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BLAST MOVEMENT MONITORING IN GRADE CONTROL
OF ZHAIREM MINESITE CONSIDERING ORE LOSSES AND DILUTION

Abstract

This paper examines the economic efficiency of Blast Movement Monitors (BMMs) in a grade control
environment within open-pit mining operations. Blast-induced displacement of ore-waste contacts remain a major
constraint on effective grade control in open-pit mining. Unaccounted movement during blasting frequently leads to
ore dilution, loss of valuable material, and misclassification, ultimately reducing processing efficiency and economic
returns. The study is based on the premise that blast-induced rock mass movement is inherently stochastic and
cannot be reliably reproduced using deterministic modelling alone; therefore, high-precision grade control requires
direct in-situ measurement. By capturing three-dimensional displacement vectors from multiple monitoring points
within a blast block, BMM enables more accurate reconstruction of post-blast ore boundaries. This multi-point
approach accounts for spatial variability and provides a robust basis for updating polygons prior to excavation. In
2024, the pilot implementation of the BMM system was started at the Zhairem Mining and Concentrating Complex
(MCC), and the system is being implemented at several Kazakhstan mining companies. Using field data from the
Zhairem site, the study quantifies the operational consequences of uncontrolled blast movement, including ore
loss, dilution, and misclassification. The results indicate that improved boundary delineation enhances resource
utilisation and contributes directly to increased profitability. Based on these findings, the paper proposes a financial
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value assessment tool designed to support investment decisions related to blast movement monitoring systems,
enabling operations to systematically evaluate the cost—benefit ratio of BMM implementation and optimise grade
control strategies within a broader economic framework.

Keywords: Blast Movement Monitors, grade control, ore loss, dilution, misclassification, ROI, Zhairem,
Kazzinc, Glencore, ore, open-pit, zinc, barite, mineralisation type, excavation.
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Introduction

Minesite profits are significantly impacted by throughput and cost efficiency of the comminution
process, starting with ‘Drill and Blast’. Fragmenting rock with explosives is substantially cheaper
per tonne than size reduction in the plant, so optimising drill-and-blast is one of the largest levers for
improving economic performance [ 1-2]. Blasting outcomes also affect downstream unit operations,
affecting excavation, haulage, and mill performance [1-3]. It is therefore essential not only to design
effective blasts, but also to measure and understand their impacts on both rock fragmentation and
ore-waste spatial relationships.

Grade control aims to maximise ore recovery and minimise waste processing in plant. In open
pit operations, ore-waste boundaries are typically defined using resource models based on diamond
core and RC drilling, then refined with blast-hole sampling [4-5]. However, the initial step of the
comminution chain, production blasting — induces complex, highly variable rock movement that
displaces these ore-waste contacts [6]. If the post-blast movement is not accounted for, ore is sent
to the waste dump (ore loss), waste is sent to the plant (dilution), or material is routed to suboptimal
destinations (misclassification). Case studies from large gold operations report ore misclassification
of 3-8% and theoretical ore losses of 9-24%, with multi-million-dollar impacts on project value
depending on orebody geometry and blast conditions [6—7].

In parallel with a robust grade control system, BMM data enables the derivation of corrected
post-blast dig polygons, reducing ore loss and dilution and improving reconciliation and project
profitability [8-9]. Despite demonstrated technical benefits and reported returns on investment, the
adoption of BMMs is often constrained by perceptions of cost and operational complexity. This
study presents a comprehensive analysis of the economic efficiency of BMM implementation in
grade control, quantifying costs and benefits under different geological and operational scenarios and
identifying conditions under which BMMs deliver the greatest economic value.

Scientific contribution

This study provides several contributions to the existing body of knowledge in grade control and
blast movement analysis:

1. It establishes a direct quantitative link between blast-induced displacement and economic
performance, enabling the evaluation of ore loss, dilution, and misclassification in monetary terms.

2. It introduces misclassification as an independent economic category, particularly relevant
for polymetallic deposits with multiple processing streams, where conventional approaches tend to
aggregate this effect within dilution.

3. It explains a practical value-based framework for decision-making, allowing mining
operations to assess the return on investment (ROI) of BMM systems under varying geological and
economic conditions.

Materials and methods
The study demonstrates first use of BMM technology in a geologically complex polymetallic

deposit in Kazakhstan, where multiple ore types with different economic values and processing routes
coexist. This enables the explicit consideration of misclassification as a separate economic category,
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which is often overlooked in conventional grade control assessments. Although based on a case
study, the proposed workflow provides a practical framework for linking blast-induced displacement
with value-based decision-making in open-pit mining.

Understanding the Zhairem Deposit

One of the key technical challenges in contemporary open-pit mining, especially at structurally
complex deposits such as the Zhairem Mining and Processing Complex (MCC), is achieving
alignment between planned ore grades and the material that ultimately reaches the processing plant.
A major source of this mismatch is the uncontrolled movement of ore-waste boundaries and contacts
between different ore types during blasting operations. The goal of the Blast Movement Monitoring
(BMM) system is to provide a direct means of tracking this displacement.

The core issue lies in the fact that displacement within a blast block is neither uniform nor
easily predictable. Field experience indicates that the movement vector varies significantly and
is governed by numerous interacting factors, including blast design parameters, geomechanical
characteristics of the rock mass, and surrounding rock conditions. This simplified approach does
not reflect the spatial heterogeneity of blast-induced displacement, which published studies [10-13]
have shown may deviate from average horizontal movement values by as much as +50%. Moreover,
displacement direction can vary unpredictably, further limiting the reliability of extrapolation from
limited measurements.

