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Abstract

Low block recovery in dimensional stone quarrying is commonly associated with complex
fracture systems and inconsistent decision-making across the extraction chain. An inte-
grated decision-support workflow is presented, linking rock-mass characterization and
extraction planning. It combines discrete fracture network (DEN) modelling with block
usability assessment and staged decision gates to reduce structural uncertainty. Application
of the framework across seven-dimensional stone quarries indicated relative improvements
ranging from approximately 8-12% in commercial block recovery compared with conven-
tional quarrying approaches. These improvements were associated with enhanced fracture
characterization, improved selection of extraction orientations, more effective assessment
of block usability, and NDT-supported quality control.

Keywords: dimensional stone quarrying; fracture systems; discrete fracture network;
extraction design; engineering decision support

1. Introduction

Dimensional stone quarrying plays an important role in supplying high-value construc-
tion materials, particularly in resource-rich developing regions. In addition to producing
high value products, the industry supports employment, processing and associated services
such as transportation and trade [1]. With growing global demand, it remains an important
economic activity in many mining regions.

However, the operational efficiency is low, with conversion rates from geological
reserves to commercial blocks ranging from 10% to 40% [2,3]. Many materials are down-
graded or discarded, resulting in resource loss and increased cost. These inefficiencies are
mainly controlled by the structural complexity of the rock mass, where fracture systems
control block formation, extractable size, and product quality [4,5].
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Despite the recognition of fracture-controlled behaviour in rock mechanics, its sys-
tematic integration into quarry planning is limited. Exploration, extraction design, cutting
strategy, and quality control are often treated separately. Geological information is not
consistently translated into engineering decisions, and structural risks are identified only
during production, resulting in avoidable losses and reduced sustainability [6,7].

Research on quarrying efficiency has been addressed through four main approaches.
Fracture assessment methods based on scanline data provide quick but descriptive in-
dicators of block potential [3,4]. Discrete fracture network (DFN) modelling allows for
a detailed representation of fracture networks and block formation but requires a large
amount of data and is often applied at later stages [5,8]. Extraction optimization focuses
on orientation and cutting design, often assuming favourable structural conditions [1,3].
Post-extraction quality control methods, including non-destructive testing (NDT), improve
downstream performance but are rarely integrated into upstream decision-making [6].
These approaches are fragmented and lack a unified decision-making framework [7].

Recent research has highlighted the need to integrate structural geology, digital mod-
elling and sustainability-focused decision frameworks in dimensional stone and surface
mining operations, especially under conditions of geological uncertainty and resource-
efficiency constraints [9-12].

As a result, there is a gap between geological assessment and operational perfor-
mance. Improvements at one stage do not necessarily translate to a better overall recovery.
Early-stage decision-making is limited by a lack of data, and there is a trade-off between
rapid investment and structural understanding [5,8]. The quantitative relationship be-
tween fracture characteristics, extraction design and resource loss is rarely formalized, and
inefficiencies are often evaluated retrospectively [7].

To address these limitations, an integrated engineering decision-support framework is
developed for dimensional stone quarrying. The framework links fracture characterization,
DFN-based structural modelling, block usability assessment, extraction orientation opti-
mization, and post-extraction quality control in a phased workflow governed by decision
gates. Rather than introducing new analytical methods, it reorganizes existing tools into a
coherent process that reduces uncertainty and aligns geological structures with engineering
decisions [13].

The framework links decision stages and clarifies key assumptions. It includes five key
components: preliminary fracture screening, DFN modelling, block usability evaluation,
extraction optimization, and NDT-based quality control. These components are linked
through progressive decision logic, where the information quality and analytical resolution
increase over time.

At the operational level, extraction strategies are limited by fracture-controlled condi-
tions and non-idealized assumptions. Quality control is used as a feedback mechanism to
refine the upstream decisions. This integration shifts quarry planning toward fragmented
experience-based practices to a data-driven engineering process.

This work structures existing tools into a consistent decision sequence. The framework
links fracture characterization, DFN modelling, and extraction design through explicit deci-
sion gates, allowing uncertainty to be managed progressively rather than retrospectively.
First, it combines DFN modelling, block usability assessment and NDT into one workflow
that has not been done before [3-6]. Second, decision gates are introduced to manage
structural uncertainty and guide extraction decisions. Third, it links fracture characteristics,
extraction design and recovery performance within one resource efficiency framework.

The proposed approach shifts dimensional stone quarrying from isolated optimization
toward a more structured decision process.
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Additionally, by minimizing structural waste and maximizing the extraction of usable
blocks, this framework directly contributes to the United Nations Sustainable Develop-
ment Goals (SDGs), particularly SDG 12 (Responsible Consumption and Production). It
provides a practical way to achieve sustainable management and efficient use of natural
rock resources within the extractive industries.

2. Methodological Framework
2.1. Overall Architecture of the Integrated Decision-Support Framework

The proposed decision-support framework addresses fragmentation in the stone
quarrying dimension by linking exploration, design, technology selection and quality
control into one decision process across the quarry life cycle. Instead of treating these
stages as separate, quarrying is viewed as a sequence of interdependent decisions, where
each stage uses available information and constrains the next stage. This aligns with risk-
based and evidence-driven resource governance principles [13]. The framework structure,
including the progressive refinement and decision gates (DG1-DG4), is shown in Figure 1.

Ei

E

B )

N

1. Fracture 2.3DDFN 3. Block 4. Extraction 5. Quality
Characterization Modeling Geometry Optimization Control
Assessment

Decision Gate Decision Gate Decision Gate

Feedback Loop
(Re-evaluate)

Figure 1. Integrated decision-support framework for dimensional stone quarrying with decision
gates (DG1-DG4) and feedback loop.

Although the decision gates (DG1-DG4) operate within a common accept-modify—
reject logic, each gate evaluates different aspects of the quarrying process and therefore
relies on different engineering criteria. The objectives, evaluation criteria, and correspond-
ing decision logic associated with each gate are summarized in Table 1.

As shown in Table 1, the framework applies progressively more detailed information
and analytical resolution as decisions advance from preliminary structural screening to
final quality verification.

The framework increases decision reliability by progressively improving the informa-
tion resolution. Early stages used rapid, low-cost screening tools under high uncertainty,
while advanced analysis was only applied after predefined criteria were met. This “pro-
gressive refinement” principle balances investigation cost and decision confidence [5,8].

Decision gates apply structured accept-modify—reject logic to control risk and avoid
premature optimization. High-risk areas can be excluded early on; therefore, resources can
focus on viable extraction options [3]. The framework is adaptive and feedback-driven;
thus, operational data and quality control results can refine the earlier assumptions. This
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reflects the dynamic nature of quarrying where efficiency is achieved through iterative
learning rather than single-stage optimization [6,7].

Table 1. Goals, evaluation criteria and decision logic corresponding to each DG of the
proposed framework.

Gate Main Input Evaluation Criterion Decision Logic

Fracture spacing, fracture intensity,

DG1 Fracture survey structural continuity Accept/Modify /Reject
Agreement of fracture orientations,
DG2 DEN model spacing distributions, and block size A t/Recalibrat
ode distributions between DFN ceept/xec €
simulations and field observations
DG3 Block usability Us.able? plock r.atlo an(.:1 geometnf: Accept/Redesign
assessment suitability for industrial processing
NDT quality Hidden defects and internal
DG4 control discontinuities identified by NDT Accept/Feedback

The framework does not replace existing methods; it integrates fracture characteriza-
tion, structural modelling, extraction optimization, and quality control into one decision
architecture to support transparent and risk-informed quarry planning.

