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Abstract. Three-dimensional subsurface mapping is increasingly used to turn ground investigation evidence into 

continuous 3D models of soil layers and geotechnical properties that support decisions in ground characterization. This 

review summarizes the current state of 3D mapping for geotechnical purposes using a citation-guided selection based on 

Litmaps, resulting in a curated set of 27 studies. The literature is organized into a taxonomy aligned with the Litmaps 

clustering and grouped into six approach families: implicit or potential-field structural modeling, voxel models and voxel 

workflows, uncertainty-oriented stochastic and inversion or segmentation approaches, automation and urban-scale 

pipelines, geophysics-driven 3D modeling, and interoperability and engineering delivery. The comparative analysis 

shows that practical outcomes depend not only on the final model type but also on workflow design, including data 

harmonization, modeling rules, and update procedures. Credibility depends on validation methods matched to the target 

variable and on uncertainty outputs that show where the model is strongly supported by data and where it relies on 

extrapolation. The review also highlights model comparability as a key operational issue, since mismatches between 

neighboring models can arise from inconsistent conceptual rules, discretization differences, uneven data density, and 

asymmetric auxiliary constraints. The paper concludes with an applicability framework, including a decision flow and 

compact criteria, to guide selection, evaluation, and reporting of decision-grade 3D subsurface mapping products for 

geotechnical ground characterization. 

Keywords: 3D subsurface mapping, geotechnical ground characterization, voxel models, implicit structural modeling, 

uncertainty and validation. 

 
1. Introduction 

 

Urban development increasingly depends on reliable knowledge of the shallow subsurface, 

yet the ground remains one of the least directly observable components of the built environment. 

Standard site-investigation outputs, borehole logs, laboratory tests, and a limited number of 

interpretive cross-sections are indispensable, but they are not, by themselves, designed to represent 

spatial continuity and variability in 3D, nor to communicate uncertainty as an explicit “map product”. 

Geotechnical properties are well known to exhibit substantial natural variability; random-field 

perspectives emphasize that this variability can be concisely characterized by parameters such as the 

coefficient of variation and correlation structure (scale of fluctuation), which implies that sparse point 

sampling may miss meaningful lateral changes [1]. The need for improved subsurface 

characterization is amplified in urban settings where subsurface conditions evolve under interacting 

natural and anthropogenic drivers. For instance, leakage from underground water and drainage 

pipelines is widely recognized as a contributor to soil erosion, voiding, sinkhole formation, and 

ground collapse risk, motivating stronger monitoring and mapping practices for near-surface strata 

[2]. In parallel, the broader geotechnical literature has increasingly framed modeling as only one part 
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of decision-making, emphasizing that the principal obstacle to effective application is often the lack 

of explicit, transparent accounting for uncertainty (covering soil properties, stratification, and model 

performance) rather than the absence of computational tools [3]. Against this background, 3D 

subsurface cartography for geotechnical purposes can be defined as the set of methods that transform 

heterogeneous subsurface observations (e.g., boreholes and complementary information) into 

spatially continuous, easy to explore, and visualizable 3D representations of soil stratigraphy, together 

with uncertainty where possible. In this sense, “cartography” is not merely a 3D visualization; it is a 

structured representation that supports repeatable cartographic operations: slicing cross-sections, 

extracting virtual boreholes, generating volumes and surfaces, and communicating confidence in a 

form that is interpretable by multiple stakeholders. Early developments in attributed 3D geological 

modeling explicitly highlighted the value of 3D models of the shallow subsurface as an organizing 

framework for disparate data and interpretations, bridging conceptual models and decision-support 

needs [4]. However, the move from 2D documentation to 3D cartographic products introduces distinct 

methodological and practical challenges. Subsurface datasets are typically sparse, clustered, and 

inconsistent in classification and quality; resulting 3D models are sensitive to interpretive 

assumptions and parameter choices. More fundamentally, geological and geotechnical models 

contain both aleatory components (natural variability) and epistemic components (limited knowledge 

and interpretation uncertainty). Evidence-based treatments of geological model confidence and 

uncertainty emphasize that credibility depends on making these uncertainties visible and traceable, 

rather than embedding them implicitly in a single deterministic model [5]. This becomes especially 

important when 3D subsurface maps must be compared or integrated across neighboring sites (e.g., 

urban blocks or infrastructure corridors), where inconsistent conceptual assumptions and boundary 

conditions can lead to discontinuities and mismatches that undermine trust in the mapped products. 

Over the last two decades, 3D subsurface modeling has expanded from specialist geological modeling 

toward broader urban and engineering applications. Studies coupling 3D geological models to urban 

underground-space evaluation illustrate how 3D representations can directly influence planning-

oriented assessments, while also implicitly stressing the dependence of such applications on the 

quality and credibility of the underlying models [6]. Yet, despite rapid progress, the relevant literature 

remains distributed across engineering geology, geophysics, GIS, and computational modeling 

communities. As a result, readers seeking to use 3D subsurface maps for geotechnical characterization 

face practical questions that are not consistently answered: what constitutes a “decision-grade” 3D 

subsurface cartographic product, which approach families are best suited for which data regimes and 

scales, how uncertainty should be evaluated and communicated, and how interoperability and 

updateability should be treated when models become living datasets rather than static figures. 