The precision requirements of modern grade control, often targeting boundary definition within
+0.2 m cannot be consistently achieved through predictive simulation alone. Many mine sites have
High Precision Systems on excavators to accurately dig to plan. Despite continuous improvements
in both hardware and computational tools, blast modelling remains insufficiently representative for
detailed contact delineation. This limitation stems primarily from uncertainties in input parameters
(such as in-situ rock mass properties) and from the simplifying assumptions embedded in numerical
algorithms, which cannot fully reproduce the complex, dynamic processes occurring during full-scale
blasting. Practical observations repeatedly demonstrate a marked discrepancy between modelled
forecasts and displacement data obtained from BMM systems.

Hexagon’s Blast Movement Monitoring (BMM) system comprises:

+ Blast Movement Monitors, radio-frequency sensors installed in dedicated holes prior to firing

+ Handheld detector to locate the post-blast BMM positions

* Software that computes movement vectors and translates ore/waste polygons to their true
post-blast locations.

The system is used to reduce ore loss, dilution and misclassification by redefining dig boundaries
based on measured movement, thereby increasing ore recovery and economic performance.

Workflow:

+ BMMs are activated and installed in the blast pattern, typically at ore-waste boundaries or
other key locations.

* After blasting, the BMMs are detected on the muckpile surface using a handheld detector.

¢ The pre and post-blast positions are compared to generate a movement vector.

¢ These vectors are input into software (BMM Explorer), which translates the ore and waste
boundaries to their true post-blast locations.

¢ Updated dig polygons are provided to the mining team, ensuring that ore is sent to the mill and
waste to the dump, as intended.

Value Calculator

The Value Calculator transforms physical movement into economic metrics. For each category,
the net value is computed from recoverable metal revenue less mining and processing costs. The
calculator uses block-by-block data (tonnage, grades, costs, recovery, prices) to estimate the net
value impact for each category.

Definitions:

¢ Ore Loss — The rock mass that has moved outside the original ore boundary because of blasting
(Figure 1).
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Figure 1 — A visual representaion of 'Ore Loss' (marked red)

¢ Dilution — Waste rock mass that has moved inside the original ore boundary because of
blasting. (Figure 2)
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Figure 2 — A visual representation of 'Dilution' (marked brown)

* Misclassification — Ore or waste that is incorrectly classified, leading to suboptimal processing
or disposal (Figure 3).
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Misclassification

Figure 3 — A visual representation of 'Misclassification' (marked green)

¢ Grade (%) — Percentage of valuable material (ore) within the rock mass.

+ Example: 100t of ore (@ with a grade of 2 grams/tonne would contain 200 grams of ore.

* Recovery (%) — Percentage of valuable material recovered during the metallurgical processing
stage.

+ Example: A processing plant with 90% efficiency was fed 100t of ore @ with a grade of 2
grams/tonne. Only 90% of the material (180 grams) would be extracted from the rock mass. The
remaining 20 grams would become tailings.

¢ Processing Cost ($) — The milling unit cost (USD $/ton) represents the total expense to process
one tonne of ore through the plant. Only ore tonnes are considered.

¢ Mining Cost ($) — The total expense incurred to move one tonne of material (both ore and
waste) in the open pit.
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Calculating Ore Loss

As mentioned above, Ore Loss is the (high value) ore blocks that have moved outside the original
ore boundary during blasting. This material is sent to the waste dump. Ore loss is represented in
several ways.

¢ Ore Loss (t) — The weight of material that has moved outside of the original ore block.

¢ Ore Loss (%) — Tonnage of material outside the original ore block / the total tonnage of the
ore block * 100.

¢ Ore Loss ($) — The value of the ore lost is calculated, then the mining and processing cost is
subtracted from the total. Even though this material is treated as waste, the processing cost is still
attributed to the value of the ore.

[Ore Loss x Grade x Recovery x Price)] — [(Ore Loss x Mining Cost) +
(Ore Loss x Processing Cost)]

Calculating Dilution

When the blast occurs, waste material can move inside the original ore boundary. If site was
not to account for blast movement, and mined insitu, the waste material would be processed as ore.
Despite having no economic value, it is treated as ore and incurs additional economic harm.

¢ Dilution (t)— Weight of waste material (tonnes) that has moved inside the original ore boundary.

¢ Dilution (%) — Tonnage of material that has moved inside the original ore boundary / the total
tonnage of waste in the blast * 100.

¢ Dilution ($) — The cost to mine and process material that has no economic value.

[Dilution (t) x (Mining Cost)] + [Dilution (t) x (Processing Cost)]

Calculating Misclassification

When the blast occurs, ore may move into another ore block. In some cases, this may be okay
(i.e. a low value material moving into a high value ore block. However, in other situations this can
have a significant financial impact, particularly when these materials are processed different ways.
As an example, in iron ore mines, sites can have ore bodies with high sulphur or phosphorus can
have significant downstream effects. This can affect the quality of the steel product and may involve
penalties for the company for providing an out of spec raw material.

