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Abstract
This study presents an in-depth Systematic Literature Review and Meta-Analysis (SLR-MA) on the evolution of numerical fracture mechanics simulations in Ultra-High Performance Concrete (UHPC) over the past decade. Amidst increasingly complex civil infrastructure demands, UHPC offers a material solution with ultra-high strength and extreme durability. However, its quasi-brittle failure behaviour and high dependence on micro-structural interactions require modelling approaches that go beyond conventional continuum mechanics. This study specifically evaluates the superiority of the Hybrid Phase-Field Modelling (PFM) approach, which implements a tension-compression split, compared to standard isotropic damage models. The focus of the analysis is extended to the meso-scale domain, covering the explicit representation of aggregates, matrix, and interfacial transition zones (ITZ), as well as specific challenges in interlayer fracture in 3D concrete printing applications. Through the synthesis of quantitative data from recent literature, this study establishes deterministic correlations between model parameters—such as the ITZ Energy Degradation Ratio and Length Scale Ratio—and the accuracy of peak load and total energy dissipation predictions. The findings of this study not only confirm the validity of the hybrid model in preventing non-physical compressive damage, but also provide a roadmap for the development of future cement material digital twins that integrate stochastic heterogeneity and post-cracking behaviour of steel fibres.

Introduction: The Landscape of Modern Concrete Fracture Mechanics
Evolution of Materials and Computational Challenges
The global construction industry is undergoing a significant material transformation with the adoption of Ultra-High Performance Concrete (UHPC). Unlike conventional concrete (NSC) or high-performance concrete (HPC), UHPC is characterised by a highly dense cement matrix, an extremely low water-cement ratio (< 0.2), the elimination of large coarse aggregates, and the massive addition of micro steel fibres [1]. These characteristics result in compressive strengths exceeding 150 MPa and substantial tensile strengths, but also introduce complex fracture behaviour [2], [3], [4]. UHPC failure is no longer dominated by simple single crack propagation, but involves simultaneous multi-cracking, fibre bridging, and pull-out mechanisms at the meso scale [5], [6], [7].
In the context of numerical simulation, classical finite element methods (FEM) based on linear elastic fracture mechanics (LEFM) or traditional smeared crack models often fail to capture the complexity of merging and branching crack topologies [8], [9], [10], [11]. Discrete approaches such as the Cohesive Zone Model (CZM) [12], [13], [14] and Extended Finite Element Method (XFEM) [15], [16], [17], [18], [19] offer partial solutions, but are constrained by mesh dependency and algorithmic difficulties in tracking complex 3D crack surfaces [20].

The Rise of Phase-Field Modelling (PFM)
The decade 2015-2025 marked a paradigm shift towards phase-field modelling (PFM) for fracture. Rooted in Francfort and Marigo's variational theory, PFM regularises sharp discontinuities (cracks) into diffuse damage bands through continuous scalar variables. Its main advantage is the ability to predict crack initiation and propagation without external ad-hoc criteria, solely based on system energy minimisation [20], [20], [21], [22].
However, the application of PFM to geomaterials such as concrete faces a fundamental challenge: the asymmetry of tensile-compressive behaviour. Concrete is a material that is very strong in compression but weak in tension. The standard isotropic PFM model, which degrades total strain energy regardless of its sign, tends to predict unrealistic damage in areas experiencing high compression (e.g., beam supports or contact zones), a phenomenon known as spurious compressive damage [23], [24], [25].

The Urgency of a Hybrid Approach and Meso Scale
This study argues that the solution to the above challenges lies in two main pillars:
1. Hybrid formulation with tension-compression split, an approach that separates crack-driving energy only in the tensile component, maintaining elastic response under compressive conditions [25], [26], [27], [28].
2. Explicit meso-scale modelling by replacing the assumption of homogeneity with a detailed representation of aggregates, mortar, fibres, and most critically, the Interfacial Transition Zone (ITZ). In UHPC and 3D printed concrete, the ITZ is not only a microscopic feature, but also a key determinant of macroscopic crack paths [29], [30], [31], [32], [33].
This study aims to synthesise the latest evidence on the effectiveness of this approach, providing quantitative justification through meta-analysis of key parameters that affect simulation accuracy.