This review is therefore necessary to consolidate the current state of 3D subsurface 

cartography for geotechnical purposes and to synthesize how modeling choices translate into the 

credibility, usability, and applicability of subsurface information. The objectives of this review are 

to: (1) develop a taxonomy of major approach families used for 3D subsurface mapping in 

geotechnical contexts; clearly compare their representations and inference strategies; (2) synthesize 

how different approaches transform available observations into 3D stratigraphic and/or property 

models; (3) critically analyze validation practices and uncertainty treatment, emphasizing how 

credibility is established and communicated; (4) examine comparability and integration challenges, 

including the practical issue of mismatches between neighboring 3D models along shared boundaries; 

and (5) translate the evidence into practical guidance (an applicability matrix and reporting checklist) 

to support rigorous selection, evaluation, and communication of 3D subsurface cartographic products 

for geotechnical subsurface characterization. 

 
2. Methods 

 

This review was designed as a targeted synthesis of the current state of 3D subsurface 

cartography for geotechnical purposes, with emphasis on subsurface information products and their 
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applicability for ground characterization. The methodological workflow follows a transparent 

evidence synthesis logic for identifying, screening, and including sources, consistent with established 

reporting guidance for systematic reviews [7]. 

The literature set was constructed using Litmaps as a citation-guided discovery environment, 

where relationships among candidate papers were explored through forward and backward citation 

links while simultaneously viewing publication recency and citation prominence in the network 

(Figure 1). This supported both coverage of influential foundational contributions and identification 

of more recent clusters that represent active research directions. 

 

 
Figure 1 – Litmaps citation network of the 27 selected papers, showing citation links and the axes of 

publication recency and citation count 

 

Starting from seed papers relevant to 3D subsurface mapping, the Litmaps network was 

iteratively expanded by adding candidate studies connected through citation links. The expansion was 

continued until additional inclusions became repetitive or outside the defined scope. A two-stage 

screening process was applied. First, titles and abstracts were screened to remove studies clearly 

unrelated to 3D subsurface cartography for geotechnical characterization. Second, full texts were 

screened to confirm that each retained study contributed directly to at least one of the following 

dimensions, namely representation of the subsurface in 3D, inference engines used to estimate layers 

and or properties, uncertainty and validation practice, data fusion, automation and scalability, or 

interoperability and delivery of models for downstream use. 

To enable consistent cross-paper comparison across engineering geology, geophysics, GIS, 

and computational modeling communities, each included paper was coded using a structured 

extraction form. The extracted information captured the conditioning data used for model building, 

including boreholes and logs, laboratory or in situ measurements, geological maps and cross-sections, 

geophysical constraints, and prior conceptual rules, together with the target variables represented in 

the model, such as stratigraphic interfaces, lithological classes, and continuous property fields. The 

coding also recorded the 3D representation type, the inference engine used for estimation or 

classification, how discontinuities such as faults or unconformities were handled when relevant, the 

validation strategy and reported metrics, the presence and form of uncertainty quantification and 

communication, and the final deliverables including file formats, GIS or web visualization, database 

structures, and pathways for BIM or FE oriented use. In addition, explicit limitations and future work 
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statements were extracted verbatim and later grouped into recurring themes to support a gap analysis 

grounded in author reported evidence. 

To align the review structure with the Litmaps tool [8] visualization (Figure 1), each paper 

was assigned one primary tag corresponding to one of six approach families, namely geophysics 

driven 3D modeling that is AEM or resistivity led (teal green legend), interoperability and engineering 

delivery including GIS BIM and FE ready models (purple legend), automation and urban scale 

pipelines (red legend), uncertainty oriented approaches including stochastic modeling and inversion 

or segmentation (blue legend), voxel models and voxel workflows (green legend), and implicit or 

potential field structural modeling (orange legend). The one paper, one primary tag rule was used to 

preserve the readability of the Litmaps figure, while cross-cutting characteristics were captured 

through the extracted coding fields and are discussed comparatively in the synthesis. 

The synthesis proceeds by first constructing a taxonomy that compares representations and 

inference engines across the six approach families, then analyzing workflow level differences in data 

regimes, automation level, scalability, and delivery, and finally evaluating credibility through 

validation and uncertainty practice with specific attention to comparability across neighboring models 

and boundary mismatch issues. Recurring limitations and future work themes across the 27 papers 

are then consolidated into an applicability matrix and a reporting checklist intended to support 

transparent selection, evaluation, and communication of 3D subsurface cartographic products for 

geotechnical subsurface characterization. 

 
3. Taxonomy of 3D subsurface cartography approaches 

 

The current section establishes the taxonomy used in this review and links it directly to the 

six approach families defined in the Litmaps-based tagging scheme presented in Figure 1. The 

purpose of the taxonomy is not only to classify methods by their technical implementation, but also 

to compare them in terms of the type of subsurface information they produce and the extent to which 

those products are suitable for geotechnical ground characterization. Across the 27 reviewed papers, 

the strongest distinctions are observed in the way the subsurface is represented in 3D, the inference 

engine used to estimate geometry and or properties, and the intended delivery format for downstream 

use. These distinctions are evident across the implicit structural modeling line (for example [9], [10], 

[11], [12]), the voxel-model line (for example [13], [14], [15], [16], [17], [18], [19]), uncertainty and 

stochastic approaches (for example [20], [21], [22], [23], [24]), automation and urban-scale pipelines 

(for example [25], [26], [27], [28], [29]), geophysics-driven modeling (for example [30], [31], [32]), 

and interoperability or engineering-delivery focused studies (for example [33], [34], [35]). 

To make the comparison explicit and reusable in the later sections, the taxonomy is 

summarized in Table 1, which organizes the reviewed literature by approach family, dominant 

representation, common inference logic, typical outputs, and principal geotechnical relevance. 