Zhairem Mine Site (Kazzinc/Glencore)

Zhairem is one of the largest polymetallic deposits in Kazakhstan, hosting substantial zinc-lead,
barite-polymetallic and iron-manganese ore reserves in the Ulytau Region near the settlement of
Zhairem. The mining and processing complex is operated by Kazzinc, in which Glencore International
AG is a shareholder. Zhairem forms part of the Atasu ore district and is a major iron-manganese
ore field situated within the Zhailma volcano-tectonic depression, a Devonian graben-syncline
whose structure and magmatism strongly control ore formation and mining conditions [14]. The
operating area includes the Zapadny, Dalnezapadny and Eastern Zhairem deposits, characterised by
complex geology and hydrogeology that are critical for exploration strategies, slope stability and
mine drainage design [14—15]. Currently, open-pit mining is conducted only at the Dalnezapadny
pit [15]. The reserves of the Zhairem deposit recorded on the state balance sheet are classified by
mineralisation types:

¢ In the Dalnezapadny pit:

Oxidised polymetallic type;
Sulfide polymetallic type;
Oxidised barite-polymetallic type;
Sulfide barite-polymetallic type;

+ Barite type.

*

* & o
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Table 1 — Mineralisation Types of Dalnezapadny pit

No. | WEATH/FRESH BaSO, ZnEq Mineralisation Types | Mineralisation Type Code
Fresh <40 >1 Sulfide polymetallic LBS
2 Weathered >40 >1 Oxidised barite- HBO
polymetallic
3 Weathered <40 >1 Oxidised polymetallic LBO
Fresh >40 >1 Sulfide barite- HBS
polymetallic
5 - >40 0.01 <ZnEq<1 Barite MONOBA
6 otherwise Waste rock WASTE

¢ Formula of Zinc Equivalent (ZnEq) : ZnEq = (11.45*Zn) + (7.32*Pb) + (0.42*Ag).

¢ Grade of Barite : BaSO,

* WEATH/FRESH - spatial position of waste/ore bodies relative to the boundary of the
weathering (oxidation) zone.

Blast 220-6

Blast 220-6 was a V-pattern shot fired toward a free face with five BMMs installed. Blast
Parameters are listed in Table 2. A plan view of the blast is shown in Figure 4, displaying the blast
holes, centreline, initiation point (IP) and timing contours. 253 Blast holes were drilled, along with
5 BMMs in dedicated holes. BMMs were installed towards the free face of the blast, on ore/waste
boundaries where there is a high chance of ore loss occurring.
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Figure 4 — Blast 220-6 Design
Table 2 — Blast Parameters
Bench Height &m
Hole Depth 8.6m
Hole Diameter 171mm
Burden 6m

423




Vol. 23, No. 2, 2026

HERALD OF THE KAZAKH-BRITISH

TECHNICAL UNIVERSITY

Continuation of table 2

Spacing Tm

Stemming Length 2.9m

Powder Factor 1.11kg/m3
Explosive Type Water gel explosive
Blast Holes 253

Volume 33,109m3

Tonnage 107,546t

Results and discussion

All BMMs were recovered by onsite personnel. Post-blast detection recorded significant
horizontal movement to the North-Northwest. As per the data in Table 3, BMM horizontal movement
varied between 2.55m and 14.32m, and inclination varied by 92.13°. Average horizontal movement
was 11.16m and the standard deviation was 4.87 m. BMMs generally moved slightly upwards as
expected (creating heave) except for BMM 5 (Figure 5).

Table 3 — Vector results

Figure 5 — Blast 220-6 BMM Vectors

BMM# Horizontal Distance (m) Direction (°)
1 2.55 39.15
2 14.32 9.11
3 12.52 353.47
4 13.71 336.39
5 12.71 307.02
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Figure 6 — Side View of BMM Vectors

The negative vertical displacement values recorded by several BMM sensors can mainly be
attributed to their close proximity of the bench crest (break line). Vertical displacement data are
particularly important in areas where high-grade ore zones are concentrated. Long term BMM data
collected indicates that horizontal rock mass displacement is typically minimal at the bench surface,
increases with depth and reaches values close to the maximum in the vicinity of the upper section of
the explosive charge column, and then decreases again toward the bench toe — this is referred to as
the ‘D curve’. For this reason, surface scanning alone is insufficient for accurately determining the
displacement of the entire blasted rock mass.

At the same time, specialists from the Chief Geologist’s Department of Zhairem MCC emphasize
that rock mass displacement within individual zones of a blast block remains highly variable and
difficult to predict. The movement of blasted material strongly depends on the geo-mechanical
properties of the rock mass, including lithology, structural features, and rock strength.

Economic Outcomes (Value Calculator)
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220-HBO

am

Figure 7 — Pre and Post Blast Blocks

The BMM Explorer software translates the ore blocks using the BMM vectors. Figure 7 shows
the pre-blast ore-blocks (dashed lines) and translated post-blast ore-blocks (solid lines).

Table 4 — Ore Block Inputs

Zinc Barite
Material Min Max Average Min Max Average Density
HBO 2.19 2.19 2.19 57.13 57.13 57.13 3.29
HBS 1.96 6.16 3.57 39.15 67.12 56.12 3.36
LBO 3.63 6.41 4.95 0.00 11.07 2.10 2.46
LBS 2.28 8.02 5.45 0.00 27.11 9.27 3.27
MB 0.22 0.44 0.36 57.34 63.61 60.73 343
OOL 1.44 2.05 1.61 0.00 0.15 0.11 2.76
Waste 0.07 0.70 0.20 0.00 15.15 4.49 3.07
Table 5 — Economic Inputs
Ore Price — Barite 6.14 USD/tonne
Ore Price — Zinc 962.2439 USD/tonne
Mining Cost 5.6 USD/tonne
Processing Cost 10.43 USD/tonne
Processing Efficiency 75%
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Table 6 — Economic Results

Ore Loss Dilution Misclassification
Tonne % $ Tonne % $ T %
6,689 8.6 68,858 8,645 11.2 138,582 8,686 11.20

The results above in Table 6 are results if blast movement had not been accounted for. These
values are represented as red (ore-loss), dilution (brown) and misclassification (green) on Figure 8
below. It is noted that these values are an unreconciled potential value.