2.2. Step 1—Fracture Characterization and Preliminary Screening

This step evaluates quarry-scale fracture characterization to screen for high uncertainty.
The goal is to obtain a quantitative representation of the fracturing intensity and structural
risk, rather than a detailed structural model. This is in line with risk-based approaches that
use rapid, low-cost tools for early decision support [3,5].

Data were derived from scanline measurements combined with statistical analysis of
fracture orientation, dip, and spacing. Surface data cannot fully represent 3D structures;
however, statistical descriptors provide robust indicators of fragmentation trends when
properly sampled [4].

Fracture-spacing distributions, quantitative fracture-intensity indicators (Jv), and struc-
tural continuity observations were integrated in order to assess fracture condition and
delineate structurally unfavourable domains. Fracture spacing was used to interpret the
block-forming potential, and Jv was used to quantify fracture intensity and fragmenta-
tion. Structural continuity observations were used to delineate domains where fracture
persistence may negatively impact block integrity and recovery [4,5].

These fracture-characterization indicators were used as screening criteria to compare
quarry domains and prioritize areas for subsequent DFEN modelling and detailed engineer-
ing assessment. As the first decision gate, this step allows the exclusion of structurally
unfavourable zones, reduces investment risk, and improves resource allocation [6].

2.3. Step 2—DFN Modelling and Block Formation

After the initial screening, the rock-mass structure is represented using a 3D DFN
concept. This step transforms statistical fracture data into a spatial representation of the
subsurface structure so that the block formation can be quantified [5,8].

Figure 2 illustrates the conceptual role of DFN modelling within the proposed frame-
work. The DEN representation shown is schematic and is intended to demonstrate the
geometric relationship between fracture sets, fracture intersections, and natural block
formation rather than represent a site-specific DFN realization. The framework is software-
independent and may be implemented using commonly available DFN modelling en-
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vironments. Its purpose is to incorporate fracture-network information into extraction
decision-making rather than to evaluate a particular DEN software platform.

Fracture Set 1 =

Natural Block
Formation

Fracture Set 2 ——

~ Fracture
Intersections

\ 3D Discrete Fracture

Network (DFN)

Fracture Set 3 —"|

Figure 2. Conceptual illustration of a three-dimensional discrete fracture network (DFN) showing the
interaction of multiple fracture sets, fracture intersections, and the formation of natural rock blocks.
The figure is schematic and intended to illustrate the structural modelling concept used within the
proposed framework. The colors are used solely to distinguish different fracture sets and do not
represent quantitative variables.

DFN models represent fracture geometry through stochastic modelling methods
constrained by field measurements. DFN modelling may be thought of as one stage
of structural analysis within the presented framework that can be utilized to interpret
fracture-characterization data into spatial descriptions of block-forming attributes [14,15].

Some common components of DFN modelling include identification of fracture set
relations, transformation of fracture intensity descriptors (e.g., P10/P21 to P32), cali-
bration of fracture size distributions, and comparison of model results to field data.
These and other techniques are contingent on the quarry and should be chosen based on
available data.

DFEN modelling allows the prediction of block size distribution, fragmentation patterns,
and slope stability, so that recovery and design can be estimated [3,4]. However, owing to
data and cost requirements, the DFN is only applied after screening.

In the framework, the DEN is the link between geological assessment and extraction
design, providing a structural basis for decisions on bench geometry, cutting strategy, and
operational safety.

2.4. Step 3—Block Usability Assessment

This step evaluates block geometry and industrial usability, distinguishing the geolog-
ical block size from the commercial output. Many blocks meet geological criteria, but not
processing criteria, which may lead to overestimation of recovery [3,4].

Industrial usability relies mainly on geometric properties of the block such as rect-
angularity, dimensional suitability, aspect-ratio suitability and suitability to downstream
plant dimensions. In dimensional stone extraction industries, most buyers are looking for
regularly shaped rectangular volumes of stone that can be readily cut, loaded for trans-
port and go through industrial finishing processes with ease. Thus, industrial usability
parameters are evaluated both from the standpoint of geological total volume but also from
expected trim losses to produce salable product. Naturally the more irregularly shaped a
block is, the poorer its aspect ratio, or the higher amount of trimming necessary to produce
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salable material, the more waste is produced during cutting and finishing operations, thus
resulting in less industrial value, even if geological volumes are adequate [1,6].

Block geometry analysis turns “natural blocks” into “usable blocks” by identifying
geometrically suitable units. Therefore, we only consider blocks with high industrial value
in the next optimization stages.

The difference between the geological block size and industrially usable block geome-
try is shown in Figure 3.

Waste / Overburden

H: 1.2m

Industrial
Block »~
7z

(a) (b)

Figure 3. Difference between natural geological blocks and the inscribed industrial block: (a) natural
geological block with irregular dimensions; (b) inscribed industrial block representing the usable
rectangular volume and surrounding waste/trim loss.

From a decision-making perspective, usability acts as a constraint on recovery forecasts
and reduces bias from volume-based evaluations. It also improves extraction optimization
and resource efficiency by matching structural characteristics to processing requirements.

2.5. Step 4—Extraction Orientation Optimization

This step involves assessment of alternative extraction orientations and cutting pat-
terns to translate available structural potential into extractable commercial potential. Alter-
natives can be evaluated based on fracture-network geometry and block-forming criteria,
practical-operational considerations, and processing needs. The goal is to achieve the high-
est recovery of processable blocks while minimizing structural damage/waste production
and redundant cutting operations. Final decisions are made based on structural limitations,
cost, safety and operationality [1,3].

Preferred directions of extraction are determined by analyzing the interrelationships
between quarry shape, major joint sets and expected block size. Extraction orientations
which are more parallel to the prevailing fracture network tend to increase block quality,
minimize breakage and maximize resource recovery. Cutting planes which parallel joint
sets have less breakage and higher recoveries [4].

The practical implications of aligning the extraction layout with dominant fracture
orientations are shown in Figure 4.
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Natural Eracture Machine Cutting Grid Aligned with dominant Machine Cutting Grid
(dashed lines) (solid lines) fracture orientation (solid lines)
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Figure 4. Schematic comparison of bench extraction layouts: (a) non-optimized cutting misaligned
with natural fractures leading to damaged /small blocks; (b) optimized cutting aligned with fractures
yielding larger intact rectangular blocks. Dashed lines represent natural fractures, solid lines represent
the machine cutting grid, red-shaded zones and red X symbols indicate damaged or discarded blocks,
and green-shaded blocks indicate high-value commercial blocks.

2.6. Step 5—Post-Extraction Quality Control

The last step is therefore subject to post-extraction quality control actions to limit
these losses as much as possible. Some blocks accepted according to geometric criteria can
contain invisible fractures prejudicial to the quality of the product [1,3].

NDT, such as ultrasonic testing, can detect internal defects. The variation in wave
propagation can reveal fractures or weak areas of blocks [16,17]. Previous studies have
demonstrated the effectiveness of ultrasonic testing for identifying concealed joints and
internal discontinuities in dimensional stone blocks prior to processing [18].