 

Table 1 – Taxonomy of cartography approaches and their geotechnical information products 
No. Approach family Typical representation Dominant inference / 

modeling logic 

Typical input data 

regime 

Typical output 

products 

Main geotechnical 

relevance 

1 Implicit or potential-

field structural 

modeling [9], [10], 
[11], [12] 

Continuous scalar or 

vector fields, implicit 

surfaces, structural 
surfaces 

Structural interpolation 

constrained by interfaces, 

orientations, stratigraphic 
rules, and topological 

relations 

Borehole contacts, 

interpreted interfaces, 

orientations, geological 
rules, sometimes 

auxiliary sections 

Stratigraphic 

surfaces, solids, 

structural 
frameworks, 

exportable meshes 

Strong for coherent layer 

geometry and structural 

continuity; useful when 
stratigraphic architecture 

is the primary target 

2 Voxel models and 

voxel workflows [13], 

[14], [15], [16], [17], 
[18], [19] 

Regular 3D grids 

(voxels), categorical 

and or continuous 
volumetric fields 

Interpolation, 

classification, rule-based 

assignment, gridding, 
voxel population and 

refinement 

Boreholes and logs, 

property values, 

lithology classes, open 
borehole databases, 

optional geophysical 

constraints 

Lithology volumes, 

property volumes, 

3D queries, cross-
sections, statistics, 

web-ready blocks 

Strong for volumetric 

querying, spatial 

statistics, and practical 
GIS workflows; useful 

for multi-attribute 

subsurface mapping 

3 Uncertainty, 

stochastic, inversion 

and segmentation 

approaches [20], [21], 
[22], [23], [24] 

Multiple realizations, 

probabilistic class 

fields, uncertainty 

volumes, stochastic 
structures 

Geostatistical estimation, 

stochastic simulation, 

Bayesian or likelihood-

based inference, 

Boreholes, geophysics, 

priors, training labels, 

model constraints, 

synthetic benchmarks 

Uncertainty maps or 

volumes, probability 

of class or interface, 

ensembles, 

Essential for credibility 

assessment, risk-aware 

interpretation, and 

transparent 
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inversion and 

segmentation frameworks 

confidence 

indicators 

communication of model 

confidence 

4 Automation and 

urban-scale pipelines 

[25], [26], [27], [28], 
[29] 

Mixed representations, 

often workflow-centric 

and conversion-based 

Automated processing 

chains, database-driven 

model generation, rule-
guided reconstruction, 

GIS geoprocessing 

Large borehole 

archives, 

heterogeneous logs, 
urban datasets, 

standardized inputs, 

workflow scripts 

Scalable 3D urban 

subsurface models, 

repeatable pipelines, 
batch products, 

updateable datasets 

Important for operational 

deployment at city or 

corridor scale and for 
repeatable mapping 

under practical 

constraints 

5 Interoperability and 

engineering delivery 
(GIS-BIM, FE-ready) 

[33], [34], [35]  

Exchange-ready 3D 

ground models, 
converted analytical 

grids and meshes, 

integrated information 
structures 

Model translation, 

schema alignment, 
geometric conversion, 

data exchange and 

delivery workflows 

Existing geological or 

geotechnical models 
plus target platform 

requirements (GIS, 

BIM, FE) 

FE-ready models, 

GIS/BIM integrated 
datasets, 

transferable ground 

information objects 

Critical for practical use 

of subsurface models in 
engineering workflows 

and digital project 

environments 

6 Geophysics-driven 3D 

modeling (AEM or 

resistivity led) [30], 
[31], [32] 

Voxel or layered 

geophysical-geological 

models, interpreted 
geophysical volumes 

Geophysical inversion 

interpretation, cognitive 

geological interpretation, 
integration of geophysics 

with boreholes and prior 

geology 

AEM, resistivity, 

geophysical sections or 

volumes, calibration 
boreholes, geological 

interpretation 

Large-area 3D 

geological models 

with stronger areal 
coverage than 

borehole-only 

workflows 

Particularly valuable for 

extending spatial 

coverage and 
constraining regional to 

corridor-scale subsurface 

structure 

 

To complement the taxonomy, Figure 2 presents representative examples of 3D subsurface 

products associated with the approach families. This gallery is not to compare visual quality across 

studies, but to illustrate the different forms of outputs that are ultimately delivered to users, including 

structural surfaces, voxel products, uncertainty representations, and engineering-oriented models. 

 

 

 

 

 

 
a) Approach family No. 1 [12] b) Approach family No. 2 [13] c) Approach family No. 3 [22] 

 

 

 

 

 

 
d) Approach family No. 4 [29] e) Approach family No. 5 [35] f) Approach family No. 6 [32] 
Figure 2 – Representative gallery of typical 3D subsurface products across the approach families 
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The taxonomy in Table 1, together with the representative output gallery in Figure 2, shows 

that the reviewed studies are not separated by a single methodological boundary. Instead, they differ 

across three intersecting dimensions. The first dimension is the representation of the subsurface, 

which ranges from surface-based structural frameworks to full volumetric discretization. The second 

dimension is the inference strategy, which ranges from deterministic and rule-based interpolation to 

explicitly probabilistic and stochastic formulations. The third dimension is the intended destination 

of the model, which ranges from scientific interpretation and visualization to engineering delivery 

through GIS, BIM, or finite-element compatible formats. This is why some papers sit close together 

in the Litmaps network while still serving different roles in practice, for example [27] and [28] in 

automation-oriented workflows, or [34] and [35] in interoperability and engineering delivery. 

A key implication of this taxonomy is that no single approach family is universally optimal 

for geotechnical subsurface characterization.  

Implicit structural models are often advantageous when the principal task is reconstruction of 

stratigraphic architecture with strong structural coherence ([9], [10], [11], [12]), whereas voxel 

workflows are often more suitable when the objective includes volumetric statistics, grid-based 

spatial querying, and property field analysis across many attributes ([13], [17], [18], [19]).  