220-LB3-6

8m

Figure 8 — Ore Loss, Dilution and Misclassification of Blast 220-6

Further Analysis
Using the BMM results, we can generate secondary results based on the movement averages and
compare these to the original BMM vectors. This is akin to assumptions made in other alternative
software. For this calculation we have generated vectors with an average horizontal distance of
11.16m and direction of -6.97°. In this case the discrepancy compared with the Average movement is
over $55,000 in opportunity loss, highlighting the inconsistency of blasting.

Table 7 — Discrepancy between BMM System and Average Vector

Ore Loss Dilution Misclassification

T | % $ T % $ T %

BMM System | 6,689 | 9% | 68,858 | 8,645 | 11% | 138,583 8,686 | 11%
Averiff Vee | s 967 | 3% | 46139 | 10713 | 10% | 171,732 2,537 | 2%
Discrepancy | 822 | 5% | 22,719 | 2,068 | 1% 33,149 6,149 | 9%
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Figure 9 — Textbook Vectors

Other blasting software have traditionally relied on the assumption that ore moves perpendicular
to the timing contours. This is consistent with textbook blast design. Using the software, we can
replicate this assumption and compare financial results. An example of the blast direction has been
displayed in Figure 9, and the horizontal distance has been entered as the average of BMM movements
(11.16m). Results indicate a $60,000 discrepancy between relying on the textbook direction of
movement and using real measured vectors.

Table 8 — Discrepancy between BMM system and Textbook Vector

Ore Loss Dilution Misclassification

Tonne % $ Tonne % $ T %
BMM System 6,689 9% 68,858 8,045 11% | 138,583 8,686 11%
Textbook Vector 7,225 7% 96,827 10,643 | 10% | 170,611 9,329 12%
Discrepancy 536 2% 27,969 1,998 1% 32,029 643 1%

Table 9 — Variability across Blast Blocks of Zhairem

No. | Bench Blast | Min (m) | Max (m) Block Ore Loss (t) | Dilution (t) | Misclassification (t)
Tonnage (t)
1 208 208-1-1 2.78 2.78 18,698 276 0 0
2 212 212-10 0.63 2.12 111,192 1 1,630 1,955
(214)

3 212 212-12 0.31 0.73 70,918 41 1,412 702
4 212 212-16 2.96 6.70 77,835 2,047 328 362
5 212 212-27 10.21 10.85 41,438 4,417 0 0

6 212 212-29 5.12 14.62 68,254 4,662 2,807 0

7 212 212-30 12.36 17.73 121,969 18,224 594 15,343
8 212 212-31 8.09 11.95 68,454 7,739 3,024 1,231
9 220 220-1 1.87 5.25 58,731 1,081 42 2,188
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Continuation of table 9

10 220 220-18 2.64 2.64 18,631 226 115 545
11 220 220-2 1.54 4.59 90,286 659 0 4,348
12 220 220-2-1 1.54 4.59 96,058 2,995 2,271 873
13 220 220-22 1.74 4.06 121,723 131 2,308 866
14 220 220-4 3.31 13.62 69,859 791 1,334 1,676
15 220 220-5 8.33 8.33 86,782 1,012 3,675 4,562
16 220 220-6 2.55 14.32 107,546 6,689 8,645 8,686
17 224 224-3 3.47 3.47 45,671 230 1,080 0
18 224 224-6 2.36 2.60 55,599 981 0 1,343
19 224 224-8 3.05 3.05 34,403 169 9 0
20 228 | 228-10-1 7.84 12.88 104,693 6,155 3,529 7,395
21 228 228-15 2.99 543 142,884 3,725 633 6,099
22 228 228-16 5.38 6.00 65,514 989 669 3,800
23 228 228-9 3.56 6.31 47,321 4 789 5,705
24 232 232-1 2.86 2.86 69,653 447 0 0
25 232 232-4 3.62 4.68 96,724 201 1,990 2,251
26 236 236-10a 243 2.64 111,070 2,381 0 0
27 236 236-13s 2.55 2.55 27,093 327 0 502
28 236 236-2 8.99 12.10 83,046 3,410 1,069 3,426
29 236 236-2-1 8.99 12.10 71,000 11,080 10,971 6,401
30 236 236-8 4.63 4.63 80,729 428 2,674 0
31 240 240-1 1.50 3.63 85,204 976 365 193
32 244 244-13 2.46 7.43 34,877 2,270 818 0
33 244 244-5 3.31 3.31 77,919 431 2,026 817
34 244 244-6 4.69 8.08 82,408 1,913 0 1,802
35 248 248-1 5.79 5.79 71,388 79 830 0
36 248 248-2 1.49 2.56 64,957 578 368 448
37 308 308-13 7.44 15.97 70,268 2,225 6,163 4,631
38 308 308-22 0.78 7.07 85,679 2,918 1,444 4,763
39 316 316-16 7.23 13.12 112,426 11,237 5,193 1,820

The data presented in Table 9 indicate high spatial variability in blast-induced displacement,
with no consistent relationship to bench level, block geometry, or tonnage, reflecting the complex
interaction between geological conditions and blast design. Several blocks (e.g., 5, 7, 8, 29) exhibit
disproportionately high ore loss relative to their tonnage, suggesting localized zones of intensified
displacement or poor ore-waste boundary preservation.

