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INTRODUCTION

This study builds on the research completed at a UK
limestone quarry (Newbridge Quarry) in North Yorkshire
and develops it to meet the challenges presented at a
dolomite quarry (Whitwell Quarry) in Derbyshire. The
main aim of the initial research was to investigate the
possibility of using electronic detonators to minimise
vibration (PPV) from blasting and if this was successful,
to quantify the reduction and determine what confidence
could be established. The second study, which is still
on-going, reports on the application of the developed
methodology to a very sensitive production blasting
situation, with the aim of releasing further exploitable
reserves of high quality dolomite.

NEWBRIDGE QUARRY

Newbridge Quarry represented a scenario where the
use of electronic detonators could be developed to bring
real benefits. Running parallel to the site’s western
perimeter boundary is a buried cast-iron water main
supplying the local town. It is gravity fed from a covered
reservoir situated approximately 450m away from the site
and lies approximately 2-3 metres below the ground
surface along the edge of a minor road. This runs
parallel with the site’s western blasting face and at its
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closest was approximately 40m from the blast pattern.
The local water authority stipulated a maximum vibration
limit of 50mm.s-1 on the pipe. The requirement therefore
was to choose a delay timing that protects this linear
feature from blasts at varying distances.

A series of like-for-like quarry blasts were carried out
where most parameters were kept constant (i.e. burden,
spacing, decking and maximum instantaneous charge
weight) except for detonator type and delay period.
A standard delay period was used for the non-electric
initiated pattern, whereas the electronic timings were
developed using an iterative method to determine the
optimum delay period for minimising PPV. This period
was obtained from the process of linear superposition
using a single-hole vibration signature recorded at
varying distances from the blast. The objective was to
derive optimum inter-hole timings, which could then be
employed to minimise the vibration levels produced.
These were validated using six additional electronically
initiated blasts with inter-hole timings different to that of
the optimum delay in order to enable comparisons.

All blast patterns were based on typical designs for the
site, which required the use of triple decking with a
Maximum Instantaneous Charge weight (MIC) of 30kg to
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comply with the environmental restrictions. A standard
blast design was selected for the non-electric blasts
consisting of 14 holes with inter-hole timing of 42
milliseconds (ms) and inter-deck timing of 25ms. The
electronic pattern using the inter-hole timing based upon
the calculated optimum inter-hole timing of 40ms
consisted of 12 holes using an inter deck timing of 10 ms.
The other electronically fired patterns (not based on
optimisation) had 12 holes and used an inter deck timing
of either 5 or 10ms.

SINGLE-HOLE ANALYSIS

The use of linear superposition in optimising blast
design has been described elsewhere (Reamer et al, 1993,
Jackson and Louw, 2003 and Rorke and Thabethe, 2004)
but it is not yet widely accepted. It is a modelling
technique that utilises inter-hole delays to calculate an
optimum delay period to minimise vibration levels
produced from blasting operations by controlling the
firing frequency of the blast. The vibration signal from a
single-hole shot is combined with the firing times to
simulate the vibration signal generated by a full-scale
production blast. The optimum value is found by
simulating this process with varying delay times to
ultimately produce the minimum vibration level. The
successful implementation of linear superposition relies
on two key assumptions; that the firing time of each hole
can be accurately controlled and that the single-hole
vibration signal is a good representation of the vibration
produced by each hole in a production blast. Yuill and
Farnfield (2001) found that, whilst vibration signals from
a series of single-hole shots are consistent in shape,
despite variations in the hole design and explosive type,
the amplitude of the vibrations are variable. They
identified the instantaneous charge weight, free faces and
burden as factors that affect the amplitude of these
vibrations. Whitaker et al. (2001) found that in the near
field, vibration amplitudes and dominant frequencies
were significantly affected by using decked charges over
full column charges, for a given explosive. They also
demonstrated that the results were very site specific and
only applied to the near field. Once a critical distance is
exceeded no significant differences are found regarding
the dominant frequencies or vibration amplitudes. In the
absence of a comprehensive model to account for these
variations, all parameters should be kept as constant as
possible.