Uncertainty-oriented approaches are indispensable when confidence reporting and risk-aware 

interpretation are central ([20], [22], [23], [24]), but they may require higher methodological overhead 

and clearer communication protocols for practical adoption.  

Geophysics-driven models can substantially improve areal continuity in settings where 

boreholes are sparse ([30], [31], [32]), while interoperability-focused studies highlight that even 

technically strong 3D models can remain underused unless they are deliverable in formats and 

schemas compatible with engineering workflows ([33], [34], [35]). 

The taxonomy also clarifies the role of automation as a separate family rather than merely a 

feature of other methods. In the reviewed corpus, automation and urban-scale pipeline studies 

emphasize repeatability, throughput, and updateability under real-world data heterogeneity ([25], 

[26], [27], [28], [29]). This makes them especially relevant for municipal databases, corridor projects, 

and iterative mapping contexts where new boreholes or revised logs are added over time. At the same 

time, automation does not eliminate the need for human geological judgement. Instead, it shifts expert 

intervention toward rule definition, quality control, and interpretation of ambiguous or conflicting 

evidence. The taxonomy developed in this section serves as the analytical backbone for the next three 

sections. 

 
4. From data to model: workflows, automation, and scalability 

 

This section examines how the reviewed studies move from heterogeneous subsurface 

observations to usable 3D cartographic products, with emphasis on workflow logic, automation, and 

scalability.  

The reviewed corpus shows that the practical difference between methods is often not only 

the final representation, but also the sequence of transformations applied to the data before modeling 

begins. In the workflow-oriented literature, this sequence is treated as a first-class methodological 

component rather than a hidden preprocessing step [25]. In urban-scale studies, the workflow itself 

becomes the main contribution because repeatability and updateability are necessary when large 

borehole archives are involved [28]. In GIS-centered implementations, the workflow is explicitly 

operationalized as a geoprocessing chain so that model generation can be rerun after parameter or 

data updates [29]. 

Before presenting the detailed comparison, the general workflow pattern identified across the 

reviewed studies is summarized in Figure 3 below. This workflow is a synthesis produced in this 

review and is intended to provide a common reference for comparing otherwise different modeling 

traditions. 
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Figure 2 – Generalized data-to-model workflow for 3D subsurface cartography 

 

A recurring workflow requirement is the transformation of heterogeneous records into a 

consistent internal representation before any interpolation or reconstruction is performed. In 

migration-oriented modeling work, conversion from legacy 2D geological materials into a structured 

3D workflow is presented as a central technical challenge because the original data were not prepared 

for direct 3D reconstruction [26]. A similar conversion focus is visible in studies that reconstruct 3D 

geological objects from 2D interpretation elements, where the sequence of preprocessing and 

geometric organization strongly influences the quality of later model generation [25]. In practical 

voxel-building studies using open borehole archives, data standardization is emphasized because the 

consistency of lithology coding directly controls the reliability of voxel class assignment [18]. 

The reviewed papers also show that workflow design is tightly coupled with the intended 

model representation. In implicit structural modeling, the workflow is typically organized around 

interfaces, orientations, and stratigraphic relationships because these are the principal constraints used 

to reconstruct continuous geological surfaces [9]. In structurally complex settings, the workflow 

remains strongly interpretation-led even when computational tools are advanced, because the 

ordering and consistency of geological constraints determine whether the resulting implicit 

framework is geologically plausible [10]. Recent implicit urban workflows move toward more 

automation, but they still retain rule-based geological guidance to preserve stratigraphic coherence 

when processing dense drilling records [11]. The potential-field extension proposed for 

unconformable interfaces further demonstrates that workflow changes are sometimes required 

specifically to handle difficult contact relationships that standard implicit implementations represent 

poorly [12]. 

In voxel workflows, the workflow emphasis shifts from surface reconstruction to volumetric 

discretization, category allocation, and multi-attribute storage. National and regional voxel model 

initiatives show that the workflow must support repeated integration of new observations and revised 

interpretations over time, which makes database structure and rule consistency as important as the 

interpolation step itself [13]. Comparative voxel model evolution studies also indicate that later 

generation workflows improve usability by refining update procedures and improving the 

organization of voxel attributes rather than only changing the final visualization [15]. Practical 

shallow subsurface voxel modeling studies demonstrate that voxel workflows can be tailored to 

engineering use by aligning grid construction and attribute assignment with user-oriented map 

products [14]. Later developments in the same line reinforce the importance of uncertainty-aware 
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voxel update procedures when models are reused for planning and subsurface management [17]. 

Compression and representation studies show that voxel workflow performance can also depend on 

storage and rendering choices, which affects how feasible large 3D models are in routine use [16]. In 

engineering delivery contexts, voxel-based ground information can be structured to support 

downstream numerical analysis, which requires workflow planning from the beginning rather than 

post hoc conversion [19]. 

Automation appears in the reviewed corpus as a spectrum rather than a binary property. Some 

studies automate only repetitive preprocessing tasks while preserving manual interpretation at key 

stratigraphic decisions [26]. Other studies automate larger portions of the pipeline, including data 

ingestion, classification, and model construction, especially when the target is urban-scale production 

from many boreholes [28]. A GIS geoprocessing workflow can be highly automated in execution 

while still requiring expert selection of interpolation settings and classification logic, which highlights 

that automation shifts effort toward parameterization and quality control rather than removing expert 

judgement [29]. Hybrid modeling and rendering workflows further show that automation may be 

introduced for performance reasons, such as splitting regular voxel structures to improve display 

efficiency and web usability [27]. 