Dilution values are frequently comparable to or exceed ore loss (notably in blocks 16, 20, 23, 37),
which supports the conclusion that dilution represents a major economic risk, as previously identified
in the economic analysis section. This reflects inefficient separation of ore and waste during blasting
and highlights the sensitivity of grade control to blast-induced mixing.

Misclassification values are also significant and, in several cases (e.g., 7, 10, 12, 20), exceed
both ore loss and dilution. This is particularly important in the context of polymetallic deposits
such as Zhairem, where incorrect routing of material between processing streams leads to additional
economic penalties beyond simple dilution effects.
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Overall, Table 9 provides empirical evidence that blast-induced displacement is a dominant and
highly variable driver of ore loss, dilution, and misclassification, further justifying the need for direct
measurement approaches such as BMM for effective grade control.

The results from Blast 220-6 at the Zhairem Mining and Concentrating Complex clearly
demonstrate that blast-induced movement is both significant in magnitude and highly spatially
variable, with direct consequences for grade control performance and economic outcomes. Measured
displacement ranges (2.55—14.32 m) and directional variability exceeding 90° demonstrate that blast
movement cannot be reliably represented using a single average vector or deterministic approach.

At Zhairem, as in many contemporary open-pit operations, excavation accuracy of 0.2 m is
achievable due to high-precision guidance systems on loading equipment. However, the results
show that pre-blast ore polygons can be displaced by more than an order of magnitude greater than
excavation tolerances. Without correction, this discrepancy leads directly to systematic ore loss,
dilution, and misclassification, regardless of how accurately the dig design is followed. In this
sense, blast movement represents a dominant source of grade control error, overriding downstream
improvements in equipment accuracy if left unaccounted for.

Mining based on in-situ polygons without accounting for blast movement would result in
approximately 6,689 t of ore lost and 8,645 t of dilution, with a combined economic impact exceeding
USD 200,000 for a single blast. This highlights the strong economic sensitivity of grade control to
spatial uncertainty at ore boundaries.

The BMM system is typically supplied as part of an integrated solution; however, for the
purposes of this analysis, a simplified cost assumption is adopted. It is assumed that drilling and
labour costs amount to approximately USD 500 per BMM unit installed. Under this assumption,
the total cost associated with deploying five BMMs to track blast-induced movement would be
approximately USD 2,500. On this basis, the resulting return on investment (ROI) can be evaluated
by comparing this implementation cost against the quantified value preserved through reductions in
ore loss, dilution, and misclassification.

Dilution represents a major economic penalty due to additional mining and processing costs,
while misclassification further increases losses by directing material to inappropriate processing
streams.

A key methodological insight from this study is the demonstrated inadequacy of using a limited
number of BMMs to represent entire ore-waste contacts. Although only five BMMs were installed in
Blast 220-6, the observed variability suggests that even this number may be insufficient for complex
geological settings with multiple ore types and irregular boundaries. This finding supports the
argument that BMM deployment strategies must be tailored to geological complexity and economic
risk, rather than applied as a uniform, minimum-cost solution. Increasing sensor density at high-value
or high-risk contacts is likely to yield disproportionate economic returns.

While the results from Zhairem demonstrate clear benefits, several limitations should be
acknowledged. While detailed economic evaluation is demonstrated using Blast 220-6, the analysis
is supported by a dataset of 20 blasts from the Zhairem operation, enabling assessment of variability
in ore loss, dilution, and misclassification across different conditions. A simplified sensitivity analysis
indicates that the economic impact remains significant under a wide range of input assumptions. For
example, a +20% variation in metal prices or processing recovery results in proportional changes
in calculated value; however, the relative magnitude of losses due to blast movement remains
consistently high. Future work should focus on multi-blast datasets to assess variability over time,
optimise BMM placement strategies, and further integrate blast movement data with comminution
and plant performance models.

Correlation analysis

A correlation analysis was performed to evaluate the relationship between blast-induced
displacement and grade control performance indicators. Displacement values were approximated
using the midpoint of the reported range for each blast. The results indicate a moderate to strong
positive correlation between displacement and ore loss, suggesting that increased blast movement
leads to higher loss of valuable material. Similar relationships were observed for dilution and
misclassification, although with slightly lower correlation strength.
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Average Blast Displacement [m)

Figure 10 — Correlation between Displacement and Ore Loss

The relationship between blast-induced displacement and ore loss is illustrated in Figure 10
(R2=0.553). A positive trend can be observed, indicating that larger displacement distances generally
correspond to increased ore loss. Although some scatter is present due to geological variability, the
overall pattern confirms that displacement is a key driver of ore loss in open-pit operations.

Conclusions

This study demonstrates that blast-induced rock movement represents a critical and quantifiable
source of error in grade control for open-pit mining. The results show that displacement is highly
variable and cannot be reliably approximated using deterministic or averaged approaches.

The integration of BMM data into grade control workflows enables the correction of ore
boundaries prior to excavation, significantly reducing ore loss, dilution, and misclassification. The
economic analysis confirms that even a single blast can generate value losses exceeding USD 200,000
when movement is not accounted for.

From a methodological perspective, the study highlights the limitations of predictive modelling
and supports the use of direct measurement techniques in complex geological environments. The
findings also indicate that the effectiveness of BMM depends on appropriate sensor placement and
should be aligned with geological variability and economic risk.