As illustrated in Figure 5, ultrasonic testing can detect hidden fractures early on to
validate processing decisions and assist in refining design further upstream. The conceptual
schematic is based on established applications of ultrasonic NDT, reported in previous stud-
ies on typical applications of ultrasonic NDT, to detect hidden joints and other structural
defects present within blocks of dimensional stone [18].

Figure 5. Author-generated conceptual schematic illustrating the application of ultrasonic non-
destructive testing (NDT) for detecting internal defects and hidden fractures in extracted granite
blocks before processing. The blue arrow represents ultrasonic wave propagation, while the red
feature indicates a hidden internal fracture or discontinuity within the stone block.
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NDT allows the early classification of blocks, supporting acceptance or rejection
decisions before processing costs are incurred. It also allows adjustment of the cutting
directions to minimize damage [16,19].

Most importantly, quality control provides feedback on earlier stages, refining assump-
tions in block geometry, extraction design, and structural interpretation. This feedback loop
improves decision-making and supports continuous improvement [7].

In summary, NDT-based quality control reduces losses, increases recovery and closes
the decision loop. Thus, efficiency and sustainability are maintained throughout the quarry
life cycle.

3. Case Study and Results
3.1. Study Area and Quarry Dataset

This subsection summarizes the geological, structural, and operational characteristics
of the quarry dataset used to evaluate the proposed framework across different lithological
and tectonic settings. To increase the robustness and generalizability of the proposed
decision-support framework, the empirical validation was expanded from the two initial
quarries, Tan Long (Binh Dinh) and Hoa Quang Bac (Phu Yen), to seven-dimensional stone
quarries across Vietnam [20,21]. The additional sites are Thung Khuoc (Nghe An), Luc Yen
(Yen Bai), Van Xuan (Thua Thien Hue), Nui Mot (Ninh Thuan), and Cay Sung 4 (Khanh
Hoa), all previously studied in structural and technological studies of Vietnamese stone
deposits [20,22].

The quarries are located in Northern, North-Central, Central and South-Central Viet-
nam and represent different tectonic and geomorphological settings (Figure 6).

This spatial coverage allows the evaluation of fracture-controlled block formation
under different structural regimes, as tectonic history is recognized to affect discontinuity
patterns and block potential in granitic and metamorphic deposits [3].

Geologically, the dataset included both granite and marble deposits. The granite
quarries in Binh Dinh, Phu Yen, Thua Thien Hue, Ninh Thuan, and Khanh Hoa are from
Mesozoic-Cenozoic intrusive complexes with multi-set joint systems and variable fracture
spacing [20,22]. In contrast, the Luc Yen marble and structurally complex Thung Khuoc
deposit show stronger fracture anisotropy related to tectonic deformation and metamorphic
fabric, affecting the block geometry and extractable dimensions [3,20]. Average fracture
spacing is between 0.6 and 1.6 m, lower in disturbed zones, confirming the strong influence
of fracture density and arrangement on block size and recovery [3,4].

Operationally, most quarries use diamond wire sawing and circular saw cutting,
but the alignment between the extraction layout and dominant fracture sets varies sig-
nificantly [1,23,24]. Previous studies have shown that poor structural alignment reduces
recovery even under good lithology. Conventional recovery before structured fracture-
based planning is 15-30% [20-22] so recovery is controlled more by structural heterogeneity
than by extraction technology alone.

By incorporating seven-dimensional stone quarries representing different lithological
settings, fracture intensities, and operational conditions, this study extends beyond the
initial two-quarry investigation and provides a broader multi-quarry evaluation framework.
This reduces specific bias and increases the representativeness of the observed performance
gains. The recovery was evaluated relative to the baseline for each quarry. Although
the absolute recovery varies by site, the integrated framework produces positive relative
gains across the dataset. The main geological and operational parameters are listed in
Appendix A (Table Al).
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Figure 6. Geographic distribution of the seven-dimensional stone quarries across Vietnam, represent-
ing different tectonic and structural settings.

3.2. Structural Assessment Results

Applying the framework across the case study quarries shows that the components
work as a linked decision system and not separate analytical steps. The information is
refined from screening to optimization, and each stage limits the next.

Screening results revealed substantial variability in fracture intensity among the
investigated quarries. Domains characterized by dense fracturing and short spacing were
consistently associated with lower block usability and recovery. This indicates the value of
early screening in reducing investment risk and avoiding unnecessary analyses.

DEN modelling confirmed pronounced spatial variability in block size and geometry.
Structurally favourable domains generated larger and more stable blocks, whereas highly
intersected fracture systems produced smaller and less usable blocks.

Usability assessment demonstrated that geological block volume alone was insuffi-
cient to predict commercial value, as shape-related constraints substantially influenced
block acceptance.

Recovery improvements were greatest where favourable fracture geometry allowed
optimized extraction orientation. NDT verification further identified hidden defects that
could not be recognized through geometric assessment alone.

While the available datasets do not allow us to measure exactly how much recovery
contribution was made at each stage, we can see how recovery has improved when viewing
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the results of all four decision gates together. Table 2 provides a recap of each framework
component’s primary function and its anticipated impact on recovery.

Table 2. Functional contribution of each framework stage to recovery improvement.

Stage Primary Function Expected Effect on Recovery

Reduce extraction in
structurally unfavourable zones

Exclude highly fractured

DGI1-Preliminary screening domains

Improve prediction of block
geometry and size

Increase accuracy of recoverable

DG2-DEN validation block estimation

Reduce extraction of
non-commercial blocks and
improve yield

DG3-Block usability
assessment

Identify commercially viable
blocks

DG4—Quality-control
verification

Detect hidden defects through
NDT

Reduce processing losses and
rejection of finished products

The results demonstrate that variability in recovery can be attributed to both geologic
conditions and extraction decision structuring within the workflow. Table 3 summarizes the
quantitative variations between representative quarries. Given its relatively large fracture
spacing of 1.1-1.5 m and low- to moderate-intensity fracturing, Nui Mot Quarry produced
the largest DFN-derived blocks (3.0-4.0 m?) and highest usable ratios (75-80%), resulting in
recovery values of 35-38%. On the other extreme, Thung Khuoc Quarry exhibited the most
dense fracturing with fracture spacing ranging from 0.6 to 1.0 m, resulting in smaller DFN-
derived blocks (0.8-1.5 m3), lower usable ratios (45-55%) and subsequent recovery values
near 23%. Hoa Quang Bac Quarry displayed intermediate behaviour where moderate- to
high-intensity fracturing produced DFN-derived blocks between 1.5 and 2.2 m3, usable
ratios of 60-65% and recoveries near 28%. These findings demonstrate how differences in
fracture characteristics flow through the decision-support workflow, resulting in varying
commercial recovery.

Table 3. Structural recovery technology linkage across investigated quarries.