The data regime strongly influences which workflow architecture is feasible. Geophysics-led 

studies demonstrate that large-area coverage can be improved when airborne or ground geophysical 

information is integrated with boreholes, which changes the workflow from sparse point interpolation 

toward iterative interpretation and integration of areal or volumetric geophysical evidence [30]. 

AEM-based cognitive voxel modeling explicitly shows a workflow in which geophysical models are 

interpreted jointly with boreholes to construct geological volumes at scales that would be difficult to 

support with boreholes alone [31]. In offshore or infrastructure-oriented large-area modeling, multi-

source integration is used to compensate for uneven direct investigation density, which again makes 

the workflow itself a critical methodological contribution [32]. 

Uncertainty-oriented methods also reshape the workflow because validation and uncertainty 

outputs are not appended only at the end, but influence model-building choices. Empirical Bayesian 

kriging is relevant in this context because it embeds uncertainty estimation within the interpolation 

process and therefore affects how property mapping workflows are configured and evaluated [20]. 

Hidden Markov random field style geological segmentation introduces a workflow in which 

probabilistic labeling and spatial context are integral to model construction, rather than optional post-

processing [21]. Multi-source uncertainty analysis in 3D structural modeling shows that workflow 

stages must preserve source-specific uncertainty information if the final confidence assessment is to 

remain meaningful [22]. Synthetic-geology-based uncertainty studies further demonstrate that 

benchmark design and controlled experiments can be used as workflow components for testing how 

modeling choices influence uncertainty in outputs [23]. Recent geostatistical lithological modeling 

frameworks also indicate that predictive uncertainty is central to the model product and should be 

reflected in the workflow from data preparation onward [24]. 

Scalability is another major differentiator across the reviewed papers. In site-scale workflows, 

the primary objective is often a detailed local representation, which allows more manual intervention 

and tuning if data density is sufficient [10]. In city-scale or regional workflows, throughput, 

standardization, and updateability become dominant design constraints because the number of 

boreholes and the heterogeneity of records make bespoke modeling impractical [13]. Urban archive-

based pipelines illustrate that the uneven spatial distribution of boreholes requires workflow logic 

that can detect data density contrasts and prevent overconfident extrapolation into poorly constrained 

zones [28]. GIS-based voxel workflows at site scale provide an intermediate case in which methods 

are detailed enough for geotechnical property mapping, but still structured in a way that supports 

reproducibility and later transfer to larger deployments [29]. 

To summarize the workflow comparison in a compact form for later use in further sections, 

Table 2 condenses the main distinctions in data regime, automation emphasis, and scaling behavior 

across the six taxonomy families. 
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Table 2 – Workflow and scalability patterns across the approach families 
Approach 
family* 

Dominant workflow bottleneck Typical automation emphasis Typical scale 
tendency 

Main risk if workflow is weak 

1 Constraint consistency and 
stratigraphic rule definition 

Partial automation with expert-
guided interpretation 

Site to district Geologically implausible continuity or 
interface conflicts 

2 Data harmonization and voxel 

assignment consistency 

Batch gridding, classification, 

attribute updating 

Site to regional False continuity and class artifacts in 

sparsely constrained cells 

3 Preserving uncertainty 

information through model steps 

Integrated probabilistic estimation 

and testing 

Site to regional Confidence outputs that do not reflect 

true workflow assumptions 

4 Standardization of heterogeneous 

archives 

Data ingestion, repeatable processing 

chains, batch generation 

District to city High throughput with low interpretive 

quality control 

5 Schema conversion and geometry 

translation 

Format conversion and delivery 

pipelines 

Site to corridor / 

project system 

Technically valid models becoming 

unusable in target platforms 

6 Joint interpretation of geophysics 
and borehole constraints 

Semi-automated inversion plus 
interpretation workflows 

District to 
regional / corridor 

Overinterpretation of geophysical 
patterns without sufficient calibration 

* Enumeration of the approach family corresponds to Table 1. 

 

The scalability patterns in Table 2 indicate that workflow robustness is a prerequisite for 

applicability. A method that performs well in a small expert-controlled demonstration can become 

unreliable when transferred to a municipal archive if data harmonization and automated quality 

control are not built into the pipeline [28]. Conversely, a highly automated pipeline may produce 

visually complete 3D outputs that are difficult to trust if the workflow does not preserve explicit 

uncertainty or validation checkpoints [22]. This tradeoff explains why several recent studies combine 

automation with stronger model checking or uncertainty-aware components rather than optimizing 

only processing speed [24]. 

The workflow perspective also clarifies that interoperability is not only an end-stage delivery 

issue. In FE-conversion studies, the possibility of generating analysis-ready ground models depends 

on earlier workflow decisions regarding geometric consistency and property assignment [34]. In 

broader geological information modeling and exchange studies, model updateability and data 

exchange are treated as design requirements that influence how the workflow is structured from the 

start [35]. Conceptual engineering-geology discussions similarly stress that the practical value of 3D 

ground models depends on fitness for purpose, which in workflow terms means aligning the modeling 

sequence with the intended decisions and users rather than producing a generic 3D model [33]. 

To support the reader visually, Figure 3 provides an infographic that positions the six approach 

families along two operational axes that recur in the reviewed corpus, namely automation intensity 

and dependence on expert interpretation. This figure is not a ranking, but a comparative orientation 

tool that complements the taxonomy in Table 1. 