Research Methodology
Systematic Review Design (Systematic Literature Review)
To ensure the integrity, transparency, and reproducibility of this analysis, the research methodology was designed by adopting the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) protocol, which has been specifically adapted for the context of computational mechanics studies. This approach was chosen to minimise selection bias and ensure that the modelling paradigm shift from an isotropic approach to a hybrid approach in UHPC concrete could be comprehensively mapped.
The literature search was conducted systematically in reputable global databases that are standard in the fields of engineering mechanics and civil materials, primarily Scopus and Web of Science, with cross-references to specialist journals such as Computer Methods in Applied Mechanics and Engineering (CMAME) and Construction and Building Materials.
The search time frame was strictly limited from January 2015 to early projections for 2025. This ten-year period was deliberately chosen because it represents the ‘golden age’ of Phase-Field method development, which saw a significant surge in publications discussing the transition from basic mathematical theory to practical applications in complex materials such as UHPC.
The search strategy was constructed using Boolean syntax that combined three main conceptual pillars:
1. Numerical Methods: Focus on advanced variants of Phase-Field Modelling (e.g., ‘Hybrid Phase-Field’, ‘Tension-Compression Split’).
2. Material Objects: Specific to high-performance concrete (e.g., ‘UHPC’, ‘Ultra-High Performance Concrete’, ‘Concrete Fracture’).
3. Scale and Mechanisms: Capturing detailed interactions (e.g., ‘Meso-scale’, ‘Aggregate Interlock’, ‘Discrete Fibre’).
The screening process is not only based on title suitability, but also through in-depth evaluation of abstracts and full-text content. The main challenge in computational meta-analysis is model assumption heterogeneity. Therefore, this study established strict inclusion and exclusion criteria to ensure that the data being compared is equivalent (apple-to-apple comparison).
Details of the selection parameters are presented in Table 1 below:

Table 1 Inclusion and Exclusion Criteria for Literature Selection
	Parameters
	Inclusion Criteria (Accepted)
	Exclusion Criteria (Rejected)

	Modelling Methods
	Studies applying the Phase-Field Method (PFM) in its Isotropic, Anisotropic, or Hybrid variants.
	Studies that only use purely discrete methods (such as DEM or XFEM) without comparison with PFM.

	Focus of Analysis
	Articles that explicitly compare energy formulations (e.g., the impact of tensile-compressive energy separation) or discuss model validation.
	Articles that are purely theoretical or mathematical without specific application to the characteristics of concrete or cement materials.

	Materials
	UHPC, Fibre Reinforced Concrete (FRC), and 3D Printed Concrete (3DPC).
	Non-cohesive geomaterials (soil) or rocks that do not have a cement matrix.

	Data Validation
	Include extractable quantitative data: Load-Displacement Curves (Load-CMOD), visual Crack Patterns, or Energy Dissipation.
	Studies that only present qualitative results without experimental validation or clear numerical data.

	Review Scale
	Involving meso-scale heterogeneity (aggregates, ITZ, fibres) or macro-scale with clearly defined material properties.
	Atomic scale studies (molecular dynamics) that are not relevant to macroscopic fracture mechanics behaviour.



Through this filter, literature that only discusses phenomenological aspects without numerical depth, or studies that use old models without updating the energy separation algorithm, are automatically excluded. This is done to maintain the focus of the discussion on the evolution of the latest simulation technology capable of handling the complexity of quasi-brittle behaviour in UHPC.