Hinzen et al. (1987) and Hinzen (1998) were amongst
the first to develop a usable model based upon the
recording of a single-hole signature vibration recording.
They realised that the greatest problem with simulation of
blast vibration was that the formation of seismic waves
from a cylindrical charge was not well understood.
By assuming a linear superposition of the seismic effect
of the individual holes in a row shot, the vibration
generated by production blast could be simulated.

The main advantage of Hinzen’s model is that as it
provides a full blast waveform in the time domain, and
it is possible to determine the phase and frequency
components of the blast, through the use of Fourier
Transforms, as well as the magnitude of the blast
vibration. This prediction of PPV for varying delay times
can then be used to minimise impact.

Two approaches were used to calculate the optimum
inter-hole timing for Newbridge: a program written by
the authors based on Hinzen’s method and a
commercially available application called ‘Alpha Seis’ by
White Seismographs Ltd. It was decided that two
approaches would be used for the purposes of
crosschecking. Over 15 locations were chosen along the
length of the water main, for which predictions could be
made and blast vibration data subsequently recorded.
The large number of locations were chosen to reflect the
linear nature of the pipeline.

The results from both processes agreed that no single
delay period was optimum for all locations. It was
determined that the approach to be taken was to
calculate the ‘least worst inter-hole timing’ i.e. the timing
that produced the lowest average vibration for all
locations. This was calculated by producing a list of
simulated resultant PPV values for each location, then an
average PPV was obtained for each inter-hole time
period. From this, the value that produced the lowest
PPV was considered the ‘least worst inter-hole timing’ for
those particular locations.

OPTIMUM ELECTRONIC AND NON-ELECTRONIC
COMPARATIVE ANALYSIS

The accuracy of the electronic detonator system was
checked while recording the velocity of detonation of
blast boreholes in a number of blasts. They were found
to perform very well, with all charges firing within the
expected delay timing tolerances. Typically these were
within +/- 0.2 ms from nominal. From Figure 1 it can be
seen that electronic detonator curve lies well below the
non-electric detonator curve. In fact the predicted
electronic 95% confidence line and the predicted best-fit
(50% confidence) nonelectric line are almost coincident
as has been observed elsewhere (Pegden et al., 2006).
This has significant operational implications regarding
permissible charge weights for which a comparison
graph is given in Figure 2. The selection of electronic
detonators based on this data would permit a doubling of
usable charge weights in comparison with a non-electric
system.

An examination of the statistical output in Figure 3
reports that the correlation coefficient and site factor ‘B’
for both datasets are similar. There is a difference of 0.05
(18%) in standard error values which indicates less
unpredictable variation between recordings. However,
the major difference between the two datasets is the
intercept value (site factor “A”). These findings are
nearly identical to those reported previously by the
Pegden et al. (2006). This reproducibility of results under
similar quarry blasting conditions indicates that the real
differences in PPV recorded is primarily attributable to
the scatter of the initiation timings of the detonators.

NON-OPTIMISED ELECTRONIC RESULTS ANALYSIS

To complete this study, six other electronic blasts were
fired using non-optimised inter-hole timings with the
aim to validate 40 ms as the optimum inter-hole
delay period. Figure 4 illustrates a comparison chart of
permissible charge weights for all blasts using a PPV limit
of 8mm.s-1 to a 95% confidence. The electronic shots that
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Figure 2. Comparison of permissible charge weights for Electronic and Non electric (Shock Tube) initiated Blast.

Figure 1. Log Log plot (PPV against “scaled distance”) comparing results from Electronic and Nonel (Shock Tube) initiated Blasts.
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used non-optimised inter-hole timings lie between the
optimum electronic and the non-electric blasts. This
means that the electronic blast fired with the optimised
inter-hole timings lies above all other data sets, thus
permitting higher MIC usage compared to other
configurations. This validates the optimised inter-hole
timing of 40ms. Whilst there remains an element of
chance in that the total number of blasts carried out was
limited, the fact that the only variable in the tests were
the detonator type and the difference in timings,
indicates that on average, in non electric blasts the
scatter in timings is sufficient to cause “overlaps” or “non
sequences” that can enhance the PPV levels recorded.