 

 
Figure 3 – Workflow automation intensity and dependence on expert interpretation (positions are 

schematic and indicate dominant workflow tendencies, not absolute properties of each family) 
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Overall, the reviewed literature shows that data-to-model workflows are central to the 

performance, credibility, and scalability of 3D subsurface cartography. The workflow determines 

how heterogeneous evidence is transformed, how much expert judgement is embedded or formalized, 

how uncertainty can be preserved, and whether the resulting model can be updated and delivered for 

practical use. This is why the next section shifts from workflow mechanics to credibility, focusing on 

validation, uncertainty, and comparability, including the boundary-mismatch problem, which 

becomes critical when multiple 3D models are used together. 

 
5. Credibility: validation, uncertainty, and comparability 

 

The credibility of a 3D subsurface cartographic product depends on whether it can be defended 

as an evidence-based representation rather than a visually plausible reconstruction. Within the 

reviewed corpus, credibility is established through three interconnected elements: validation of 

predictive behavior against observations, explicit treatment of uncertainty, and comparability of 

outputs when models are reused, updated, or combined across adjacent domains. In workflow-driven 

property mapping, credibility is often established through the repeatable evaluation of interpolation 

behavior and the systematic reporting of model performance across the 3D extent [29]. In structural 

reconstruction, credibility is closely tied to the consistency of constraints and the ability of the model 

to honor interface and orientation information without producing implausible artifacts [9]. In 

geophysics-led modeling, credibility is strongly influenced by how calibration boreholes anchor 

interpretations of geophysical volumes, because geophysical patterns alone can be ambiguous without 

ground truth constraints [31]. 

Validation practices differ by target variable and representation. When the mapped variable is 

continuous, validation is frequently expressed as predictive performance of an estimator at withheld 

locations, which aligns naturally with cross-validation logic in geostatistical workflows [20]. When 

the target is categorical, such as lithology or stratigraphic class, the validation problem becomes one 

of classification reliability and boundary correctness rather than numeric error alone, which motivates 

segmentation or probabilistic labeling formulations that incorporate spatial context [21]. In multi-

source structural modeling, validation extends beyond point-wise error and includes the internal 

consistency of the reconstructed framework under varying combinations of input sources, because 

different data types may constrain different aspects of the geometry [22]. A complementary approach 

to validation appears in benchmark-oriented work where synthetic geology is used to test how 

uncertainty grows from modeling choices under controlled conditions, which provides a structured 

way to assess methodological sensitivity [23]. 

Uncertainty treatment is a second pillar of credibility because 3D subsurface mapping 

necessarily extrapolates beyond direct observation. In EBK-based approaches, uncertainty is not only 

a post-processing annotation but an intrinsic output associated with the estimation process, which 

enables uncertainty-aware interpretation of property fields [20]. In predictive geostatistical 

frameworks for lithological modeling, uncertainty can be treated as a primary deliverable that 

complements the most likely class assignment and supports decision-making under incomplete 

knowledge [24]. In large-scale voxel workflows, uncertainty is often addressed indirectly through 

model generation logic and update procedures, which can influence perceived reliability even when 

explicit probabilistic volumes are not produced [17]. In national or regional ground model programs, 

uncertainty and credibility are also linked to the governance of data updates and model revisions 

because a map changing over time must retain traceable provenance of inputs and assumptions [13]. 

Comparability is the third pillar and becomes critical once 3D subsurface cartography moves 

from single-case demonstrations to operational use. Comparability includes reproducibility of results 

under reruns, consistency under updates, and coherence when neighboring models are combined. In 

urban-scale production, uneven borehole density and heterogeneous logging practices create spatially 

varying confidence, which means that comparability across a city is partly a quality-control problem 

rather than only a modeling problem [28]. In voxel models intended for web delivery, representation 
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choices such as voxel splitting and hierarchical organization can improve usability but also introduce 

discretization-dependent boundary behaviors that affect how adjacent tiles or model blocks align [27]. 

In interoperability and delivery contexts, comparability is affected by the conversion process itself 

because translation to FE-ready form can modify geometry and property allocation, which requires 

explicit checks to avoid introducing artificial discontinuities [34]. 

The reviewed literature implies that mismatches along shared boundaries arise through several 

recurring mechanisms. One mechanism is inconsistent conceptual constraints across models, such as 

different stratigraphic rules or horizon definitions, which can lead to incompatible surfaces even when 

both models honor local data [9]. A second mechanism is discretization mismatch, where different 

voxel sizes, grid origins, or conversion rules produce seams that are numerical artifacts rather than 

geological features [27]. A third mechanism is heterogeneity of uncertainty across the boundary, 

where one side is well constrained by dense investigation and the other is not, causing one model to 

extrapolate with unwarranted confidence relative to its neighbor [28]. A fourth mechanism is data-

fusion asymmetry, where one model uses geophysical constraints and the adjacent model does not, 

which can produce different continuity assumptions in areas with sparse boreholes [30]. These 

mechanisms are actionable because they can be translated into seam-focused checks and reporting 

practices that complement traditional validation. 

Figure 4 summarizes the credibility logic synthesized from the reviewed corpus. The scheme 

highlights where validation and uncertainty should be inserted into the workflow and where seam 

comparability checks are necessary when multiple models are intended to be mosaicked or compared. 

 

Start

Collect inputs and condition data 

(boreholes, tests, maps, geophysics, priors)

Construct 3D model (implicit framework or 

voxel volume or probabilistic labeling)

Model validation
Adjust model settings (rules, parameters, 

discretization, constraints)

Generate uncertainty products (variance, 

probability, confidence indicators)

Decision-grade delivery (GIS, web, 

database, FE-ready models, documented 

assumptions)

Comparability and seam checks

Fail

Pass

Pass

Seam remediation (boundary constraints, 

overlap, buffers, grid alignment, conversion 

checks)

Fail

End  
Figure 4 – Scheme of credibility building in 3D subsurface cartography 
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To support a compact comparison that can be used in the next section, Table 3 lists 

representative credibility features from selected studies. The intent is not to rank methods, but to show 

how validation, uncertainty, and seam comparability are treated across different approach families. 

