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Abstract
Numerical simulations have become essential in mapping the correlation between the Dynamic Increase Factor (DIF) and strain rate throughout an extensive strain rate spectrum. This methodological shift is primarily because traditional experimental loadings are confined to examining dynamic strength in a narrow strain rate band. In contrast, a consensus exists among many models that the DIF augments rises with an increasing strain rate. They These models display variability in their functional structures and key determinants. Intriguingly, model variations can lead to a substantial disparity in the DIF, with some differences reaching beyond 400% at specific strain rates. Numerous factors play a role in influencinginfluence the DIF, with the presence of aggregates  emerging as a pivotal element. However, most studies primarily address the mortar matrix, excluding coarse aggregates from their analyses. This omission often results from challenges in preparing concrete samples suitable for high-velocity impact evaluations, highlighting the urgent need to integrate these aggregates into the computational framework. This proposed research effort aims to pioneer cutting-edge computational techniques for numerically simulating structures exposed to blasts or other high-strain-rate impacts. Under such circumstances, the inflicted damage often extends through the concrete aggregates. The current Lattice Discrete Particle Model (LDPM) primarily captures damage limited to the concrete's mortar. Although the LDPM has been successfully calibrated and validated for conventional concrete structures where the damage does not propagate through the aggregates,, there is an imperative need to broaden its the reach of this model.horizons. Our research seeks to bridge this gap by introducing an innovative computational approach that specifically incorporates the micro inertia effect. The research intends to enhance current modeling techniques by formulating fracture surfaces that pass through the aggregate in concrete-like materials. This initiative also involves the introduction of new parameters that better reflect the mechanical properties of aggregates. These parameters will be calibrated by simulations of the Split Hopkinson Pressure Bar (SHPB) test. Our model validation strategy is twofold. For the linear domain, verification will rely on comparing continuum model results, such as those from Abaqus, and the LDPM outcomes. For the nonlinear domain, we will focus on verifying our model against empirical data from existing literature on metrics like strength, strain, and velocity, using a distinct measurement criterion. The model will be refined based on insights or new data to ensure accuracy. Central to this endeavor is a concrete-specific, multi-level testing method designed to provide essential parameters for mechanical models across different scales. Ultimately, the outcomes of this research project hold significant potential to revolutionize the way we understand, design, and safeguard infrastructure, thus contributing profoundly to safer and more resiliently built environments.
Scientific Background
Traditional computational methods for concrete structure analysis have primarily focused on its macroscopic or homogenized properties. Historical models, including the works of [1–4], have utilized continuum plasticity and damage models to represent concrete's mechanical behavior. While these models provide critical insights into how concrete responds under varied loadings, they necessitate meticulous calibration due to the numerous parameters they entail. However, effectively accounting for concrete's heterogeneous microstructure remains a significant challenge, as this material harbors exhibits various microstructures including fibers, aggregate specifications, and water-to-cement ratios, each of which ultimately affect mechanical performance. This variability amplifiesd the inherent complexity of macroscopic model development and calibration. In essence, the computational study of concrete is a balancing act between its macroscopic representations and microstructural intricacies. To ensure accurate predictions, ongoing research, and innovative computational methods are imperative, with the goal of improving our understanding and enhancing the design opportunities for concrete structures in diverse applications. A distinctive characteristic of the micromechanics approach is its adaptability such that it can address various technologically significant facets of advanced composite materials. It is adept at handling composites undergoing finite deformations, exposed to dynamic impact conditions, and composed of smart components, including electro-magneto-thermo-elastic, electrostrictive, and shape memory alloy materials. This comprehensive capacity makes the micromechanics approach a versatile tool for addressing the diverse challenges associated with advanced composite materials in various contexts.