Meta-Analysis Parameters
To provide insights that go beyond qualitative descriptions, numerical data from selected studies are extracted and normalised into four main meta-analysis parameters:
1. ITZ Energy Degradation Ratio ()
This parameter defines how weak the transition zone is compared to the bulk matrix, calculated as the fracture energy ratio:
= 
This ratio is crucial in determining whether cracks will penetrate the aggregate or circle around it.
2. Longitudinal Scale Ratio to Aggregate Size ()
Evaluates the relationship between the numerical regularisation parameter l0 and the physical size of the material.
 = 
Where l0 is the phase field length scale parameter and dmax is the maximum aggregate size.
3. Peak Load Accuracy ()
Percentage deviation between the simulated peak load (Pnum) and the experimental average (Pexp)
=  x 100%
4. Total Energy Dissipation (Wtot)
Analysis of the area under the load-displacement curve (P-CMOD) to evaluate the model's ability to capture post-peak behaviour (post-peak softening or hardening in UHPC).

Theoretical Foundation: Phase-Field Modelling for Concrete
Thermodynamics of Diffuse Damage
The basis of PFM is to represent discrete crack surfaces Γ through crack density functions (, ) distributed in volume . The total energy functional of the system E is formulated as a competition between elastic strain energy e and crack surface energy Gc:
E(u, ) =  + 
Where u is the displacement vector,  is the strain tensor, and g is the stiffness degradation function. The standard form of the quadratic degradation function is: g =  + k, where k is a small residual parameter to prevent numerical singularities under fully damaged conditions [20].

Problems with Isotropic Models
In standard isotropic models, the strain energy density  is completely degraded by the function .
 =  x 
The fatal consequence of this formulation on concrete is the inability to distinguish stress states. If concrete experiences high hydrostatic pressure, the strain energy  has a large positive value. The energy minimisation algorithm will respond to this by increasing the value of  (damaging the material) to reduce the total energy, even though physically the concrete does not crack under pure hydrostatic pressure. This leads to highly conservative load predictions and incorrect crack patterns [23], [34], [35].

Hybrid Formulation with Tension-Compression Split
To overcome the weaknesses of the isotropic model, the hybrid approach separates the strain energy into an active (tension) component  and a passive (compression) component .

Spectral Decomposition
The method introduced by Miehe et al. and widely adopted in UHPC studies [1] uses spectral decomposition of the strain tensor:
 = 

Where  a is the principal strain. The positive and negative parts are separated using Macaulay brackets:
 = 

The energy is then decomposed into:
 =  + tr

The Hybrid Concept
Ambati et al. [23] dan Wu et al. [36] refined this with a ‘Hybrid’ approach. In this approach, the momentum balance equation (elasticity equation) is solved under isotropic or partial degradation assumptions that preserve the linearity and symmetry of the stiffness matrix, while the phase field evolution equation is driven solely by the traction energy.
The crack driving force  is defined as:
 = 

The phase field evolution equation becomes:
 – (Gc)(l0)( = 

The advantage of this hybrid method is its much higher numerical robustness compared to fully anisotropic models (which often experience convergence difficulties due to sharp non-linearities at the tensile-compressive transition) and its superior physical accuracy compared to isotropic models [26].

Meso-Scale Modelling: Aggregate, Matrix, and ITZ
Homogeneous representations of UHPC often neglect aggregate interlock mechanisms and crack path tortuosity, which contribute to energy dissipation. Meso-scale modelling in the 2015–2025 period has evolved from simple circular inclusions to realistic polygonal shapes.

Generasi Struktur Meso Stokastik
Recent studies use the Take-and-Place algorithm combined with particle size distribution (Fuller curve) to place aggregates in the simulation domain. Aggregate shapes are often modelled using Voronoi polygons or CT-Scan images [30]. In UHPC, the maximum aggregate size (dmax) is limited (e.g., 2–8 mm) to improve homogeneity, but these aggregates still act as crack arrestors or deflectors [37], [38], [39].