These trials proved to be very successful in
demonstrating the methodology of producing the ‘least
worst inter-hole timing’ together with its effectiveness in
minimising vibration levels. It also highlighted the major
limitation of the technology, in that a single firing
frequency is not suitable for all locations. For the
technique to be successful, a range of distances has to be
specified for optimisation.

Following the success at minimising the vibration
levels for the buried water main a subsequent challenge
presented itself in the form of a somewhat larger
underground structure; an active railway tunnel at
Whitwell Quarry.

WHITWELL QUARRY GROUND

Whitwell Quarry is operated by Lafarge Aggregates
Limited and produces dolomite feed for its on-site rotary
kilns and aggregate for roadstone. The operation is made
complicated by the presence of a railway tunnel, located
in the northern section of the quarry, which effectively
sterilises a significant quantity of the quarry’s potential
reserves.

The most significant impact is the effect of ground
vibration from blasting on the geotechnical integrity of
the tunnel structure. Network Rail (the rail authority) had
stipulated that an absolute vibration limit of 12mm.s-1 PPV
(maximum single plane) should apply to the tunnel and
that there should be a 70m standoff on either side of
the tunnel’s axis. As the railway is active, access to the
tunnel was not possible so a number of boreholes
were commissioned close to the tunnel. A total of 7
monitoring boreholes had two tri-axial arrays located in
each; an upper array aligned with the soffit level of the
tunnel, and a lower array corresponding to the invert
level. This system operated successfully, confirming that
the vibration levels stayed below the 12mm.s-1 limit and
allowing the operations to continue to the 70m standoff
that had been agreed.

Figure 5 is an aerial photograph of Whitwell Quarry
and the railway tunnel. Highlighted on this photograph
are the tunnel’s axis and the approximate location of the
monitoring boreholes. Figure 6 shows the high wall at
the 70m standoff south of the tunnel.

The success of the electronic detonators at Newbridge
in minimising the vibrations and increasing the level of
control that could be confidently delivered caused the
quarrying company to consider the feasibility of adopting
the approach and working to a new standoff distance of
40m from the tunnel.

Figure 3. Statistical Comparison of data derived from Electronic
and Shock tube Blasts.

Figure 4. The effect that different electronic initiation timings have on permissible charge weights.
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Figure 6. Southern flank of quarry reserve adjacent to Whitwell
Tunnel.

Figure 5. Oblique Ariel photograph of the Whitwell tunnel - line of
the tunnel marked in red, monitoring boreholes marked as yellow
discs.

WHITWELL QUARRY REQUIREMENTS

In order to persuade Network Rail that a 40m standoff
was acceptable, a unique working methodology had to
be designed and proven, that would keep the PPV levels
below the 12mm.s-1 limit. The problem was that although
it is possible to predict vibration levels for the tunnel, it
is impossible to verify them because access to the tunnel
is prohibited. However, if the predictions made for each
of the monitoring boreholes (at soffit and invert level),
were verified by the monitoring and proven to be within
acceptable confidence margins, then it could be logically
assumed that predictions made on the same basis for the
tunnel itself should also be accurate. In order to gain
the required accuracy, there would have to be total
confidence in the detonator system, which can be a
significant source of variability (as confirmed in Figure 3).

Accurate blast vibration predictions would have to be
made and approved by Network Rail, prior to the blast
taking place. The blast would then be recorded at as
many monitoring boreholes as possible to verify the
predictions (described further later in the paper). In late
2006 a discussion paper detailing this proposal was
presented to Network Rail and approval for a pilot study,
consisting of one single-hole signature blast (for delay
timing optimisation) and four half-scale production blasts
inside the current 70m standoff, was granted.

PREDICTION AND VERIFICATION PROTOCOL

The following protocol was adopted throughout the
initial experimental period.

• The shot hole co-ordinates were communicated to
the University of Leeds.

• Resultant PPV predictions were made for each of
the monitoring boreholes (soffit and invert levels).

• The shortest distance from blast to tunnel was
calculated.

• A vibration prediction for the soffit and invert levels
of the tunnel were calculated for this distance.

• Prior to the due date of the blast, this information was
then circulated by email to Network Rail and to
Whitwell Quarry in an agreed pro-forma for approval.