Although a detailed analysis is presented for Blast 220-6, the study is supported by a broader
dataset of multiple blasts from the Zhairem minesite, enabling validation of observed trends across
varying conditions. This integration of detailed case analysis with multi-blast variability enhances
the robustness of the results and supports the wider applicability of the proposed methodology for
linking blast-induced displacement with economic performance.

REFERENCES

1 Carrasco, C., Keeney, L., Napier-Munn, T., Bode, P. Unlocking additional value by optimizing
communication strategies to process Grade Engineering streams. Minerals Engineering, 103, 2—10 (2017).
https://doi.org/10.1016/j.mineng.2016.07.020.

2 Navarro, J., Seidl, T., Hartlieb, P., Sanchidrian, J., Segarra, P., Couceiro, P., Schimek, P., Godoy, C.
Blastability and ore grade assessment from drill monitoring for open pit applications. Rock Mechanics and
Rock Engineering, 54, 3209-3228 (2021). https://doi.org/10.1007/s00603-020-02354-2.

3 Akbar, S., Abdolmaleki, M., Ghadernejad, S., Esmaeili, K. Applying knowledge-based and data-driven
methods to improve ore grade control of blast hole drill cuttings using hyperspectral imaging. Remote Sensing,
16, 2823 (2024). https://doi.org/10.3390/rs16152823.

4 Diaz, A., Fernandez, C., Alvarez, I. Grade control in one of the biggest open pit mines in Europe: Corta
Atalaya, Riotinto. Minerals, 15 (2025). https://doi.org/10.3390/min15010044.

431



HERALD OF THE KAZAKH-BRITISH
Vol. 23, No. 2, 2026 TECHNICAL UNIVERSITY

5 Dimitrakopoulos, R., Godoy, M. Grade control based on economic ore/waste classification functions
and stochastic simulations: examples, comparisons and applications. Mining Technology, 123, 90-106 (2014).
https://doi.org/10.1179/1743286314Y.0000000062.

6 Thornton, D. The implications of blast-induced movement to grade control (2009).

7 Rogers, W. Understanding blast movement to optimise grade control practices at the Ahafo Gold Mine
in Ghana (2014). https://doi.org/10.14264/uql.2014.322.

8 Eshun, P., Dzigbordi, K. Control of ore loss and dilution at AngloGold Ashanti Iduapriem Mine
using blast movement monitoring system. Ghana Mining Journal, 16, 49—59 (2016). https://doi.org/10.4314/
gm.v16il.6.

9 Hmoud, S., Kumral, M. Risk-based optimization of post-blast dig-limits incorporating blast movement
and grade uncertainties with multiple destinations in open-pit mines. Natural Resources Research, 34, 193—
214 (2024). https://doi.org/10.1007/s11053-024-10428-z.

10 Tordoir, A., Weatherley, D., Onederra, 1., Bye, A. A new 3D simulation framework to model blast
induced rock mass movement using physics engines. In: Proceedings of the Ninth International Symposium
on Rock Fragmentation by Blasting (Fragblast), Granada, Spain, pp. 381-388 (2009).

11 Fitzgerald, M., York, S., Cooke, D., Thornton, D. Blast monitoring and blast translation — case study of
a grade improvement project at the Fimiston Pit, Kalgoorlie, Western Australia. In: Proceedings of the Eighth
International Mining Geology Conference, Queenstown, New Zealand, pp. 285-297 (2011).

12 Thornton, D. The application of electronic monitors to understand blast movement dynamics and
improve blast designs. In: Proceedings of the Ninth International Symposium on Rock Fragmentation by
Blasting (Fragblast), Granada, Spain, pp. 287-300 (2009).

13 Yang, R.L., Kavetsky, A.P. A three dimensional model of muckpile formation and grade boundary
movement in open pit blasting. International Journal of Mining and Geological Engineering, 8, 13-34 (1990).

14 Malchenko, E., Roman, A., Portnov, V., Askarova, N. Peculiarities of the formation of the Zhailma
volcano-tectonic deep. Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu (2023). https://doi.
org/10.33271/nvngu/2023-1/026.

15 Bilimova, 1.S., Ponomareva, E.V., Ponomareva, M.V. Studying hydrogeological conditions for
the purpose of developing methods of drying the walls of the Zhairem deposit Dalnezapadny site. Trudy
Universiteta, 1(94), 170-175 (2024). https://doi.org/10.52209/1609-1825 2024 1 170.

*90iken B.1.,
maructpant, ORCID ID: 0009-0003-1343-4748,
*e-mail: be_abiken@kbtu.kz
2Croyke O.,
6akanaBp, ORCID ID: 0009-0000-4110-1543,
e-mail: oliver.stokes@hexagon.com
STam6aas M.,
PhD, ray-ken nmxenepi, ORCID ID: 0009-0007-0357-2994,
e-mail: gambalmaxim@gmail.com
Tyaemucona XK.C.,

PhD, kaysimaacteipsuiran npodeccop, ORCID ID: 0000-0003-1803-4535,
e-mail: z.tulemissova@kbtu.kz
'Kazakcran-bpuran TeXHUKaJIBIK YHUBEPCUTETI, AITMaThl K., Ka3zakcran
*Hexagon Mining, ITept k., Aycrpanus
SLeica Geosystems Kazakhstan LLC, Anmars! K., Kazakcran

