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ADVANCED OPTIMISATION STRATEGIES FOR ROAD CONSTRUCTION IN OPEN PITS:
AN APPROACH FOCUSING ON GEOTECHNICAL STABILITY
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Abstract. The construction and maintenance of mine roads are critical to ensuring the efficiency, safety, and cost-effectiveness of mining operations. This paper
presents an advanced mathematical framework that integrates effective stress principles, dynamic loading conditions, soil anisotropy, non-linear behavior, and time-
dependent changes to provide a comprehensive assessment of soil stability during the construction of these facilities.

By combining effective stress with the Mohr-Coulomb failure criterion, the framework accounts for both inherent soil properties and the influence of pore water pressure,
leading to more precise shear strength calculations. The Modified Cam Clay model addresses soil anisotropy and nonlinear behavior, enhancing the prediction accuracy
of soil responses under different loading conditions. Incorporating a dynamic factor (Dy) allows for realistic assessments of stress due to heavy machinery, improving
the evaluation of long-term stability and safety.
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YCBHBBPLUEHCTBAHU CTPATErMK 3A ONTUMU3ALINA 3A CTPOUTENCTBO HA MbTULLIA B OTKPUTU PYOHWULIU:
NOAXOA C AKLEEHT BbPXY FEOTEXHUYECKATA CTABUITHOCT
[Hanaun Tepauticku, Cumeon AceHoscku, Uealino Konpes
Munro-2eonoxku yHusepcumem ,Cg. Mear Puncku®, 1700, Cogpus

Pe3tome. MarpaxaaHeTo 1 noaapbkKkata Ha PyAHUYHM MbTULLA Ca OT PeLLaBaLLo 3Ha4eHme 3a ocurypsisaHe Ha echekTUBHOCTTa, 6e30nacHOCTTa U peHTabunHocTTa Ha
MWHHUTe onepaLm. HacToswara paboTa npeAcTaBs yCbBbPLUEHCTBAHA MaTEMATUYECKa pamKa, KOSTO MHTETpMpa NPUHLMNM Ha eEKTMBHOTO HanpexeHue, yCroBus
Ha AMHAMWYHO HaTOBapBaHe, aHM3OTPOMWA Ha MOYBATa, HEMWHEHO MOBEAEHWE W 3aBMCMMM OT BPEMETO MPOMEHW, 3a fa NPeaocTaBi LANOCTHA OLEeHKa Ha
cTabunHocTTa Ha noyBaTa Npy U3rpaxaaHeTo Ha Takasa MHPaCTPYKTypa.

Ype3s koMbUHMpaHe Ha eqeKTMBHOTO HanpexeHune ¢ kputepus Ha Mop-Kynom ce oTumMTaT KakTo MpUCHLLMTE CBOICTBA Ha MOYBaTa, Taka W BIIUSHUETO HA BOJHOTO
HansraHe B NOpWUTE, KOETO BOAW A0 NO-NPELMN3HN U3UNCTIEHNS HA AKOCTTa Ha cpsssaHe. MoaudmumpanuaTt mogen Ha Kam-Kneii ce cebpasa ¢ aHu3oTponusTa Ha
noyBaTa 1 HeNMMHENHOTO NOBEJEHMe, KaTo NOBMLLABA TOYHOCTTA Ha MPOTHO3MPAHE Ha peakLMIUTe Ha noYBaTa Mpy pasnuyHY YCroBNs Ha HaToBapeaHe. BkniousaHeTo
Ha AnHamuyeH chaktop (Dr) no3BonsBa peanuCTIHI OLIEHKN Ha HaNpeXeHNATa, AbMmKalLy Ce Ha TEXKI MaLLMHK 1 noAobpsBa OLeHKaTa Ha AbArocpoyHaTa crabunHoct
1 6e3onacHocT.

Kntoyosu gymu:
Introduction factor (Dr), we can better predict the stresses and potential
failure modes under operational conditions.

Open mine road construction is a crucial element in the 2. Soil Anisotropy and Nonlinear Behavior: Soils often exhibit
mining industry, playing a pivotal role in ensuring the efficient anisotropic and non-linear behaviour, particularly under
and safe transportation of heavy machinery, personnel, and varying load conditions. Using advanced models, such as
extracted materials. The quality and durability of these roads the Modified Cam Clay model, allows us to capture these
directly impact operational efficiency, safety standards, and complex behaviors more accurately.
overall productivity. As mining operations continue to expand, 3. Time-Dependent Behaviour (Creep and Consolidation):
there is a pressing need to develop and implement advanced Soil properties and stability can change over time due to
optimisation strategies that can enhance the construction and consolidation and creep. Traditional models often ignore
maintenance of this essential infrastructure. This paper focuses these effects, leading to inaccurate long-term predictions.
on a single strategy: comprehensive geotechnical stability Our framework includes equations for primary
analysis, presenting new mathematical models to support this consolidation and secondary creep, providing a more
approach. comprehensive analysis of long-term stability.