Upon completion of the blast, all deployed monitoring
equipment was downloaded and the data added to a
pro-forma results sheet so the actual results could be
verified against the predicted values. By comparing the
predictions with the recordings and by examining the
shape and distribution of the individual components from
a surface recording (made at a distance equivalent to the
closest tunnel distance), the maximum single plane ‘most
probable’ values were then resolved for the tunnel. (This
was based on the findings of a previous study carried out
at the site investigating the relationship between surface
and subsurface PPV readings – see Birch et al., 2005). The
completed pro-forma result sheet was then circulated
again to Network Rail and Whitwell Quarry for confirmation.

The results from each blast were then added into a
bespoke version of the ‘Blast Log©’ database application,
designed by the University of Leeds. This formed the

basis for the blast design and vibration predictions for the
next blast. Operating in this way, blast designs were
made by using the most up to date data that took into
account previous performance in order to deliver an
accurate, open and transparent vibration prediction.

USING POWERED ‘ACTIVE’ VELOCITY TRANSDUCERS

Prior to the firing of the single-hole signature blast,
two further monitoring boreholes were commissioned on
the southern flanks of the tunnel. Unlike the previously
monitoring equipment that utilized standard passive
geophones, these two boreholes were installed with
powered ‘active’ transducers. This was to avoid the
problem of data loss through noise interference. With
standard geophones, the small induced voltages
transmitted through long cables suffer greatly from
internal cable resistance and extraneous external
electrical noise, resulting in the deterioration of the
signal. Such signals can be improved by signal filtering,
which is fine for determining single peak values, but this
is not acceptable for the purposes of linear optimisation.

To improve signal to noise ratio, active amplified
tri-axial geophone arrays were constructed. Power is
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supplied to the transducer using 2-core wiring with the
signal from the geophone being used to modulate the
current draw along the power cable (to industry standard
4-20mA levels). The modulated current signal is then
converted to a voltage signal at the system end and fed
into an acquisition board. The whole system, including
the current to voltage converter, is designed to have a
voltage gain of 15 to improve the signal to noise ratio,
allowing very low trigger levels (less than 0.1mm.s-1)
should they be required. Using the 2 wire current
transmission technique, the majority of noise induced is
picked up on both conductors. The current to voltage
conversion stage however only detects changes in
current draw and as such is immune to this common
mode noise. This results in exceptionally clear signals
which can be transmitted along very long cables (>200m
in this case), with little perceptible deterioration in quality.

SINGLE-HOLE SIGNATURE BLAST

Following the installation of the two active boreholes,
the single-hole signature blast was carried out and the
vibration data used to seed the linear optimisation
programme. The aim was to determine the ‘least worst’
delay timing for all of the borehole monitoring locations,
both at soffit and invert level (following the methodology
derived from the previously detailed Newbridge study).
As a result of this, an initial optimum delay timing of
26ms was derived and adopted for the subsequent four
half production scale blasts.

HALF-SCALE PRODUCTION BLAST RESULTS

The four trial production blasts were labelled as
‘half-scale’ because the MICs were restricted to a
maximum of 40kg (approximately half the MIC value that
had been used up to the 70m standoff) in order to give
an extra safety margin. For this reduced charge weight to
be efficiently utilized the working bench height was
reduced.

The following four blasts were duly carried out.

Blast Number:

1. TN1a: 6 shot holes, actual MIC = 38Kg

2. TN2a: 7 shot holes, actual MIC = 40Kg

3. TN2b: 7 shot holes, actual MIC = 40Kg

4. TN1b: 7 shot holes, actual MIC = 35Kg

BLAST PERFORMANCE

All four blasts were comparable, except for the third
blast in the series (TN2b), where due to restricted access
it was not possible to clear the entire rock pile from the
previous blast. This led to a situation where shot holes 5,
6 and 7 were partially confined behind the remaining
rock pile, so, based on the authors’ personal experience,
the predictions for this blast were increased to take
this into account. Figure 7 is a pre-blast photograph of
blast TN2b and shows the degree of extra confinement
(discussed further in subsequent section).

PREDICTION PERFORMANCE

The key asset of the electronic detonator system is the
level of increased confidence that can be delivered by
effectively removing the inherent timing error that is ever
present in the conventional non-electric delays. This is
vital when using the linear superposition optimization
technique and when seeking the highest level of
confidence in vibration prediction.