Avg. Fracture  Estimated Jv Mean DFN Usable Ratio Iiecovery Recomfnended

Quarry Spacing (m)  (Qual.) Block Size (m®) (%) (o) — Extraction
pacing ’ Integrated Orientation

Tan Long Along dominant
(Binh Dinh) 1.2-1.6 Low-moderate  2.5-3.5 70-75 30 vertical joint set
Hoa Quang Bac . Across secondary
(Phu Yen) 0.8-1.2 Moderate-high  1.5-2.2 60-65 28 fracture set
Thung Khuoc g . g g Along major
(Nghe An) 0.6-1.0 High 0.8-1.5 45-55 23 foliation plane
Luc Yen 0.9-1.4 Moderate 2.0-2.8 65-70 32-35 Along marble
(Yen Bai) banding
Van Xuan Optimized by DFN
(Thua Thien Hue) 08-13 Moderate 16-24 60-68 30-33 orientation analysis
Nui Mot B 3 g g Along primary
(Ninh Thuan) 1.1-1.5 Low-moderate  3.0-4.0 75-80 35-38 joint set
Cay Sung 4 Across intersecting
(Khanh Hoa) 0.9-1.2 Moderate 1.8-2.5 62-70 30-34 joint pair

To provide a quantitative link between structural characteristics and extraction perfor-
mance across the expanded multi-quarry dataset, the key fracture indicators, DFN-derived
block metrics, industrial usability ratios and observed recovery outcomes are summarized
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in Table 3. This table shows how structural intensity propagates through the decision stages
to impact commercial recovery.

Table 3 presents this trend. Quarries with a larger average fracture spacing (>1.1 m)
and lower Jv produced larger DFN-derived blocks, higher usable ratios, and higher recovery.
In contrast, dense fracture networks (spacing < 1.0 m) limited the block size and usability; in
these cases, the integrated framework mainly reduced risk and waste rather than increasing
recovery. The recommended extraction orientations also followed the dominant fracture
geometry; therefore, the design decisions were structurally based.

To examine the quantitative relationship between fracture spacing and recovery, a
Pearson correlation was calculated using the mid point values of spacing and recovery
(Table 3). The result was r = 0.70 with p ~ 0.07 (1 = 7). The 95% confidence interval, esti-
mated by Fisher’s z-transformation, was —0.12 to 0.94. The central estimate is moderately
strong, but the interval is wide, owing to the small sample size.

The relationship between the average fracture spacing and the recovery under the
integrated framework is as follows.

A robustness check using Spearman rank correlation and leave-one-out inspection
showed the same direction of association; therefore, it was not driven by a single quarry.
However, with df = 5 the correlation is not significant at the 5% level and should be
considered indicative rather than predictive. The evidence supports a structural linkage
between fracture spacing, block usability, and recovery; however, larger datasets are needed
for stronger statistical inference.

Figure 7 presents the relationship between average fracture spacing and commercial
block recovery using the quarry-specific spacing and recovery data summarized in Table 3
(n =7). Pearson correlation, ordinary least-squares regression and 95% confidence intervals
were used to evaluate the spacing-recovery relationship.

r=070
< 401 95% Cl: -0.12 to 0.94
S b = 0.07
> n=7 >
S 351
(o]
(8]
e
x 301
8
Q0
S 251
e @
§ 204
(&)
0.8 0.9 1.0 11 1.2 13 14

Average fracture spacing (m)

Figure 7. Relationship between average fracture spacing and commercial block recovery for the
seven investigated quarries. The blue circles represent individual quarry observations, the blue line
represents the linear regression trend, and the shaded orange region represents the 95% confidence
interval. The regression line, confidence interval, and statistical indicators were calculated from the
quarry dataset summarized in Table 3.
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3.3. Structural-Geomechanical Interaction

Fracture geometry is the main control of block formation, but mechanical properties
also affect the extraction performance. Even under the same structural conditions, intact
rock strength and mineralogy affect sawability, surface damage, and energy demand.

Previous studies on Vietnamese granites have shown that Uniaxial Compressive
Strength (UCS), Brazilian Tensile Strength (BTS), quartz content, and Schmidt hardness
affect tool wear and cutting efficiency [20,24]. High UCS and high quartz content increase
cutting resistance and may cause micro-fracturing, reducing block integrity even when the
fracture spacing is good.

Therefore, recovery should be interpreted as a combination of structural and geome-
chanical resistances. The recovery equation can be conceptually extended as

R=kSn-U-A-M (1)

where R is the commercial block recovery (%), k is the site-scale operational coefficient,
Sn is the normalized fracture spacing (dimensionless), U is the industrially usable block
ratio (%), A is the orientation alignment factor (0-1), and M is a mechanical adjustment
factor representing sawability conditions controlled by strength and mineralogy.

M does not diminish the role of structure. This means that optimum recovery is
achieved when a good fracture geometry is combined with a mechanically suitable rock.
This structural-mechanical coupling makes the framework more engineeringly valid and
applicable to more lithologies.

3.4. Performance of the Integrated Framework

This analysis is based on the 7-quarry dataset and is therefore less site-specific as a
2-case study.

To evaluate the value added by the framework, quarrying performance was compared
to conventional practice in terms of decision logic, technical focus, and resource-use effi-
ciency. Table 4 shows that it is not just the tools used, but also how decisions are linked
across the quarry life cycle.

Table 4. Quarrying performance comparison between traditional and integrated approaches.

Evaluation Criteria Traditional Approach Proposed Integrated Approach
Decision basis Fragmented, stage-specific Linked decision chain

Fracture assessment Qualitative or safety focused Quantitative, strategic input

Rock-mass structural modelling Not applied or limited 3D DEN linked to quarry design

Block usability assessment Geological size-based Geometry and processing requirements combined
Extraction orientation & cutting layout  Experience-based Structure based optimization

Quality control Post-processing Pre and in process (NDT based)

Block recovery rate Low-medium Medium-high

Waste generation High, unpredictable Reduced, predictable at early stages
Processing risk High, reactive Reduced, proactive

Support for planning/licencing Limited Compatible with risk-based approaches

In conventional practice, fracture assessment, design, technology choice, and quality
control are performed separately. This often results in local optimization, weak transfer
of information between stages, and resource loss. The integrated approach links these
decisions in sequence so that early-stage information guides later actions and reduces the
mismatch between the geological potential and extraction design.

A quantitative comparison of block recovery and waste generation before and after
the integrated approach is presented in Appendix A (Table A2).
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Figure 8 compares commercial block recovery and waste generation derived from the
comparative quarry performance dataset presented in Appendix A, Table A2.

35 | W Conventional
Bam  Integrated

Block Recovery (%)

Figure 8. Comparison of commercial block recovery under conventional and integrated extraction
approaches for the investigated quarries. Values are derived from the comparative recovery and
waste-generation dataset summarized in Appendix A, Table A2. The names shown on the x-axis
correspond to the official Vietnamese provinces where the investigated quarries are located.

The largest gains were observed in complex quarries, where experience-based plan-
ning is more likely to target bad zones. In these cases, early screening combined with
structure-informed design made a significant difference. In good quarries the main ben-
efit was the finer tuning of the extraction direction and cutting layout to maximize the
block value.

The observed improvements are not solely attributable to individual optimization
steps, but to the cumulative effect of linking decisions across the quarrying process. It is a
shift from isolated optimization to integrated resource management by linking the fracture
structure, design, and recovery in one engineering logic. It provides a scientific basis for
reducing risk and improving resource efficiency in dimensional stone quarrying.