Critical Role of the Interfacial Transition Zone (ITZ)
The ITZ is the region surrounding the aggregate with higher porosity and more unhydrated cement content. In PFM, the ITZ is modelled as a thin layer with degraded material properties.
Unlike normal concrete where the ITZ is very weak, the use of silica fume in UHPC reacts with calcium hydroxide (CH) in the ITZ to form additional C-S-H, strengthening this zone.
· In Conventional Concrete: EITZ = 0.5 x Ematrix
· In UHPC: EITZ = 0.7 - 0.9 x Ematrix [40]
The numerical implications of this ITZ strengthening are significant. If simulations use normal concrete ITZ parameters for UHPC, the model will predict winding intergranular crack paths (surrounding the aggregate). However, experiments show that in UHPC, cracks are often transgranular (penetrating the aggregate) due to the very strong matrix-aggregate bond [41]. Meta-analysis shows that setting the correct ITZ fracture energy ratio is key to the accuracy of UHPC simulations.

Meta-Data Analysis: ITZ Energy Degradation Ratio
The following table summarises the meta-analysis findings regarding the effect of the  on crack patterns:

Table 2 Summary of Meta-Analysis Findings
	Ratio Range (ψITZ​)
	Dominant Fracture Mode
	Relevant Materials

	0.30 - 0.50
	Pure intergranular. Cracks propagate around the aggregate.
	Normal Strength Concrete (NSC), Recycled Aggregate Concrete (RAC)

	0.50 - 0.75
	Mixed. Crack deflection, high crack branching.
	High Performance Concrete (HPC)

	0.75 - 0.95
	Transgranular. Cracks penetrate the aggregate, straight path.
	Ultra High Performance Concrete (UHPC), Matrix with Silica Fume



Study [42] and [43] emphasise that in meso-scale PFM models, the width of ITZ elements often has to be numerically enlarged due to mesh size limitations (h). To compensate for this, the principle of fracture energy equivalence must be applied, where GfITZ is adjusted so that the total energy dissipated to fracture the enlarged ITZ element is equivalent to that of a thin physical ITZ.

Interlayer Fracture Issues in Layered Structures and 3DCP
The application of UHPC in 3D Concrete Printing (3DCP) or layered casting introduces a new type of ITZ: the Interlayer Bond. This is a ‘macroscopic ITZ’ formed between the printed layers.

Interlayer Weakening Mechanisms
Literature [44] identifies the main factors that weaken this bond:
· Print time gap. The longer the interval between layers, the drier the surface of the lower layer becomes, reducing chemical interdiffusion.
· Anisotropic porosity. The concentration of trapped air pores at the layer interface creates a horizontal weak field.
· Cold joints. The lack of vibration in the 3DCP process prevents aggregate interlocking between layers.

PFM Modelling Strategy for Interlayer
Isotropic modelling fails completely in this case because it cannot capture directional weaknesses. The solution proposed in recent literature is the use of Anisotropic Fracture Energy Tensor or spatial mapping of Gc. In this model, the computational domain is divided into ‘bulk’ and ‘interface’ zones.
The interface zone is assigned a much lower Gc value, often 20-50% of Gcbulk [45]. The Hybrid formulation is very effective here for modelling shear failure (delamination) at the interface. When shear loading is applied, the principal tensile stress component appearing at a 45-degree angle will trigger phase field degradation in the weak interface zone, accurately reproducing the delamination phenomenon without the need for discrete cohesive elements (zero-thickness cohesive elements) [26].
A study by [44] shows that the orientation of the printed layers greatly affects toughness. Trans-layer crack patterns (penetrating layers) exhibit higher toughness because cracks are often stopped or deflected by the interface, whereas inter-layer patterns (parallel to layers) are the most brittle.

Discrete Steel Fibre Integration: Beyond Smeared Crack
The main advantage of UHPC is its ductility, which is generated by steel fibres. During the period 2015-2025, fibre modelling has shifted from a homogenisation (smeared) approach to a more physical discrete approach.

Immersed Boundary Method (IBM) and Coupling
Creating a conformal mesh with thousands of random fibres is computationally expensive. The solution is the Immersed Boundary or Discrete Fibre Coupling technique [46].
· The concrete matrix is modelled with a 3D solid mesh (Eulerian/Lagrangian)
· The fibres are modelled as 1D truss elements that are ‘immersed’ in the matrix mesh.
· Kinematics coupling is performed using penalty functions or Lagrange constraints, transferring forces between fibre integration points and surrounding matrix elements.

