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Abstract

Top-loading slope stability has now been a key issue to infrastructure
development on or near slopes. This review will be a synthesis of the
empirical, numerical, and analytical research studies that investigate
the effect of top-building loads on slope response, especially the
magnitude of the load, the distance between the slope shoulder and
the load, and the heterogeneity of the load material. Top-surface
loads are always noted as influential causes of slope instability in
contemporary literature (2020-2023), which can change the possible
slip surfaces, shear-strain patterns, and the factors of safety.
Combining three-dimensional numerical modelling, parametric tests,
and seismic factors prove that the magnitude of loads and the distance
to the slope shoulder is a significant parameter of the potential to slip,
the movement of the environment, and the safety level. Heterogeneity
of rock-contents and geological variability have a great impact on the
ultimate loading capacity and failure modes. Dual failure modes,
namely, local foundation failure and global slope failure, require
integrated assessment frameworks, under the combined effects of
both the static and seismic loading. The synthesis highlights that
geology-based, holistic and site-specific evaluations are critical in

laying plans of buildings on or close to the slope.

Background

The evaluation of slope stability is a basic issue around geotechnical engineering, especially in the areas
where the development of infrastructure takes place on sloping or close to a slope [1,2]. Surface loading,
e.g. building foundations, makes the stress distribution in slopes more complicated and can initiate
instability processes that vary significantly in the unloaded case [1-3]. New developments in numerical
modelling and computational power have made more detailed studies of load structure slope interactions
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possible and so helped to provide a more comprehensive insight into the processes that control slope
response in top loading conditions [3,4,9].

The literature reviewed indicates that loads on the top-surface of slopes change the internal stress
field in the slopes, often forming slip surfaces not in an intersecting way with the toe, thus affecting the
traditional failure processes [1,2,4]. This has great implications on infrastructure safety and land-use
planning in mountainous and hilly areas around the world [11,12].

Problem Statement

Although much research has been done on slope stability there are still gaps in our knowledge on the
intricate interactions of building loads, slope geometry, heterogeneity of materials and seismic
requirements. The correlation between the magnitude of the loads, the distance between the slope
shoulder and the loading, and the stability parameters are nonlinear and should be evaluated in a site-
specific manner [2,3,4,13]. Moreover, the effect of the variability of rock-contents and geological
heterogeneity in slope response during top loading is inadequately defined in most of the applications
[1,14].

Objectives

The major aims of this review are:

Generalize the modern research (2020-2023) on slope stability in the case of top-building loads.
Determine important parameters in the response to surface loading.

Test methodologies used in recent studies.

Determine the interplay between seismic demands and statical top loading.

Look at the relation of soil-rock heterogeneity to stability predictions.

Offer evidence-based advice to engineering practice.

Research Questions
What are the effects of top-building loads on the distributions of stress and potential failure surfaces of
slopes?
How does load magnitude, loading distance and slope stability influence by the metrics?
What is the geological heterogeneity effect on slope response top loaded?
Which failure modes are observed at the combined conditions of the seismic and the static loading?
What methodological models afford the soundest predictions that can be used in practice?

Literature Review

Top External Loads become the leading Instability Drivers.

Numerous investigations have shown that when top loads are applied to slopes the internal stress field
is fundamentally changed which often results in the occurrence of slip surfaces that are not necessarily
based on traditional toe-passing failure modes [1,2,3,4]. This change of the slip mechanism causes an
augmented instability danger especially at greater loading magnitudes [2,4,16]. The interdependence of
top-load rates, slope geometry and material characteristics determines the stabilizing coefficient of a
slope, versus the destabilizing surface of a slope surfacing [1,3,17].

Systematic analyses indicate that there are major correlations between the building load intensity
and slope stability measures [2,3,4,18]. The impacts are different with the distance between the slope
shoulder and the load and the nature of soil-structure interaction [3,4,19]. The numerical and
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experimental data show that stability coefficients are nonlinearly dependent on the load magnitude and
distance to the shoulder, and the special design to be applied to certain slope configurations is necessary
[2,3,4,20].

Distance to Slope Shoulder and Magnitude of the Load.

The nearer the building loads are to the slope edge the more the deformation field is modulated and there
could be an overlap of the regions that are affected by the loads and the possible sliding surface
[2,3,4,21]. Combination of seismic factors with top loading shows that the space between buildings and
slope shoulder may decrease the overlap of deformation zones induced by the loads and the possible
slip surfaces, which may help avoid destabilization with the condition of building under earthquake
loading conditions [2,4,5,22]. This observation highlights the significance of spatial planning in slope-
related development.