3.5. Robustness Analysis

The robustness was tested by varying the key structural and operational parameters
within realistic field-based ranges. The fracture spacing in the screen stage was perturbed
by £10%, and the block usability ratios were varied by +5% to represent the geometric
regularization uncertainty. Under these conditions, the relative improvement was +8% to
+12% compared with the conventional practice.

A second test was performed without early fracture screening. In this case, the average
gain was only 3-5%, so most of the improvement came from cumulative decision filtering
rather than any one optimization step.

These results show that the ~10% improvement is not very sensitive to moderate
input uncertainty and can therefore be considered structurally robust. A before-and-after
comparison of sites with complete baseline and post-implementation data also showed
improvement at all sites. Since the number of observations was limited, we did not conduct
formal inferential testing. The results should be interpreted as evidence of a trend that
needs to be validated using a larger dataset.
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4. Discussion

Before delving into the engineering and sustainability considerations that emerge from
these seven quarries, a few quantitative points are worth emphasizing. Commercial block
recovery estimated using the integrated framework ranged from approximately 23% to 38%,
whereas conventional recovery values were generally between 16% and 30% (Appendix A,
Table A2). Improvements in recovery were observed at all sites, with gains ranging from
approximately 7 to 10 percentage points. Fracture spacing varied from 0.6-1.0 m in the
most intensely fractured domains to 1.1-1.5 m in structurally favourable domains, while
industrially usable block ratios ranged from approximately 45-55% to 75-80%. There was a
positive correlation between fracture spacing and recovery (r = 0.70), implying that quarries
with larger fracture spacing tended to have larger DFN-derived blocks, higher usable block
ratios, and higher commercial recovery.

Section 3 shows that fracture characterization, DFN modelling and block usability
assessment affect the extraction performance. The combined effects on resource efficiency
are shown in Figure 9.

_________________________________________________________

v i
= i Sustainability
DFN Block Usability ' :
i . Post-Extraction Outcomes
Fracture @ Modelling @ Assessment @ Extraction @ Quality Control -—»{ « Recovery 1 (8-12%
Characterization 3D fracture Industrial Optimization _ 5 tv Al )
representation geometry Ultrasonic NDT aste |
screening * Resource Efficiency 1
X

Figure 9. Integrated engineering workflow linking fracture characterization, DFN modelling, block
usability assessment, extraction optimization, quality control, and sustainability-oriented resource
efficiency in dimensional stone quarrying. Solid arrows indicate the primary workflow sequence,
dashed arrows indicate feedback and iterative refinement loops, and the green-shaded box represents
sustainability outcomes. DG1-DG4 denote decision gates within the framework.

Figure 9 shows the sequence of fracture characterization, DFN-based block modelling,
industrial usability assessment, extraction orientation optimization, cutting, and NDT-
based quality control. This integrated workflow improves block recovery, reduces waste
and environmental impacts, and supports more manageable quarry closures.

4.1. Scientific Implications

Results from all seven quarries suggest that commercial recovery increased from
traditional values of approximately 16-30% to 23-38% with the implementation of the inte-
grated framework. Quarries characterized by larger fracture spacing generally produced
larger DFN-derived blocks, higher usable block ratios, and improved recovery. These
trends lead to the following interpretations. The highest recovery was recorded at Nui
Mot Quarry, characterized by larger fracture spacing (1.1-1.5 m) with correspondingly
larger DFN-derived blocks and recovery ranging from 35 to 38%. In contrast, Thung Khuoc
Quarry had lower recovery with tighter fracture spacing. These examples demonstrate
the applied value of structural characterization when utilizing this workflow. From a
mining engineering perspective, sustainable improvement in block recovery cannot be
achieved by optimizing the individual stages in isolation. Better performance requires
the early integration of structural assessment, quarry design, and cutting strategy to
manage risk and reduce cumulative losses over the quarry life cycle. This changes the
objective from maximizing the output to maximizing the resource value under geological
uncertainty [1,3].
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From a rock mechanics perspective, this study confirmed the dominant role of fractures
in block formation and quarry performance. More importantly, fracture information
is translated from a geological or stability descriptor into an engineering variable that
is linked to industrial usability and commercial value. By combining DEN modelling,
block geometry assessment, and NDT-based verification, the framework extends rock
mechanics from structural interpretation to operational decision support in dimensional
stone extraction [4,5].

From a decision-science perspective, the main contribution is the development of
a multi-level framework structured by progressive refinement and decision gates. Un-
like many mining decision-support systems that focus on a single stage, the proposed
approach captures the interdependencies among decisions across the value chain and
feeds back to refine the earlier assumptions. This is consistent with system-based re-
source governance, where technical systems are seen as adaptive and learning-oriented
processes [6,13].

At a broader level, the findings from the seven investigated quarries support a move
from technical optimization in isolation to integrated resource management, where ge-
ological, technical, economic, and product-quality factors are considered together. The
underlying workflow may also have potential applicability to other extractive systems
operating under high uncertainty and increasing pressure for resource efficiency, although
further validation would be required [7,12].

4.2. Sustainable Quarrying Implications

Commercial recovery improved by roughly 7-10 percentage points in the examined
quarries, while waste generation decreased by a similar amount (Appendix A, Table A2).
In Appendix A, Table A2, all seven quarries showed positive recovery gains despite dif-
ferences in lithology and fracture intensity, suggesting that the benefits of the workflow
are not restricted to a single geological setting. Despite differences in absolute numbers
between case studies, all investigated examples showed recovery gains accompanied by
decreased waste. This provides real-world evidence that implementing structural charac-
terization during planning stages can contribute directly to improved material efficiency in
extraction operations.

The implications of this approach extend far beyond immediate extraction perfor-
mance. By linking fracture screening, extraction orientation, and quality control, it improves
not only the recovery but also the long-term shape and stability of quarry voids. Sequential
decision-making allows more in situ materials to be turned into marketable products while
reducing the disturbed footprint, which is in line with sustainable mining principles that
link resource efficiency with land stewardship [13].

Compared to traditional approaches to quarry planning, the framework presented
here allows for fracture characterization, DFN modelling, block usability assessment and
quality verification to be incorporated in a more cohesive fashion into a single decision-
support workflow. Many existing mining decision-support systems (DSS) are designed
around particular tasks or objectives (production scheduling, mine planning optimization,
geotechnical risk-analysis, multi-criteria decision-analysis, etc.) and have proven successful
as tools to improve planning decisions within their respective scopes. However, these
systems have generally been developed to aid the user in solving individual decision prob-
lems, rather than being applied to an entire sequence of structurally dependent decisions
necessary for the extraction of dimensional stone. Conversely, the framework described
here works by connecting geological characterization, block prediction, usability assess-
ment and downstream quality control as part of a larger uncertainty-reduction workflow.
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For this reason, it is meant to complement existing mining DSS/risk-based frameworks,
rather than replace them.

The main differences between the proposed framework and representative mining
decision-support approaches are summarized in Table 5.

Table 5. Comparison of the proposed framework with existing mining decision-support approaches.

Structural

. . Quality Integrated
Approach Primary Focus Uncert.amty Verification  Workflow
Handling
Conventional Production and o
quarry . Limited No No
. extraction

planning
Risk-based
mining Risk management Moderate Limited Partial
frameworks
MCDM/DSS Degspn . Moderate No Partial
approaches optimization
Proposed Recovery-oriented

p structural decision =~ High Yes Yes
framework

support

One of the major implications is waste generation. Results indicate that waste is
controlled not only by unfavourable geological conditions, but also by poor alignment
between the fracture structure and extraction decisions. Early exclusion of structurally un-
favourable zones and better alignment of quarry faces with dominant discontinuities reduce
unnecessary bench expansion, irregular void development and subsequent rehabilitation
burdens [6,7].