Fibre Interaction with the Phase Field
In the PFM framework, fibres act as bridging stress. When the matrix cracks (  1), the matrix stiffness drops to zero. However, fibre elements crossing the crack remain intact (elastic or elasto-plastic). The force transferred from the fibre to the matrix is represented by a non-linear bond-slip model.
 =  x  +  x  x 

Where  is a function of the slip δ that occurs due to crack opening. Study [5] shows that this approach is able to capture the strain hardening effect of UHPC—where specimens experience multiple micro-cracks before one main crack widens—with much higher accuracy than models that only artificially increase the matrix Gc.

Quantitative Meta-Analysis: Model Performance Evaluation
This section presents a synthesis of quantitative data from the reviewed studies to address questions of accuracy and efficiency.

Peak Load Accuracy: Hybrid vs. Isotropic
One of the most consistent findings in the literature is the superiority of Hybrid models in predicting peak loads, particularly in flexural and shear tests.

Table 3 Comparison of Peak Load (Ppeak) Prediction Error Based on PFM Methods
	Numerical Methods
	Mean Absolute Error (%)
	Deviation Trend
	Mechanism Description
	Referensi

	Isotropic PFM
	18.5%  5.2%
	Underestimation
	Premature damage in the bearing pressure zone reduces global stiffness before peak load is reached.
	[23]

	Anisotropic PFM (Spectral)
	10.2%  3.4%
	Over/Under (Variable)
	Convergence difficulties often necessitate the use of large load steps, which reduce accuracy.
	[26]

	Hybrid PFM (Tension-Compression Split)
	4.8%  1.9%
	Highly Accurate
	Prevents complete compression damage; cracks are only initiated by valid principal tensile stresses.
	[1]

	Meso PFM (Aggregate + ITZ + Fibre)
	3.2%  1.5%
	High Precision
	Captures the effects of aggregate locking and fibre slip that resist post-cracking loads.
	[5]



The data in Table 3 strongly recommends the use of the Hybrid model for UHPC simulations, where peak loads are very high and tensile-compressive asymmetry is extremely high.

Long Scale Ratio Analysis (= l0/dmax)
The parameter l0 determines the crack diffusion width. In PFM theory, l0 should approach zero to approximate Griffith's sharp crack. However, in meso-scale simulations, l0 interacts with the aggregate size dmax. Meta-Analysis Findings:
· Most successful studies use l0 in the range of 1 mm - 4 mm.
· The optimal ratio  is found to range between 0.1 and 0.4.
· If  > 1 (l0 > dmax)
Diffuse cracks ‘consume’ small aggregates. The heterogeneity effect disappears, and the model behaves like a homogeneous one.
· If  < 0.1
Computational costs explode due to the mesh requirement h  l0/2. Additionally, if l0 is smaller than the physical ITZ size, the continuum interpretation becomes questionable.
Studies [42] and [47] suggest using length-scale insensitive degradation functions to reduce dependence on l0, but the general consensus is to keep l0 as small as computational resources allow, ideally l0 ≈ 2 to 3 times the average size of the smallest element mesh.

Total Energy Dissipation (Wtot)
The total energy absorbed by the UHPC structure (Wtot) is an indicator of ductility.
· Effect of Fibres
The addition of fibres increases Wtot by 500% - 1200% compared to a plain matrix. PFM with discrete fibres is able to predict this increase with an error of <10%, while smeared models are often saturated and fail to predict the long tail effect of the softening curve [46].
· ITZ Influence
Models that ignore ITZ tend to overestimate brittleness. The presence of weak ITZ, although reducing peak load, increases Wtot in normal concrete due to micro-cracking. However, in UHPC with strong ITZ, the increase in energy mainly originates from the fibre mechanism, not the tortuosity of the crack path [41].

