and required less cleanup 
time by the dozers used to scale the 
highwalls at the test site. Precise 
evaluation of the blast effects on high­
walls proved to be difficult because of 
the many variables mentioned above. How­
ever, after observing the results of 59 
test blasts, the authors recommend an in­
creased delay of 50 to 100 ms in the 
highwall holes as described in the "Ex­
perimental Procedure" section. These de­
lay increases may need to be adjusted 
slightly for specific sites or adapted 
for other initiation systems. 
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