The three-dimensional models used by parametric studies show that instability is controlled by
the interplay of load-affected zones and potential sliding surfaces with the interplay being mediated by
the distance between the shoulder [3,4,5,23]. Contributions Newer contributions underline that
destabilizing interactions can be weakened with increasing setback distances whether under a static or
seismic load, by decreasing the spatial congruence of high stress areas with a slip surface [2,3,4,24].

Top loading Interaction with seismic.

Two major failure modes, namely local failure at the foundation of the building and global slope failure
with foundation system, have been recognized in the literature as a result of combined loading [4,5,6,25].
This bi-mode system brings out the imperative to have a combined evaluation of foundation stability as
well as slope stability in the case where the top loads are imposed in the seismically active areas [5,6,26].
When the top load interacts with the seismic demand, destabilising effects may be intensified, especially
where top loading introduces a change in the distribution of shear-stress which coincides with the
seismic shaking potential slip surfaces [4,5,6,27].

Seismic loading increases or changes the influences of top loading by accelerating inertial forces
and varying the regimes of pore-pressures in saturated soils [5,6]. The failed three-dimensional studies
are found to have more intricate failure processes as compared to those of two-dimensional styles, which
show the significance of more complete spatial modelling [5,6,29].

Soil- Rock Heterogeneity and Material Variability.

The non-uniformity of the distribution of rock, as well as the geological randomness, plays the central
role in mixed soil rock slopes in the stabilization or destabilisation of the slope conditions under top
loading [1,7,30]. Modern studies which have introduced variability of rock content into slope stability
models provide evidence that heterogeneity of rock distribution has a significant effect on ultimate
loading capacities as well as failure mode under top-loading conditions [1,7,31]. Combination of rock-
contour models and top loading provides more realistic estimates of loading effects on slopes that have
varied rock content and geometry [1,14].

These heterogeneity considerations are particularly important in loess and mixed soil rock
slopes, where no uniformity is the key to the geometry of the slip planes and to the deformation behavior
of the top loads applied to them [1,7,32]. The design engineering of the facility thus requires a clear
attention to the geological heterogeneity in order to come up with stability estimates that is neither over-
conservative nor under-conservative when the top-load condition prevails [1,7,33].

46
Aca. Intl. J. E. Sci. 2023;1(1) 44-55.DOI:https://doi.org/10.59675/E114



https://doi.org/10.59675/E114

[98)

Theoretical Framework

The principal theory used to analyze slope stability under top loading is a synthesis of the theory of soil
mechanics, structural engineering and geotechnical analysis. The primary measure of stability and is
known as factor of safety (FoS) and is calculated as the ratio of the opposing forces over the driving
forces on the possible surfaces of failure [10,15]. This ratio is changed under the top-loading condition
by the extra normal and shear stresses caused by the surface load.

The theory of elastic half-spaces as proposed by Boussinesq can conceptually model the stress
distribution caused by surface loads but is in practice only useful in analyses of slopes using nonlinear
in materials, heterogeneous in geology and with complicated boundary conditions [16,18]. The
inclination to develop slip surfaces is determined by Mohr-Coulomb failure criterion whereby failure
occurs when the shear stress goes above the material shear strength along the critical planes [17.19].

Gaps in Literature
Nevertheless, there are still a number of loopholes:

. Differences in slope geometry, stratigraphy of the soil, and scale effects between the model studies and

the real field conditions limit the direct application of numerical output as pertaining to the real field
conditions [2,3,4,13].

. Direct comparisons of the outcomes in a broad range of slope angles, rock contents, and rock shapes

under the same frameworks are not performable [1,7,14].

Numerical predictions of top-loading under real-world top-loading conditions are scarce [2,3,20].

The sensitivity analyses on the material nonlinearity and progressive failure modes need improvements
[2,4,24].

Methodology

Research Design

The review follows a systematic synthesis methodology as the findings of empirical research, numerical
simulations, and analytic studies in the period of 2020-2023 are also included. This methodology focuses
on finding similarities between various research methodologies, such as finite-element analysis, limit
equilibrium methods and experiment validation [3,5,9,10].

Data Collection Methods

The main sources of literature were search engines (Google Scholar) with the key words slope stability,
top building load, surface loading, and soilrock slopes and seismic slope analysis. The selection was
based on peer-reviewed journal publications, conference and technical reports published within the
period under consideration. The papers were chosen based on the condition that they specifically
discussed the issues of the top-loading effects on the slope stability by means of numerical,
experimental, or analytical methods.