The improved block usability also has environmental benefits. Early filtering of
structurally unsuitable blocks reduces the energy use per unit of finished product, trim
losses, dust, transport demand, and auxiliary resource consumption. In this sense, struc-
tural screening is a preventive environmental control embedded in design rather than a
corrective measure added later [13,25].

The results obtained from the investigated quarries suggest that the framework may
facilitate circular-economy strategies. Because waste volumes and material characteristics
are more predictable at earlier stages, potential secondary uses, such as aggregates or
construction fill, can be incorporated into the quarry plan from the start. This improves
by-product valorization and allows circular economy principles to be integrated into quarry
development [7].

From a reclamation perspective, structurally guided extraction provides more regular
excavation geometry, more stable benches, and more predictable waste placement. Al-
though full reclamation modelling is beyond the scope of this study, embedding structural
logic into extraction planning provides a defensible engineering basis for post-closure
landform management and may reduce long-term stabilization costs.

Economically, the structured workflow has the potential to reduce capital deployment
in low-potential zones and limit the downstream processing of blocks that do not meet
industrial usability requirements. Although a full life cycle cost analysis was not performed,
the reduction in waste and increase in usable block ratios suggests a lower production cost
per unit of saleable stone and a reduced long-term closure risk.

The framework contributes to multiple United Nations Sustainable Development
Goals (SDGs). In addition to SDG 12 (Responsible Consumption and Production), the more
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efficient use of resources and reduction of waste supports SDG 9 (Industry, Innovation
and Infrastructure) through more sustainable industry practices. And by reducing envi-
ronmental disturbance and improving long-term quarry stability the framework aligns
with SDG 15 (Life on Land), particularly in reducing land degradation associated with
extractive activities.

4.3. Planning and Governance Implications

The seven investigated quarries exhibited substantial differences in fracture spacing,
usable block ratios, and commercial recovery. Despite this variability, positive recovery
improvements were observed across all case studies following application of the integrated
workflow. This also has implications for quarry planning and regulation. The results
obtained from the investigated quarries suggest that integrating fracture assessment from
early screening to DFN modelling can provide a better technical basis for quarry zoning
and regional planning. Instead of simply using reserve quantity and infrastructure access,
planning can also use structural risk and block-forming potential to identify priority and
restricted areas better [3,26].

In the permitting stage, the framework may support risk-informed licencing. Quanti-
tative indicators of fracture intensity, block usability, and recovery enable early assessment
of structural feasibility. Projects with high structural risk and low recovery may therefore
require design modification or additional technical review, in line with evolving governance
approaches that focus on early risk management [13,27].

Another implication is the formal use of fracture information in the regulatory systems.
In many cases, fracture data are descriptive and are not linked to licencing or oversight.
When integrated across field surveys, DFN modelling and quality control fracture data
can reduce resource loss and waste and improve land use efficiency. This has the potential
to strengthen evidence-based governance and support the dynamic updating of resource
information throughout the quarry life cycle [7,26].

More broadly, the findings support the move from reserve-based evaluation to value-
and risk-based planning. As sustainability and circular economy pressures increase, projects
with higher recovery efficiency and better waste control will become more economically
and environmentally beneficial. In this sense, the framework bridges engineering analyses
and planning decisions.

4.4. Limitations and Future Research

Despite its usefulness, however, this framework has some limitations. First, the
results depend heavily on the quality and representativeness of the fracture data collected
during site investigation. Surface mapping and borehole data are affected by the spatial
heterogeneity, exposure conditions and accessibility constraints. In complex or poorly
exposed deposits these limitations can reduce the reliability of fracture indices and DFN-
based predictions as widely reported in the DEN literature [14,15].

Second, the uncertainty was not addressed through a full Monte Carlo DEN ensemble
simulation. In many DEN studies, multiple realizations have been used to propagate
structural variability into block-size or stability predictions. In this study, uncertainty
was handled through sensitivity testing and interval-based interpretation rather than
full probabilistic simulation. Future work could include Monte Carlo DFN realizations
to quantify variability in recovery under alternative structural scenarios, especially for
investment scale risk assessment [15,28].

Third, the framework does not incorporate AI/ML methods. The current workflow
relies mainly on statistical analysis, geometric modelling, and conventional engineering eval-
uation, which are expert-intensive and may be less efficient in handling large, heterogeneous,
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and non-linear datasets. In data-rich environments, this can be a methodological limitation,
especially for recovery prediction and extraction optimization under high uncertainty [29].

Several directions have emerged for future research. One is the development of
digital twins for dimensional stone quarries, where fracture networks, extraction layouts,
and operational data are integrated into a dynamic system for real-time calibration and
scenario testing [29-31]. The other is the application of AI/ML models such as random
forests, gradient boosting, or neural networks to predict the recovery and resource-loss risk
from structural and operational variables [9,29,32,33]. A further extension would be the
integration of Life Cycle Assessment and Life Cycle Costing to evaluate environmental
and economic impacts across the full life cycle of stone products in line with broader
sustainability assessment trends in mining [13,34].

Although the framework was developed and evaluated using seven Vietnamese
quarries, its underlying decision logic may be transferable to other fracture-controlled
dimensional stone deposits, subject to site-specific validation. Its application in Europe,
Africa, and Latin America would require adaptation to local regulations, data availability,
and socio-economic conditions, but the core decision-support logic may be retained, subject
to local adaptation and validation.

From a practical engineering perspective, the framework has been applied in real
quarry conditions across multiple sites and has shown consistent improvement in block
recovery and waste reduction without requiring advanced or proprietary technology, which
suggests its potential applicability in resource-constrained operational environments.

These improvements were observed consistently across the seven investigated quar-
ries, suggesting that the proposed framework remains effective across the range of geologi-
cal conditions represented in the present dataset.

5. Conclusions

The results obtained from this paper are only based on seven-dimensional stone
quarries cutting across different lithological and structural conditions found in Vietnam.
Therefore, any conclusion made on recovery improvement, usable block percentage or
spacing-recovery relationship can be directly justified by the dataset studied. Application
of the framework on other types of deposits, geological environment, or mining industry
can be considered as future work which will need site-specific justification.

A persistent issue in dimensional stone quarrying is the limited integration between
structural geological characterization and engineering decision-making. This study exam-
ines how fracture information can be systematically incorporated into extraction planning
by linking fracture characterization, DFN modelling, block usability assessment, extraction
orientation, and quality control within a consistent decision sequence. The approach aims
to improve resource efficiency by aligning structural constraints with operational practices.

The application of the framework to seven-dimensional stone quarries shows that a sig-
nificant part of the resource losses attributed to geological conditions is due to fragmented
decision-making. When fracture information is included in the extraction design and
cutting layout selection, block recovery can be consistently improved, and waste is reduced.
Gains of approximately 10% in both recovery and waste reduction are achieved through
early identification of structurally unfavourable zones, structure-oriented extraction, and
feedback from quality control, not through incremental optimization at each stage.