JKAMPEM KEHOPHBIHJIA KAPBILJIBIC )KYMBICTAPBI KE3IHJIE KEHHIH,
KOFAJIBIMJAAPBI MEH KYHAPCBI3JJAHYBIH ECKEPE OTBbIPBIII,
TAYXKBIHBICTAPABIH KbIJI’KYbI ’/KOHE KEH CAITACBIH BAKBIJIAY

Anjgarna
Makana kapbepiep/ie KeH canachlH 0aKbliay TYPFBICBIHAH HKaAPbUIBIC )KYMBICTAPhI KE31H/IE TayKbIHBICTAP/IbIH
KBUDKYBIH OakbutayabiH (BMM) S5KOHOMUKAIIBIK, THIMIUITIH TadKpuIaiabl. JKapblUblc )KYMBICTAphl KE31HAE Tay-
JKBIHBICTAPBIH KBUDKYBI Kapbepliep/ie KeH canachblH THIM/I OaKpuIayFa KeJepri KenTipeTiH Heri3ri (akTopiapabiH
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Oipi. XKapbuibic Ke3iHzeri ecernke anblHOaraH BIFBICYJIAP KU1 KEHHIH KYHAapChI3JlaHybIHA, aJIbIHATBIH KEHHIH KO-
FallyblHa )KOHE Kare KJIacCH(UKALUsIFa OKEJIN COFBIN, HOTHKECIH/IE OHACY MEH SKOHOMMKAJBIK THIMAUIIKTI TO-
MEHJIeTe/ll. 3epTTey KapbUIbIC HOTIKECIHAE Maiiia O0NaThIH Tay KbIHBIC JKbUDKYBIHBIH TaOUFAThl CTOXACTHKAJIBIK
SKCHJIIT1HE )KOHE OHBI TEK IETCPMHUHHUCTIK MOJICITB/ICY apKbUTBI CEHIMII TYP/e KalTa 5KaHFBIPTY MYMKIH €MECTIiriHe
HeriznenreH. COHABIKTAH KOFAPHI TONIIKTET] canlaHbl 0aKplIay YITiH KeH OPHBIH/IA TiKeJIeH oIIeyIep Ky pri3y KaxkeT.
JKapbuipic OOTbIHAAFB OipHEIIe OaKplUIdy HYKTECIHEH YIIOJIIEeM Il BIFBICY BEKTOPJAphIH TipKey apKplibl BMM
JKYHecl KapbUIBICTaH KEHIH KeH IIeKapalapblH TAJIIPEK KaJIbIHA KENTIpyre MYMKIHIIK Oepemi. by kemnykreni
TOCII KEHICTIKTIK ©3TeprillTiKTI €CKepel KoHe Ka3y KyMbICTapblHa JCHIHIT KypaM j>KOcapiiapblH TY3€Ty YIIiH
ceHiMai Heri3 ycbiHanbl. 2024 x. JKatipem keH OaifbiTy koMOnHaTeiHIa BMM jKylieciHiH MUIOTTHIK SHTi31Tyl KY-
3ere achIpbUILIB, all Ka3ipri yakeTTa Oyi xyie Kasakcrannarsl OipHelle Tay-KeH KOMIIAHUSCBIHIA KOJAaHBUTY A,
XKaiipeM KeH OpHBIHAH aJbIHFAH JEepeKTepll MaiganaHa OTBIPBIN, 3ePTTey OAKBLIAYChI3 TayXKBIHBIC BIFBICYBIHBIH
OIepaLSIIbIK CalIJapblH, COHBIH IIIiHAEC KEHHIH JKOFAIYbIH, KYHAPCBHI3AHYBIH XXOHE KaTe KIacCH(HMKAIMIHEI
caHJbIK Typae Oaranaiinsl. HoTmkenep 00c KbIHbICTAp MEH KEH apachIHJIArbl IIEKapajap/bl JIQJIIPEK aHbIKTay
pecypc THIMAUIITIH apTTHIPBIN, MaiJalbUIBIKTBIH TIKEeJIeH ocyiHe bIKIaa eTeTiHiH kepcereai. Ockl HOTHXKENEp
HETI3IHAEe MaKajlaja >XapbUIBICTHI Oakpulay >KyHeslepiHe WHBECTHIUIBIK IIENIMIepAi KoJaayFa apHaJFaH
Kap KbUIBIK IIBIFBIHIAP/IBI OaFaiay Kypabl YChIHBUIAIBL. byl Kypai oneparopiaapra BMM eHri3yaiH MbFbIH-TIai1a
apakaTbIHACKIH XXYHeni Typae Oarayiayra >koHe caraHbl OaKpulay CTPATeTHsUIapblH KeH SKOHOMHUKAIBIK HieHOepae
OHTaMIaHABIPYFa MYMKIHJIIK Oeperi.