Methodological Approaches of the reviewed literatures.

FLAC3D and Finite-Difference Numerical Modelling.

Numerical models of slope stability under a wide range of top-loading conditions have been
standardized on three-dimensional (3D) models using FLAC3D [4,5,6,23]. These models include
complex redistribution stress, displacement field, and shear strain increment at different levels of loads
and distances to shoulder of the slope [5,6]. Three-dimensional view is used in order to provide realistic
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representation of effects caused by loads especially where the top loads are asymmetrically distributed
with regard to slope geometry [5,6,27].

Finite-element representations are used to supplement strength-reduction techniques, which
provide a detailed distribution of stress-strain distributions and allow the visualization of the
mechanisms of progressive failure [5,6,8,25]. These methods render parametric studies, which
determine sensibility of stability measures to changes in material properties, loading conditions, and
geometric variables [3,4,5,21].

Parametric Studies and Practical Uses.

Various studies have used real-building arrangements and project-specific slopes to measure the effect
of various magnitudes of top-load (e.g., 120, 200, 300 kPa) and loading distance on the displacement,
maximum shear strain, and FoS [2,3,4,18]. Through comparisons of slopes with and without loads, such
studies find potentially risky areas on slopes and offer practically interventional advice on the land-use
planning and slope management of structures on slopes [2,3,4,22].

Multi-Criteria Assessment

Top loading slope stability tests often use a combination of indicators, such as total displacement and
maximum shear strain increment alongside safety factor to derive a stability conclusion by triangulation
of the indicators [2,3,4,24]. The multi-criteria technique provides a stronger foundation of risk
estimation compared with single measures, hence, allows to define focal areas more effectively and
inform mitigation policies [3,4,26].

Results
Key Findings

Top loading Effect on Stress Fields and Deformation Fields.

Top loading produces significant and noticeable changes in slope stability through internal stress and
deformation field changes [1,2,3,4,15]. This effect becomes more pronounced with loads that are near
the slope shoulder or when the magnitudes of loads are large [2,3,4,16]. These are uniformly justified
through the various methodology regimes such as soil-mechanics studies as well as engineering practice
of mixed soil-rock slopes [1,2,3,4,17].

Nonlinear Load-Stability Relationships.

Top-load magnitude and stability are normally nonlinear in a relationship, and depend upon slope
geometry, load-shoulder distance and the mechanical behavior of the soil or the rocksoil mixture
[2,3.,4,18]. Experience demonstrates that increased top loads tend to reduce the factor of safety (FOS),
but there may be local reactions in the area around foundations with their own uniqueness of instability,
and even the local failures leading to global slope failure [4,5,6,19]. Table 1 provides a summary of the
correlation between the magnitude of the load and the factor of safety based on representative parametric
studies.
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Table 1: Top load Magnitude Effect on Factor of Safety.

Load Magnitude (kPa) | Distance from Shoulder (m) | Factor of Safety (FOS) | Stability Status
0 (No load) - 1.45-1.52 Stable
120 5 1.28-1.35 Moderately Stable
120 2 1.15-1.22 Marginally Stable
200 5 1.12-1.18 Marginally Stable
200 2 0.98-1.05 Critical
300 5 0.95-1.02 Critical
300 2 0.82-0.91 Unstable

Note: The values given are the typical ranges that are reported in the literature [2,3,4,20]. Unstable
conditions are denoted by an FOS 1.0.

Key Revival of Spatial Arrangements.

Top loads versus the slope shoulder space are very important design parameters [2,3,4,21]. Extending
the distance between the load and the shoulder decreases the intersection of areas affected by forces of
the loads and possible slip surfaces, which may improve the stability during the dynamic or seismic
loading [2,3,4,5,22]. This proving has real life consequences in site planning and positioning of
buildings on slopes [2,4]. The conceptual relationships between loading distance and metrics of stability
are shown in Figure 1.
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Figure 1: Schematic diagram of (A) a classical slope arrangement with a top building load, (B) stress patterns with
different loading distances, and (C) loading distance with respect to the shoulder, and factor of safety. Based on the
literature review [2,3,4].

Efforts of Geological Heterogeneity.

The proportion of rock and geological heterogeneity affect the final loading capacity and the loading
failure modes in top loading [1,7,30]. Strong design is based on the fact that nonuniform rock
distribution and the effects of a rock continuum should be incorporated into slope-stability models,
which would avoid the estimation of the safety margins [1,7,31]. Table 2 shows the effects of rock
content on slope-stability parameter.
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Table 2: Effect of Rock Content on Slope Stability when subjected to top loading.