The geotechnical stability of open mine roads involves 4. Integration of Effective Stress and Dynamic Factors: By
understanding and managing the complex interactions between combining the effective stress principle with dynamic
soil and rock properties, loading conditions, and environmental loading conditions, we create a more robust model for
factors. Traditional approaches to geotechnical analysis have evaluating the stability of mine roads. This integrated
relied on empirical methods and basic theoretical models, such approach allows for more accurate predictions of failure
as the effective stress principle and the Mohr-Coulomb failure under both static and dynamic conditions.
criterion. While these methods provide a foundation, they often
fall short in addressing the dynamic and time-dependent The novelty of this approach lies in its comprehensive
behaviours encountered in real-world mining scenarios. integration of these advanced concepts into a single

To address these challenges, we propose an enhanced mathematical framework tailored specifically for open mine road
mathematical framework that integrates several advanced construction. By leveraging numerical simulations and finite
concepts: element methods (FEM), we can simulate stress distributions

1. Dynamic Loading Conditions: Mining operations involve and deformations under various conditions, providing more
significant dynamic loads from heavy machinery and reliable and actionable insights for road design and
equipment. Traditional static models do not adequately maintenance.

account for these effects. By incorporating a dynamic load
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Comprehensive Geotechnical Stability Analysis

A detailed site investigation is crucial to understanding the
geotechnical properties of the soil and rock in the mining area.
This involves the following:

Geotechnical investigations begin with conducting surveys
and sampling to collect data on soil composition, rock
properties, and groundwater conditions. This information forms
the foundation of any geotechnical analysis and is critical for
understanding the site-specific challenges that might affect road
stability. The next step involves performing laboratory tests to
determine essential soil parameters such as cohesion (c),
internal friction angle (¢), and unit weight (y). These parameters
are crucial for assessing the shear strength and compressibility
of the soil. Additionally, field tests, like Standard Penetration
Tests (SPT) and Cone Penetration Tests (CPT), are employed
to obtain in-situ soil strength parameters, providing a more
accurate representation of the soil's behavior under actual field
conditions.

To evaluate the stability of open mine roads, we use
established mathematical models that incorporate effective
stress, dynamic loading conditions, soil anisotropy, non-linear
behaviour, and time-dependent changes.

Effective Stress Principle:

The effective stress principle is fundamental in soil
mechanics and plays a vital role in determining soil strength. The
effective stress (0') is defined as the difference between total
stress (o) and pore water pressure (u) (Lade & Boer, 1997):

o'=0—-u W)

This equation indicates that the soil's ability to resist
deformation and failure is directly influenced by the pore water
pressure. Higher pore water pressures can reduce the effective
stress, leading to potential instability.

Mohr-Coulomb Failure Criterion:

The Mohr-Coulomb failure criterion is used to describe the
failure condition of soils under shear stress. It combines the
effects of cohesion and internal friction angle to define the shear
strength () of the soil (Heyman, 1972; Labuz and Zang, 2012):
T=c+o'tanp =c+ (c—wtange 2)
Anisotropy and Non-Linear Soil Behaviour:

Soils often exhibit anisotropic and non-linear behaviour,
particularly under varying load conditions. The Modified Cam
Clay model is an advanced soil model that accounts for this
complex behaviour. The yield function for this model is given by
Foriero et al. (2015):

2
F=14p®-p), 3)
where:

q is Deviatoric stress,
M - Slope of the critical state line,
p - Mean effective stress,

pc - Preconsolidation pressure.
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This equation provides a more accurate representation of
the soil’'s response to different loading conditions, considering
both anisotropic and non-linear properties.

Dynamic Loading Conditions:

In mining operations, roads are subjected to dynamic loads
from heavy machinery. These dynamic loads can significantly
impact the stress distribution within the soil. To account for this,
a dynamic factor (D) is introduced into the stress calculations
(Kansake et al., 2023):
aq = 0.Df, (4)
where g, is the dynamic stress.

The dynamic Factor of Safety (FoS) can then be expressed
as:

T c+(o—u)tan ¢

FOSd = —=
a4 o.Df

(5)

This equation helps in assessing the stability of the road
under operational conditions by incorporating the effects of
dynamic loading.

Time-Dependent Behaviour (Creep and Consolidation):

Soil properties and stability can change over time due to
consolidation and creep. This time-dependent behaviour is
crucial for long-term stability analysis.

Primary Consolidation:

The settlement due to primary consolidation is given by:

__ HAd'

5e =127 log (Z57), ©)

where:
S, is settlement due to consolidation,
H - Thickness of the compressible layer,
Ac' - Change in effective stress,
E is consolidation modulus.

Secondary Creep:

The strain due to secondary creep is given by:
€. = a..log (i)

where:
€. is Creep strain,
a. - Creep coefficient,
t - Time,
t, is reference time.

These equations provide a framework for predicting long-
term changes in soil properties and their impact on road stability.

Conclusion

This paper presents a mathematical framework for the
geotechnical stability analysis of open mine roads by integrating
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effective stress principles, dynamic loading conditions, soil
anisotropy, non-linear behaviour, and time-dependent changes.

The effective stress principle, combined with the Mohr-
Coulomb failure criterion, allows for precise calculations of shear
strength, accounting for variations in pore water pressure. The
Modified Cam Clay model addresses the limitations of traditional
isotropic assumptions by considering the anisotropic and non-
linear behavior of soils. This leads to more accurate predictions
of soil response under different loading conditions and better
identification of potential failure mechanisms.

Incorporating dynamic loading conditions through a dynamic
factor (Dy) provides a realistic assessment of stresses from
heavy machinery operations. The dynamic Factor of Safety
(FoS) model enhances the prediction of failures under
operational conditions. Additionally, modeling time-dependent
behaviour, such as primary consolidation and secondary creep,
offers a framework for evaluating long-term changes in soil
properties and their impact on road stability.

The proposed framework marks an improvement over
traditional methods by offering a detailed and accurate
understanding of soil behaviour. This leads to safer and more
efficient designs for open mine roads, enhancing operational
efficiency and safety. Future research can refine these models
further and explore new factors that may impact soil stability,
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ensuring continued advancements in the field of geotechnical
engineering for mining operations.
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