From an engineering point of view, the main contribution of this study is the transla-
tion of rock-mass structural information into extraction decisions under uncertainty. The
framework does not replace detailed design or feasibility studies; it provides a structured
method to screen, prioritize, and refine extraction options as information quality improves.
Because this approach uses common survey techniques, DFN modelling, and standard
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NDT methods, it can be applied to small- and medium-sized stone operations without
imposing excessive data or cost requirements.

In summary, the framework supports a shift from experience-driven or stage-specific
optimization to more structured informed decision-making across the quarry life cycle. By
linking geological structures to extraction practices, the framework provides a structured
engineering basis that may contribute to improved resource efficiency and operational
reliability, as observed in the investigated quarries.

The framework is particularly applicable to fracture-controlled dimensional stone
deposits, where early structural screening and structure-oriented extraction design are key
to the recovery performance.
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Appendix A

Table Al. Key geological and operational characteristics of the investigated dimensional
stone quarries.

Quarry Location Dominant Geological Settin Avg. Fracture Fracture Typical Block gg?:‘f;ltional
ID (Province, Vietnam) Rock Type g 8 Spacing (m) Intensity Size Potential (%) Ty
Tan Long . Massive intrusive, Low— :
A (Binh Dinh) Granite weak tectonic overprint 1.2-1.6 moderate Medium-large 20
Hoa Quang Bac - Multi-set jointed Moderate— :
B (Phu Yen) Granite granite 0.8-1.2 high Medium 18
Thung Khuoc Tectonically fractured . .
C (Nghe An) Marble metamorphic body 0.6-1.0 High Small-medium  15-18
Luc Y High-grade
D (\}’é (1:,1 BE;) Marble metamorphic marble, 0.9-1.4 Moderate Medium-large ~ 22-25
steep topography
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Table Al. Cont.

. . . Conventional
Quarry Location Dominant . . Avg. Fracture Fracture Typical Block
ID (Province, Vietnam) Rock Type Geological Setting Spacing (m) Intensity Size Potential g/t:)covery
Nui Mot . Coarse-grained Low—
F (Ninh Thuan) Granite intrusiv% granite 11-15 moderate Large 25-30
Cay Sung 4 : Joint-controlled ;
G (Khanh Hoa) Granite intrusive granite 0.9-1.2 Moderate Medium 20-24
Van Xuan : Structurally variable .
E (Thua Thien Hue) Granite intrusive complex 0.8-1.3 Moderate Medium 20-23
Table A2. Block recovery and waste generation before and after implementation of the integrated
decision-support framework across investigated quarries.
Block Block
. Waste (%)— Waste (%)—
Quarry ID Location Recovery (%)— Recovery (%)— Change (pp) . Change (pp)
Convergional Integraltz d 8 Conventional Integrated 8
Tan Long
A (Binh Dinh) 20 30 +10 80 70 -10
Hoa Quang Bac _
B (Phu Yen) 18 28 +10 82 72 10
Thung Khuoc
C (Nghe An) 16 23 +7 84 77 -7
D Luc Yen 23 33 +10 77 67 ~10
(Yen Bai)
Van Xuan
E (Thua Thien Hue) 22 31 +9 78 69 -9
Nui Mot
F (Ninh Thuan) 28 36 +8 72 64 -8
Cay Sung 4
G (Khanh Hoa) 22 32 +10 78 68 —10

References

1. Ashmole, I.; Motloung, M. Dimension Stone: The Latest Trends in Exploration and Production Technology; The Southern African
Institute of Mining and Metallurgy: Johannesburg, South Africa, 2008.

2. Montani, C. Stone 2008: World Marketing Handbook; Gruppo Editoriale Faenza: Faenza, Italy, 2008.

3. Selonen, O.; Ehlers, C.; Luodes, H.; Harmd, P. Exploration methods for granitic natural stones—Geological and topographical
aspects from case studies in Finland. Bull. Geol. Soc. Finl. 2014, 86, 5-22. [CrossRef]

4. Palmstrom, A. Measurements of and correlations between block size and rock quality designation (RQD). Tunn. Undergr. Space
Technol. 2005, 20, 362-377. [CrossRef]

5. Priest, S.D. Discontinuity Analysis for Rock Engineering; Springer: Berlin/Heidelberg, Germany, 1992.

6.  Galetakis, M.; Soultana, A. A review on the utilisation of quarry and ornamental stone industry fine by-products in the
construction sector. Constr. Build. Mater. 2016, 102, 769-781. [CrossRef]

7. Mosch, S.; Nikolayew, D.; Ewiak, O.; Siegesmund, S. Optimized extraction of dimension stone blocks. Environ. Earth Sci. 2011, 63,
1911-1924. [CrossRef]

8.  Lisjak, A; Grasselli, G. A review of discrete modeling techniques for fracturing processes in discontinuous rock masses. J. Rock
Mech. Geotech. Eng. 2014, 6, 301-314. [CrossRef]

9.  Cacciuttolo, C.; Guzmaén, V.; Catrifiir, P; Atencio, E.; Komarizadehasl, S.; Lozano-Galant, ].A. Low-Cost Sensors Technologies for
Monitoring Sustainability and Safety Issues in Mining Activities: Advances, Gaps, and Future Directions in the Digitalization for
Smart Mining. Sensors 2023, 23, 6846. [CrossRef]

10. McManus, S.; Rahman, A.; Coombes, J.; Horta, A. Uncertainty assessment of spatial domain models in early stage mining
projects—A review. Ore Geol. Rev. 2021, 133, 104098. [CrossRef]

11.  Rosales Huamani, J.A.; Ogosi Auqui, J.A.; Gomez Marroquin, M.; Vite Casaverde, R.V.; Arenas Niquin, J.L.; Landauro Abanto, A.
Machine Learning in Smart Mining: A Systematic Review of Applications, Algorithms, Benefits, and Challenges. Algorithms 2026,
19,197. [CrossRef]

12.  Xu, H.; Li, K,; Zhang, B.; Zhan, R.; Yang, S.; Xi, X.; Dai, L. Thermo-mechanical damage characteristics and fracture behavior of

backfill bodies in thermal energy storage cavities: An experimental and numerical study. Tunn. Undergr. Space Technol. 2026,
175,107715. [CrossRef]

https://doi.org/10.3390/su18126128


https://doi.org/10.17741/bgsf/86.1.001
https://doi.org/10.1016/j.tust.2005.01.005
https://doi.org/10.1016/j.conbuildmat.2015.10.204
https://doi.org/10.1007/s12665-010-0825-7
https://doi.org/10.1016/j.jrmge.2013.12.007
https://doi.org/10.3390/s23156846
https://doi.org/10.1016/j.oregeorev.2021.104098
https://doi.org/10.3390/a19030197
https://doi.org/10.1016/j.tust.2026.107715
https://doi.org/10.3390/su18126128

Sustainability 2026, 18, 6128 21 of 21

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

Giurco, D.; McLellan, B.; Franks, D.M.; Nansai, K.; Prior, T. Responsible mineral and energy futures: Views at the nexus. J. Clean.
Prod. 2014, 84, 322-338. [CrossRef]

Dershowitz, W.S.; Einstein, H.H. Characterizing rock joint geometry with joint system models. Rock Mech. Rock Eng. 1988, 21,
21-51. [CrossRef]

Elmo, D.; Yang, B.; Stead, D.; Rogers, S. A Discrete Fracture Network Approach to Rock Mass Classification; Springer: Cham,
Switzerland, 2021; pp. 854-861.