Rock Content (%) | Cohesion (kPa) | Friction Angle (°) | Ultimate Load Capacity (kPa) Failure Mode
0-20 15-25 28-32 150-180 Shallow sliding
20-40 35-50 32-36 200-250 Mixed sliding
40-60 55-75 36-40 280-340 Deep-seated sliding
60-80 80-110 40-44 380-450 Localized failure
>80 >120 >44 >500 Foundation-dominated

Note: The representative values are based on the studies of soil-rock slope [1,7,14].

Combined loading Under Dual Failure Modes.

Experience under combined static and seismic loading indicates that the dual failure modes, which are;
local foundation failure and global slope failure, are a reality; such that the analysis of the foundation
slope be combined with other analyses like the foundation analysis [4,5,6,25]. It is not enough to ensure
that the foundation integrity is not violated in case the slope stability is interfered with by the top-load
forces during seismic events [5,6,26]. The two major failure mechanisms are illustrated in figure 2.
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Figure 2: Diagram of the two failure modes: (A) Local failure around the building foundation, which is bearing-capacity
failure with shallow slip surface and (B) Global slope failure that involves the foundation system with deep-seated slip
surface that goes through the slope body. According to the seismic analysis research [4,5,6,27].

Quantitative Relationships

Systematic stability parameter changes are established by parametric studies with loading parameters.
The studies that explore the magnitude of load between 120 and 300 kPa have shown that FoS decreases
progressively with increasing loading, and the increasing load-decreasing rate is dependent on the
distance of loading to the shoulder [2,3,4,28]. There is a change in the spatial distribution of maximum
shear strain distributions with loading configuration, which means a change in failure mechanisms
[3,4,29]. Table 3 is a summary of displacement and shear-strain responses.
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Table 3: Displacement and shear strain maximum under different loading conditions.

. . Distance Max Displacement | Max Shear Strain Critical Zone
Loading Scenario (m) Load (kPa) (mm) (%) Location
Baseline (no load) - 0 12-18 0.8-1.2 Mid-slope

Near-shoulder loading 2 200 85-125 4.5-6.8 Slope shoulder
Intermediate loading 5 200 45-68 2.8-4.2 Upper slope
Far-shoulder loading 10 200 28-42 1.8-2.6 Foundation vicinity

Near'Shl‘:)‘;?er high 2 300 145-210 8.2-11.5 Slope shoulder
Seismic + top load 2 200 180-265 9.5-14.2 Multiple zones

Note: Representative values, which are the results of synthesis of the numerical modeling studies
[2,3,4,5,24].

Discussion

Interpretation of Results

The similarity in the results of various methodological frameworks strengthens the belief in the existence
of the following relationships between the top loading and slope stability. The well-documented fact
that the presence of the slope shoulder increases the destabilizing impact has unambiguous mechanistic
explanations that are associated with the concentration of stress and its overlap with the possible failure
surfaces [2,3,4,15].

The nonlinearity of relationships between loads and stability is a sign of the highly complicated
nature of the interaction between induced stresses, mobilization of material-strength, and geometrical
influences. The contribution to driving forces made along potential slip surfaces increases
disproportionately with loads as the loads increase and approach the slope shoulder [2,3,4,16].

Comparison of with Existing Literature.

The results are consistent with classical soil-mechanics theory in stress theory and failure criteria, but
more than that extend knowledge by using complex numerical models that implement the three-
dimensional phenomena and heterogeneity of materials [1,2,3,4,17]. The discovery of dual failure
modes during seismic loading is a breakthrough relative to simplified analysis which bears in mind
global and local stability independently of the other [4,5,6,25].

The value of geological heterogeneity in recent literature is a manifestation of increased
appreciation of how deterministic analysis based on homogeneous material assumptions can poorly
represent the realistic slope behavior [1,7,30]. The combination of variability of rock-contents and
stochastic modeling techniques is a methodological advance to more credible forecasts [1,7,31].

Implications

For Engineering Practice

The practice of engineering design in slope-proximate situations should directly assume the top-building
loads as dynamic factors affecting stability, rather than as a static constraint [2,3,4,18]. To determine
critical configurations and safe setback distances along the shoulder of a slope, the parametric analyses
ought to be performed over the plausible ranges of magnitude and distance of the loads [2,3,4,19].
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The soil-rock continua and rock no homogeneity should be site investigated to improve predictability
of the slope-stability models when subjected to top loading [1,7,32]. The inclusion of variability of rock-
contents in numerical modeling enhances realism in the forecast model failures and aids in the creation
of strong mitigation procedures [1,7,33].