 

Table 3 – Representative credibility practices across the reviewed approach families 
Paper Primary credibility focus Validation approach 

emphasized 
Uncertainty product emphasized Comparability implication 

[20] Estimator behavior and 
uncertainty 

Cross-validation as estimator 
evaluation 

Prediction uncertainty associated with 
EBK 

Enables uncertainty-aware comparison 
between areas 

[21] Categorical model reliability Spatially contextual labeling 

for classes 

Probabilistic classification behavior Supports boundary interpretation as 

uncertainty zones 

[22] Multi-source confidence 

assessment 

Sensitivity to input source 

combinations 

Explicit uncertainty assessment under 

multi-source inputs 

Highlights risk of inconsistent constraints 

across neighbors 

[23] Method sensitivity under 

controlled truth 

Synthetic benchmark testing Quantified uncertainty driven by 

modeling choices 

Provides basis for comparing methods on 

shared benchmarks 

[28] Operational quality control 

at urban scale 

Handling uneven borehole 

distributions 

Confidence varies with data density Seams often reflect differing constraint 

strength across districts 

[34] Delivery credibility after 
conversion 

Consistency during FE-ready 
conversion 

Implicit uncertainty introduced by 
translation 

Seams can be introduced by conversion 
rules if unchecked 

 

Overall, credibility in 3D subsurface cartography emerges as an interplay between modeling 

choices and verification culture. Methods that provide explicit uncertainty products make it easier to 

communicate where the model is informative and where it is speculative, which strengthens 

interpretability for geotechnical ground characterization [24]. Workflows that scale to city or regional 

settings must treat data harmonization and quality control as credibility mechanisms because the 

model inherits biases and inconsistencies from the archive [18]. Approaches designed for practical 

delivery must include comparability checks at the interface between modeling and downstream 

platforms because translation can otherwise compromise the integrity of mapped layers and properties 

[35]. These findings motivate the translation of the reviewed evidence into applicability guidance and 

reporting requirements for decision-grade 3D subsurface cartographic products. 

 
6. Applicability to geotechnical subsurface decision support 

 

This section translates the reviewed evidence into practical guidance on when a 3D subsurface 

cartographic product can be treated as decision-grade for geotechnical ground characterization. In 

this review, applicability is defined as fitness for the purpose of the subsurface information product, 

meaning that the model must be consistent with the available evidence, transparent about uncertainty, 

and deliverable in a form that supports engineering use. [33] frames the practical value of 3D ground 

models in terms of suitability for the intended decisions rather than visual completeness, which 

motivates an applicability lens that evaluates products by their constraints, outputs, and limitations 

rather than by their geometric sophistication. 

A first applicability condition concerns the dominant target of mapping. When the central goal 

is stratigraphic architecture, implicit structural modeling is often used because it is built around 

interfaces, orientations, and stratigraphic consistency constraints rather than cell-by-cell assignment 

[9]. When the central goal is multi-attribute volumes, voxel workflows are frequently chosen because 

they support volumetric querying, property statistics, and consistent grid-based extraction of 

information products [13]. When a project requires decision support under incomplete and 

heterogeneous evidence, approaches that treat uncertainty as a primary output become more directly 

applicable due they can communicate where the model is informative and where it is speculative [24]. 

A second applicability condition concerns spatial coverage and data regime. In regions where 

boreholes are sparse or uneven, geophysics-driven modeling can improve areal continuity by 

providing volumetric constraints that are then calibrated against boreholes [31]. In urban settings with 

dense but heterogeneous borehole archives, applicability depends strongly on whether the workflow 

includes systematic ingestion and quality control because uneven distribution can otherwise produce 

misleading extrapolation patterns [28]. In practical implementations based on open borehole logs, 
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applicability increases when the workflow emphasizes consistent coding and pragmatic modeling 

choices that match the quality and granularity of available logs [18]. 

A third applicability condition is credibility, which is inseparable from validation and 

uncertainty communication. [20] shows that geostatistical estimation can provide uncertainty outputs 

together with predictions, which supports uncertainty-aware interpretation of continuous property 

fields. [21] demonstrates that categorical subsurface modeling benefits from probabilistic labeling 

ideas where spatial context is used to improve class assignment reliability, which is particularly 

relevant when the map product is a lithology volume. [23] argues that controlled benchmark settings 

using synthetic geology can reveal how modeling choices propagate into uncertainty, which supports 

method selection and reporting for decision-grade mapping. 

A fourth applicability condition is comparability and integration. [27] highlights that 

performance-oriented voxel structuring can be essential for delivery and usability, but discretization 

choices can influence how seams and boundaries appear when models are tiled or merged. [34] shows 

that conversion to analysis-ready formats is not a neutral step because translation can alter geometry 

and property allocation if constraints are not preserved, which affects whether a subsurface model 

remains decision-grade after delivery. [35] emphasizes the importance of interoperable ground 

information structures and exchange logic, which becomes a practical applicability requirement when 

multiple stakeholders and platforms must reuse the same subsurface product. 

Figure 5 provides a review-generated decision flow that operationalizes these conditions as a 

minimal applicability screening procedure. The scheme is designed to be applied before adopting a 

3D subsurface cartographic product in a geotechnical decision-support context. 
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To make applicability guidance concrete, Table 4 summarizes representative use-case patterns 

that recur in the reviewed corpus. Each row is grounded in one paper that exemplifies the decision 

context and the associated workflow implications. 