Vibration predictions for all of the blasts were based
on the preceding results and performance. The ‘Blast
Log©’ system utilizes the Likelihood Ratio Test. When this
applied to regression data, it can diagnose subtle
variations between data sub-sets and provides a
comparative statistic as to the degree of variation. By
analysing datasets in such a way, levels of compatibility
are obtained, indicating which sets can be combined in
order to increase prediction capability. A fuller account of
this method is given in Birch et al. (2004). The ‘Blast Log©’
system analyses every borehole monitoring location in
turn (for each level) and as a result returns corresponding
individual predictions for the forthcoming event. Once
that blast has taken place, the monitoring results are then
up loaded, evaluated and the process repeated.

The quality and the quantity of data available for
analysis are fundamental to the performance of this
system. However, to ensure quality, the quantity of data
had to be sacrificed by not considering previously
recorded (non-electric) data from Whitwell. This lack of
data in the early stages meant that the system could
not differentiate between the soffit and invert levels
effectively for the first two blasts (TN1a and TN2a) and
returned the same predicted values. However, after blast
TN2a, enough data became available for the system to
start returning individual predictions. In due course, as
more data become available, the predictive output of the
system will become more refined.

The predictive performance of the ‘Blast Log©’ system
for the trial period is represented in graphical form as
Figure 8 Soffit results and Figure 9 Invert results. In both
graphs, the predicted and monitored power curves have
a similar shape, but in both situations the monitored
power curves clearly lie below the measured curves
which reflects both the conservative nature of the
predictions. Whilst previous authors have indicated that
the conservative predictions from using the linear

Figure 7. Pre-blast photograph of blast No. TN2B.
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Figure 8. Comparison of predicted and actual Peak Particle Velocity results for borehole geophone results at tunnel soffit level.

superposition method could be as a result of vibrations
from the blast passing through broken ground, this could
not be the case at Whitwell as all the blasts are single
rows with the monitoring boreholes in solid rock. It was
the policy throughout to maintain such a conservative
approach in order that the system’s confidence could be
safely ascertained. Those instances where the actual
measured values clearly are in excess of the predicted
values are due to the problem of the partially un-cleared
rock pile effecting blast TN2b. The magnitude of this
discrepancy was taken into account when the resolving
the most probable values for the tunnel, but was still
comfortably below the maximum permitted level.

THE BENEFITS FOR WHITWELL QUARRY

The methodology has resulted in tight control of the
blast and accurate predictions of vibration levels
monitored in the boreholes close to the active rail tunnel.
As a consequence, Network Rail have now given
permission for Lafarge to remove an additional 10m of
rock from either side of the tunnel (reducing the standoff
to 60m) which means that approximately 1Mt of reserves
are now available for extraction. It is hoped that further
reductions in standoff, increasing the available reserves
yet further, will be granted following further successful
performance and review.

CONCLUSIONS

The results of the study at Newbridge and the
half-scale production blasting trials carried out at
Whitwell enable the following conclusions to be made:

• The developed ‘least-worst’ linear superposition
optimisation technique has been used to establish
the optimum delay timing for linear features and has
given reduced vibration levels on every occasion.

• This technique, combined with the inherent
accuracy of electronic detonators, has resulted in a
far greater level of confidence of sub-surface
vibration predictions, with PPV values comfortably
below the working limit.

• The working protocol of making and circulating the
predictions, carrying out the blast and then
verifyingand circulating the results is viable and
operates well.

• The ‘Blast Log©’ Database application functioned
very well, diagnosing the individual borehole
responses.

The level of accuracy of the predictions of vibration
levels for specific blasts at a specific monitoring locations
is now significantly higher than before. This has resulted
in a level of confidence in the technique and the
protocols that has allowed the project to proceed to the
next phase of extraction, to the satisfaction of all
stakeholders.

As a result of the successful pilot study at Whitwell
Quarry and by adopting the methodology outlined,
permission was granted by Network Rail to initially
remove an additional 10m of rock from either side of the
tunnel flanks (approximately 1Mt) with the potential for
further extraction to be carried out after a proven
performance and a successful review in due course.
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