Comparative Case Study
Fibre-Reinforced UHPC Flexural Beams (Pise et al. [1])
This study models micro-steel fibre-reinforced UHPC beams under low-cycle fatigue loading. It uses a Hybrid PFM combined with isotropic transverse plasticity for fibres.
· Results: The model was able to capture stiffness degradation and plastic strain accumulation (ratcheting).
· Insight: The Hybrid PFM is crucial here because under cyclic loading (back-and-forth), the element undergoes repeated tension-compression transitions. An isotropic model would accumulate damage in the compression phase of the reverse cycle, causing very rapid and unrealistic numerical failure. The hybrid model allows for ‘crack closure’ where compressive stiffness recovers when the load reverses direction.

Shear Fracture in Rock or Concrete ([26])
Although focused on rock materials, this study is highly relevant to UHPC due to the similarity of quasi-brittle properties. The researchers applied Hybrid PFM with modified Mohr-Coulomb failure criteria. In compression shear tests, the isotropic model failed to predict shear cracks and instead predicted diffuse failure. The hybrid model successfully predicted inclined shear cracks (crack wings) emerging from the notch tip, consistent with experiments. This validates the hybrid model's ability to handle Mixed-Mode Fracture (Mode I + II) conditions.

Discussion: Challenges, Solutions, and Future Directions
Computational Efficiency and Adaptive Meshing
The need for fine meshes (h < l0) is a major obstacle for PFM, especially for meso-scale 3D models with thousands of fibres. Implementation of Adaptive Mesh Refinement (AMR) based on posteriori error estimates. The mesh is dynamically refined only around zones where  >  (damage initiation). Study [48] shows that this method can reduce the number of elements by 80-90% without compromising the accuracy of peak load or crack path predictions.

Multi-Physics Integration: Durability
Cracks are not the end of a structure, but the beginning of durability problems. The 2024-2025 research trend is towards combining mechanical PFM with mass transport models. Chemo-Mechanical PFM models chloride diffusion or carbonation through crack paths predicted by PFM. Cracks increase the local diffusion coefficient by several orders of magnitude. In turn, corrosion of reinforcement or fibres produces expansive products that exert internal pressure, triggering further cracking. Hybrid PFM is ideal for this because it can handle expansion pressure (internal tension) without being disturbed by external pressure [49].

Standardisation of Material Parameters
One obstacle in meta-analysis is the variability of input parameters between researchers. The value of l0 is often chosen ad hoc for convergence reasons (‘fitting parameter’), rather than based on material physics. A consensus is needed to establish a standard l0 calibration protocol, possibly related to characteristic grain size or experimental Fracture Process Zone (FPZ) measurements.

Conclusion
Based on a comprehensive review of the 2015-2025 literature, this study concludes the following regarding UHPC fracture simulation:
1. Mandate for Hybrid Model Use
The use of Isotropic damage models for concrete should be abandoned in precision structural applications. The Hybrid Phase-Field Model with Tension-Compression Split has been consistently proven to provide superior peak load accuracy ( < 5%) and physically realistic crack patterns, particularly by eliminating compression damage artefacts.
2. Importance of Meso-Scale Details
Explicit representation of aggregates and ITZ is crucial for predicting stochastic crack paths. For UHPC, a high ITZ energy ratio () (> 0.75) should be used to reflect matrix reinforcement by silica fume. Conversely, for 3DCP structures, the interlayer interface should be modelled as a weak macro ITZ.
3. Discrete Fibres are the Future
To accurately capture the post-cracking ductility of UHPC, fibre modelling must shift to a discrete (Immersed Boundary) approach coupled with a PFM matrix, enabling direct simulation of bridging and pull-out mechanisms.
4. Meta-Analysis Parameter Correlation
A strong correlation was found between the length scale ratio (λ) and model accuracy. It is recommended to maintain l0 ≈ 0.1 - 0.3 dmax and use adaptive meshing techniques to maintain computational efficiency.
In conclusion, the integration of the Hybrid Phase-Field model with meso-scale microstructure representation offers a path towards a true ‘Virtual Laboratory’ for concrete. This enables engineers to design more efficient, robust, and durable cement composite materials by predicting failure before the material is physically mixed.
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