 

Table 4 – Use-case patterns for decision-grade 3D subsurface mapping 
Decision-support need Dominant data regime Recommended approach 

family 
Minimum credibility evidence expected Representative 

source 

Coherent stratigraphic 
architecture for site-scale 

interpretation 

Interfaces, orientations, 
stratigraphic constraints, limited 

property targets 

Implicit or potential-
field structural modeling 

Plausibility and constraint-consistency 
checks that demonstrate honored inputs 

[9] 

Multi-attribute volumetric 

subsurface map for querying 
and statistics 

Boreholes and logs with 

multiple attributes in a 
consistent coding scheme 

Voxel models and voxel 

workflows 

Demonstrated robustness of voxel 

assignment rules and traceable update 
logic 

[13] 

Urban-scale production from 
large heterogeneous borehole 

archives 

Dense but uneven and 
heterogeneous borehole 

distribution 

Automation and urban-
scale pipelines 

Quality-control logic that accounts for 
data-density contrasts and prevents 

overconfident extrapolation 

[28] 

Extending spatial coverage 

beyond borehole-only 
constraints 

Geophysical models with 

calibration boreholes 

Geophysics-driven 3D 

modeling 

Explicit calibration logic tying 

geophysics interpretation to borehole 
control 

[31] 

Decision-support where 
uncertainty must be 

communicated explicitly 

Mixed constraints with 
incomplete coverage 

Uncertainty-focused 
geostatistical framework 

Uncertainty products paired with 
predictions that can be interpreted as 

confidence indicators 

[24] 

Analysis-ready subsurface 

product for downstream 
numerical modeling 

Existing model plus requirement 

for conversion to FE-ready form 

Interoperability and 

engineering delivery 

Verification that conversion preserves 

geometry and property allocation 
constraints 

[34] 

 

Across the corpus, the strongest determinant of applicability is not the label of the method 

family but whether the produced 3D map satisfies a small set of decision-grade conditions. [10] shows 

that structurally complex cases demand careful constraint management because even powerful 

modeling tools can produce misleading continuity if structural rules are not enforced. [17] indicates 

that voxel models used for planning and management benefit when uncertainty and model revision 

behavior are addressed as operational issues rather than treated as a one-time model build. [29] 

demonstrates that a reproducible GIS workflow strengthens applicability by making model generation 

repeatable under new parameter settings or updated datasets, which is important when the subsurface 

map is treated as a living product. 

Based on these patterns, the following applicability checklist can be used as a compact 

reporting and adoption guide, and it will be expanded into a formal reporting checklist in the final 

synthesis. [32] illustrates that for large-area ground model applications, explicit documentation of 

data sources, coverage limitations, and integration logic is essential because spatial completeness can 

otherwise be mistaken for evidential completeness. [22] shows that in multi-source contexts, 

applicability improves when uncertainty contributions from different sources are preserved and 

compared rather than merged without traceability. 

Checklist items to report or verify before treating a 3D subsurface map as decision-grade for 

geotechnical ground characterization include a stated target variable and decision context, an explicit 

description of the data regime and coverage limitations, a documented representation and inference 

choice with key settings, validation evidence appropriate to the target variable, uncertainty 

communication appropriate to the use-case, and integration details covering delivery formats, update 

procedure, and seam comparability expectations where models will be mosaicked. [33] supports this 

orientation by emphasizing that the operational value of a 3D ground model follows from its 

alignment with the intended engineering use, which in this review is formalized as applicability 

conditions. 

 
7. Conclusions 

 

This review synthesized the current state of 3D subsurface cartography for geotechnical 

purposes by organizing the selected literature into a taxonomy aligned with the Litmaps-based 

clustering and by comparing how different approach families transform subsurface observations into 
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3D stratigraphic and or property products. The analysis indicates that there is no single dominant 

solution. Instead, complementary families prioritize different outcomes, including structural 

consistency of stratigraphy, volumetric querying of lithology and properties, explicit uncertainty 

communication, operational automation at urban scale, geophysics-led extension of spatial coverage, 

and interoperability for engineering delivery. 

A key finding is that workflow design is as important as the final representation. Decision-

grade mapping requires explicit data harmonization, traceable assumptions, and repeatable processing 

rather than only visually complete models. Credibility depends on validation logic appropriate to the 

mapped product and on uncertainty communication that clarifies where the model is constrained by 

evidence and where it is extrapolative. 

Comparability becomes critical when models are reused, updated, or combined across 

adjacent domains. Boundary mismatches can arise from inconsistent conceptual rules, discretization 

differences, unequal data density, and asymmetric auxiliary constraints. For this reason, seam checks 

and remediation strategies should be treated as standard workflow elements when mosaicking or 

cross-area comparison is expected. 

This review is subject to several limitations. Because the literature corpus was assembled 

through a Litmaps citation-network workflow, the selection may favor well-connected and more 

frequently cited studies, while very recent papers, less-cited contributions, regional publications, and 

non-indexed sources may be underrepresented. In addition, although the coding and tagging 

procedure was applied consistently, the assignment of papers to approach families involved author 

judgement. Accordingly, the proposed taxonomy should be interpreted as a transparent synthesis of 

the selected corpus rather than as an exhaustive or uniquely fixed classification of the entire field. 

Overall, the reviewed evidence supports an applicability view where method selection should 

be guided by the mapping objective and data regime, then verified against minimum credibility and 

integration requirements. Future work should prioritize workflow-level uncertainty propagation, 

more standardized evaluation practices, improved seam-consistency methods, and stronger 

interoperability across GIS, web visualization, databases, and engineering delivery environments. 
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