For Regulatory Frameworks

The top loads and setback rules can be initiated to reduce the risk in the slope-situated developments
[2,3,4,11]. According to the literature, the risks of slope-instability related to top loading may be
minimized by load distribution, foundation design, and site layout control [2,3,4,12].

For Seismic Regions

It is suggested that integrated assessment models, in which foundation stability and slope stability are
coupled, should be used, especially in seismic areas [4,5,6,26]. These frameworks can be used to provide
an overall assessment of possible failure mechanisms and the design of reinforced foundations or slope
stabilization (where needed) [5,6,27].

Limitations

There are several limitations which influence the externalizability and the use of the reviewed findings:
. Scale Effects: It is possible that scale effects at the field level could not be well represented in laboratory
and numerical model scales, especially in terms of progressive failure processes and time-dependent
deformation [2,3,13].

. Material Characterization: A major source of uncertainty in prediction can be related to uncertainties in
the determination of material property and its spatial variability [1,7,14].

. Simplified Loading Representations: Many studies use simplified or unstructured loading distributions
which do not necessarily reflect the actual building load distributions [2,3,4,20].

. Limited Field validation Numerical predictions cannot be validated under actual loading conditions
because of limited field monitoring data [2,3,21].

. Geometric Idealization: Simple slope forms are commonly used as model geometries which might not
include irregularities in natural slope forms [1,3,22].

Impact on Results

These restrictions imply that predictions are meant to be indicative and not conclusive and the safety
factors should be enforced during design. The identified qualitative tendencies and processes revealed
in studies can serve as a good guide, but quantitative forecasting should be calibrated and validated to
the site [2,3,4,23].

Future Research Directions

Several gaps would be covered by the following research directions:

. Field Validation Studies: It would be a worthwhile validation data to instrumentally monitor actual
slopes with building loads [2,3,24].

. Parametric Systematic Studies: A series of studies with variable slope angle, rock content, rock shape
as well as loading configuration under uniform structures would enhance the design requirements
[1,7,30].

. Progressive Failure Analysis: Bulk constitutive models of progressive failure and strain-softening
behavior would enhance critical loading behavior predictions [4,28].

. Time-Dependent Effects: Research into the long-term effects of consolidation, creep and weathering
under sustained top loading would provide input into the evaluation of stability over the long term [2,32].
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5. Probabilistic Approaches: Probabilistic frameworks of the material properties, loading, and geometry
should be developed to incorporate uncertainties that can be used in the design at risk [1,7,33].

Conclusion

Summary of Findings

Top-building loads are determining contributions in slope stability analysis, and their effects are
influenced by the magnitude of the loads, the distance between the slope shoulders and may also depend
on the heterogeneity of materials used and the seismic environment. Numerical modeling, empirical
experiments, and parametric studies have shown that the magnitude and the closeness to the slope
shoulder are critical factors to the extent of the potential of slips, fields of displacement, shear strains,
and safety factors [1,2,3,4,15].

The seismic loading interaction also adds to the complexity of the stability landscape by having
possible two failure modes, the local foundation and global slope failure [4,5,6,25]. The heterogeneity
of rock content has a large impact on the prediction, and the geological variability must be included in
the analysis [1,7,30].

Three-dimensional numerical modeling is the technique of choice in the representation of the
complex load-slope interaction as has been supplemented by multi-criteria evaluation by displacement,
shear strain, and safety factor measures [3,4,5,6,29]. The 2020-2023 literature illustrates mature and
working methodological developments that are in tandem with the current best practices of safe and
resilient slope management [1-9].

Recommendations

1. Design Practice: Use parametric analyses to take ranges of magnitudes of loads and setback distances
during the initial design stages [2,3,4,18].

2. Site Investigation: Complete geological characterization of the site such as the geological content of
rocks and spatial variability [1,7,14].

3. Integrated Analysis: Use some combination of foundation- slope stability tests, especially in seismic
areas [4,5,6,26].

4. Setback Requirements: Develop minimum distance between the buildings and slope shoulders on the
foundation of site-specific studies [2,3,4,11].

5. Monitoring Programs: Instrumentation and monitoring of critical projects should be done to validate
design assumptions as well as to have adaptive management [2,3,12].

It is not possible to emphasize enough the need to use holistic, geology-based, and site-specific
evaluations during the planning of any building on or near a slope. The combination of rock-content
heterogeneity and three-dimensional modeling is a developed trend in engineering design which is in
line with best practices of today [1,7,9,30].
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