TyiiiH ce3mep: kapblIbIC Ke3iH/e KEHHIH BIFBICYBIH OaKblIay, KEHHIH CarachlH OaKbliay, KeH KOFaIbIMIAPHI,
KeHJII KYHapChI3JaHpbIpy, KaTe Kiaccu(uKaius, HHBECTHIMsIIapAbiH eTeniMainiri, XKaiipem, Kasunnk, Glencore,
KeH, Kapbep, IUHK, 0apuT, MUHEpaJIU3alns TYpi, SKCKaBalus.
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MOHHUTOPUHI' CMEHIEHUA TOPHBIX IIOPOJ BO BPEM: B3PBIBHbBIX PABOT
NP KOHTPOJIE KAYECTBA PY/lbl HA MECTOPOXJAEHNUU ’KAUPEM
C YYETOM NOTEPb U PA3YBOKUBAHUSA PY/bl

AHHOTAIUA

B nmanHOIl craThe paccMaTpuBacTCs PKOHOMHUECKas 3(P(PEKTUBHOCTh MOHUTOPHHIA CIBUIOB IOPOIBI MPU
B3pbiBax (BMM) ¢ ydeToM KOHTPOJIS KauecTBa pyIbl B Kapbepax. [lepemMenieHus TopHOH MacChl IIPH B3phIBaX OCTa-
FOTCSI OJTHAM M3 OCHOBHBIX (DAKTOPOB, OIPAHUYMBAIONINX IPPEKTUBHBIN KOHTPOJIb KAYECTBA Py/Ibl B Kapbepax. He-
YUTCHHbBIC CMEIICHHS [IPU B3PhIBAX YACTO MPHBOT K Pa3yOOKHBAHHIO PY/Ibl, IIOTEPE MOJIE3HOTO HCKOMAEMOTO
U HETPaBHILHON KiIacCH(UKAIMH, YTO B UTOTe CHMXKAET 3PPEKTUBHOCTD MepepabOTKH W IKOHOMHUYCCKYIO PEH-
TabeabHOCTh. MccaenoBaHue OCHOBAHO Ha MPEANOCHUIKE, YTO CMEIICHHE TOPHBIX MMOPOJ], BBI3BAHHOE B3PHIBOM,
M0 CBOCH TPHUPOJIE SIBISICTCS CTOXAaCTUYCCKUM M HE MOXKET OBITh HAJIC)KHO BOCIPOHM3BEICHO C IMOMOIIBIO OJHOTO
TOJIBKO IETCPMIUHUPOBAHHOTO MOJCITUPOBAHHUS; TOITOMY ISl BRBICOKOTOYHOTO KOHTPOJISI KauecTBa TPEOYIOTCS TIpsi-
MbI€ U3MEPEHUS] Ha MECTOPOXK/ICHUH. 32 cueT (HUKCAIMU TPEXMEPHBIX BEKTOPOB CMEIIEHHS U3 HECKOIBKHX TOUCK
MOHHUTOPHHTA B TIpeJiesiaX B3pbIBHOTO O110ka BMM mo3BosisieT 0osiee TOYHO BOCCTaHABIMBATH MPAHUIIBI PY/IbI IIOCIIE
B3pbIBa. DTOT MHOTOTOYCYHBIH [TOJXO YUUTHIBACT POCTPAHCTBEHHYIO H3MCHUYMBOCTE M 00CCIICUMBACT HAICIKHYIO
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OCHOBY JUIsl KOPPEKTHPOBKM COPTOBBIX IJIAHOB Tepe]] HauaaoM dkckaBaruu. B 2024 1. nunoTHas peanu3anus CH-
ctembl BMM 0buia Hauata Ha JKatipemckom ropHo-oborarutensHoM komOuHate (I'OK), u cucrema mpumMeHsietcs
B HECKOJIBKUX TOpHOMOOBIBatoNx koMmanusx Kazaxcrana. Mcnonb3ys noneBbie naHHbIe ¢ JKalipeMckoro MecTo-
POXIEHUS, B MCCICIOBAHUH KOJMUYSCTBCHHO OIICHUBAIOTCS AKCIUTyaTallMOHHBIC TIOCICICTBHS HEKOHTPOIHPYEMO-
TO CIIBUTA TIOPOJIBI, BKIIOYAS TOTEPU PYyAbI, pa3yOOKMBaHNE W HETIPABIIIBHYIO KiIacCHpUKamo. Pe3ympraTs! mo-
Ka3bIBAIOT, YTO YJIYy4YIICHHOE ONpEeSICHue IPaHUI] MEXIY MyCTOI MOpoIol U pynol moBbimaeT 3GHEeKTUBHOCTh
HCTIOJIb30BaHKS PECYPCOB U HANPSMYIO CIIOCOOCTBYET YBEIUUCHUIO MPHOBLILHOCTH. Ha OCHOBE 3THX BBIBOJIOB B
CTaThe MpeIIaracTcs HHCTPYMEHT OIICHKH (PUHAHCOBOW CTOMMOCTH, MIPEIHA3HAYCHHBIN JIJIS TIONJCPIKKH HHBECTH-
LIMOHHBIX PEIICHUHN, CBSI3aHHBIX C CUCTEMaMH MOHUTOPUHIA IBUKEHHSI B3PbIBA, YTO TIO3BOJISIET OIlepaTopaM CUCTe-
MaTHYECKHU OIICHWBATh COOTHOIICHUE 3aTPaT W BBHITON BHeApeHNss BMM u onTHMH3HPOBATh CTPATErHy KOHTPOIIS
KadecTBa B 0ojIee MHUPOKUX SKOHOMHIECKHX paMKax.

KutioueBble cj10Ba: MOHUTOPUHT CJIBUTA TIOPO/T ITPH B3PHIBE, KOHTPOJIb 32 KAYECTBOM PY/bI, TOTEPS PY/bI, pa3-

yOoxxnBaHue, omndo4Has Kiaccudukanms, oKkyrnaeMocTs nHBectuuni, XKaiipem, Kasunnk, Glencore, pyaa, kapbep,
LUHK, OApUT, THUIT MHHEPAIN3aIM1, SKCKaBaIHs.
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