Arman, H.; Khosravi, S.; Osman, M.A.; Alnagbi, EM.; AlYammahi, A.A. Dimension Effect on the Ultrasonic Pulse Velocity. Int. .
Geogr. Geol. 2016, 6, 18-25. [CrossRef]

Aydin, A ; Basu, A. The Schmidt hammer in rock material characterization. Eng. Geol. 2005, 81, 1-14. [CrossRef]

Pham, V.V,; Anh Nguyen, T.; Van Pham, H.; Dinh Tran, B.; Nguyen, D. Study on Ability of Ulstrasonic in Determining Joints in
Dimension Stone Blocks. J. Min. Earth Sci. 2020, 61, 97-106. [CrossRef]

Moradian, Z.A.; Behnia, M. Predicting the Uniaxial Compressive Strength and Static Young’s Modulus of Intact Sedimentary
Rocks Using the Ultrasonic Test. Int. ]. Geomech. 2009, 9, 14-19. [CrossRef]

Nguyen, A.T.; Pham, VH.; Pham, V.V,; Le, V.Q.; Le, T.T.L.; Nguyen, T.A. Determining for an output capacity of dimension
stone exploitation from the computer simulations to generate the fracture network in 3D: Case study in some dimensional stone
quarries in Vietnam. Inzynieria Miner. 2019, 2, 134-145. [CrossRef]

Pham, V.V;; Nguyen, A.T.; Pham, V.H.; Tran, D.B. Dimension-Stone Quarrying Optimization through Integrated Modelling
between Joint Sets and Cutting Grid: A Case Study at Tan Long Dimension Stone Quarry in Southcentral Coastal Province of
Binh Dinh. Inzynieria Miner. 2023, 1, 239-248. [CrossRef]

Pham, V.V,; Anh Nguyen, T.; Dinh Tran, B.; Thu Thi Le, H.; Qui Le, T.; Nguyen, T.T.; Phan, V.H. Determining the size and shape of
a dimension stone block under consideration on the spatial relationship of joint sets. J. Min. Earth Sci. 2023, 64, 59-69. [CrossRef]
Santos, R.d.C.P,; Borges, VH.A.; Albergaria Jtinior, W.; Santos e Sousa, F.A. Comparison between Cutting Technologies for
Ornamental Rocks: Diamond Wire and Water Jet. Key Eng. Mater. 2020, 848, 3-9. [CrossRef]

Ozcelik, Y,; Polat, E.; Bayram, F.; Ay, A.M. Investigation of the effects of textural properties on marble cutting with diamond wire.
Int. J. Rock Mech. Min. Sci. 2004, 41, 398. [CrossRef]

UNEP. Towards a Green Economy: Pathways to Sustainable Development and Poverty Eradication; United Nations Environment
Programme: Nairobi, Kenya, 2011; Volume 4.

OECD. Responsible Business Conduct for Institutional Investors: Key Considerations for Due Diligence Under the OECD Guidelines;
OECD: Paris, France, 2017.

Brock, D.; Weeks, B.; Heyes, J. Introducing the International Council on Mining and Metals” Integrated Mine Closure Good
Practice Guide. In Proceedings of the Mine Closure 2019: Proceedings of the 13th International Conference on Mine Closure,
Perth, Australia, 3-5 September 2019; pp. 781-788.

Xu, G.; Shan, P; Lai, X.; Hu, Q.; Yang, S.; Xu, H. Thermomechanical behavior and damage mechanism of the lining backfill body
of high-temperature thermal energy storage reservoirs in mines. Tunn. Undergr. Space Technol. 2026, 171, 107409. [CrossRef]
McCoy, J.T.; Auret, L. Machine learning applications in minerals processing: A review. Miner. Eng. 2019, 132, 95-109. [CrossRef]
Sri Chandrahas, N.; Surendra Babu, A.; Malleshwara Rao, T.; Hareesh Babu, S.; Singh, K. Role of Digital Transformation in Mining
Industry: Enhancing Efficiency, Safety and Sustainability. Min. Rev. 2025, 31, 1-11. [CrossRef]

Galagedarage Don, M.; Wanasinghe, T.R.; Gosine, R.; Warrian, P.J.J.I.A. Digital Twins and Enabling Technology Applications in
Mining: Research Trends, Opportunities, and Challenges. IEEE Access 2025, 13, 6945-6963. [CrossRef]

Khandelwal, M.; Singh, T.N. Prediction of blast-induced ground vibration using artificial neural network. Int. J. Rock Mech. Min.
Sci. 2009, 46, 1214-1222. [CrossRef]

Xu, H,; Li, K; Lai, X.; Shan, P.; Zhang, B.; Dai, L.; Yang, S.; Guo, Q.; Xi, X.; Yan, Z. Intelligent prediction method of rockburst
driven by microseismic temporal features in deep near-vertical coal seams. Int. J. Miner. Metall. Mater. 2026. [CrossRef]

Farjana, S.H.; Huda, N.; Parvez Mahmud, M.A ; Saidur, R. A review on the impact of mining and mineral processing industries
through life cycle assessment. . Clean. Prod. 2019, 231, 1200-1217. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/su18126128


https://doi.org/10.1016/j.jclepro.2014.05.102
https://doi.org/10.1007/BF01019674
https://doi.org/10.18488/journal.10/2017.6.2/10.2.18.25
https://doi.org/10.1016/j.enggeo.2005.06.006
https://doi.org/10.46326/JMES.KTLT2020.08
https://doi.org/10.1061/(ASCE)1532-3641(2009)9:1(14)
https://doi.org/10.29227/IM-2019-02-67
https://doi.org/10.29227/IM-2023-02-37
https://doi.org/10.46326/jmes.2023.64(3).07
https://doi.org/10.4028/www.scientific.net/KEM.848.3
https://doi.org/10.1016/j.ijrmms.2003.12.054
https://doi.org/10.1016/j.tust.2025.107409
https://doi.org/10.1016/j.mineng.2018.12.004
https://doi.org/10.2478/minrv-2025-0001
https://doi.org/10.1109/ACCESS.2025.3526881
https://doi.org/10.1016/j.ijrmms.2009.03.004
https://doi.org/10.1007/s12613-026-3408-7
https://doi.org/10.1016/j.jclepro.2019.05.264
https://doi.org/10.3390/su18126128

	Introduction 
	Methodological Framework 
	Overall Architecture of the Integrated Decision-Support Framework 
	Step 1—Fracture Characterization and Preliminary Screening 
	Step 2—DFN Modelling and Block Formation 
	Step 3—Block Usability Assessment 
	Step 4—Extraction Orientation Optimization 
	Step 5—Post-Extraction Quality Control 

	Case Study and Results 
	Study Area and Quarry Dataset 
	Structural Assessment Results 
	Structural–Geomechanical Interaction 
	Performance of the Integrated Framework 
	Robustness Analysis 

	Discussion 
	Scientific Implications 
	Sustainable Quarrying Implications 
	Planning and Governance Implications 
	Limitations and Future Research 

	Conclusions 
	Appendix A
	References