Current Computational Approaches for Modeling Concrete Failure
The Finite Element Method (FEM) has long served as the predominant computational framework for developing concrete models in structural analysis. Within this context, FEM approaches have been extensively applied to the simulation of fracture propagation, a critical aspect of concrete behavior. Achieving this simulation often involves the introduction of displacement discontinuities within the Finite Element (FE) displacement fields, and various techniques have been devised to accomplish this task. Notable contributions in this research space include the work of [5–9]. While these methods have proven successful in modeling mode I and mixed mode fracture, their adaptability to general failure scenarios is limited. The smeared crack model has emerged as a valuable alternative in response to the need for a more versatile approach. This model conceptualizes fracture as being distributed over a specific volume, characterized by nonlinear and softening constitutive laws. This approach has been explored and refined by researchers including [10–13]. The smeared crack model offers considerable computational efficiency and facilitates the development of three-dimensional constitutive models capable of simulating both fracture and compressive failure. Numerous studies, including the work of [14–20], have underscored its effectiveness in this regard. However, the smeared crack approach is not without its limitations. Two prominent issues are the sensitivity of results to mesh refinement (pathological mesh sensitivity) and the phenomenon of stress locking. To address these challenges, researchers have explored alternative strategies. Nonlocal formulations, as pioneered by [21–25], offer partial mitigation of these issues. Another promising avenue of research involves using embedded discontinuity methods, as investigated by Jirásek (2000) [26]. In summary, the computational modeling of concrete fracture and failure has advanced significantly through the application of FEM-based approaches, including displacement discontinuity methods and smeared crack models. While each approach presents distinct advantages and challenges, ongoing research efforts continue to refine these methods and explore innovative techniques to address their limitations, ultimately enhancing our understanding of concrete behavior in diverse structural scenarios.
Structural failures resulting from extreme loads, such as blasts and projectile impacts, represent highly complex and nonlinear processes. These failures encompass many intricate phenomena, including complex material constitutive behavior, post-peak material softening, damage localization, dynamic crack propagation, and the ubiquitous presence of contact interactions. A particularly challenging aspect of these failures is the pervasive formation and propagation of multiple cracks within the material. These cracks are dynamic, spreading in arbitrary directions, branching, and sometimes coalescing. Unfortunately, the computational tools that are available to accurately and reliably simulate such pervasive failures remain limited. Standard techniques employed in computational simulations of extreme loading scenarios include "element death" in Lagrangian finite element codes and "void insertion" in hydrocodes. While these methods are standard, they often yield unsatisfactory results, mainly when dealing with the complex dynamics of the formation and interaction of multiple cracks. The Extended Finite Element Method (X-FEM), introduced by Belytschko and Black (1999) [5], has shown promise in modeling single fracture propagation. However, its applicability becomes constrained when dealing with complex scenarios where multiple cracks branch and merge in three-dimensional space. "Element to sphere" conversion methods, while more sophisticated than "element death," still have limitations as they rely on numerical artifacts rather than physical principles. Meshless methods, as pioneered by Belytschko et al. (1996) [27], have successfully simulated fragmentation processes. However, these methods fall short of capturing the discrete nature of fragmentation, leading to difficulties in accurately defining the external surfaces of individual fragments and modeling their interactions with fluid or solid materials. Given the limitations of these techniques, it is evident that many essential aspects of concrete failure can be traced back to the material's internal structure and heterogeneity. To achieve greater predictive modeling capability, it is thus imperative to consider its mesoscale behavior. Mesoscale concrete models, developed by researchers such as [28, 29, 38, 39, 30–37], and others, have been instrumental in addressing this need. These models offer insights into crack initiation, propagation along complex three-dimensional paths, the interaction and coalescence of distributed multi-cracks, and various factors like temperature, humidity, loading rates, and confining pressures. However, the challenge lies in integrating these mesoscale phenomena across multiple spatial scales, ranging from the atomistic to the full-structure scale. While atomistic-scale simulations are impractical for concrete, mesoscale modeling provides a promising avenue for accurate and reliable predictions. One such approach is the Lattice Discrete Particle Model (LDPM), a discrete model that holds the potential to bridge the gap between mesoscale behavior and macroscopic structural responses. This model will be further discussed in the subsequent section, and it offers a promising path toward more robust and comprehensive simulations of concrete failures under extreme loading conditions.
The simulation of the mesostructure of concrete has been the subject of significant research efforts, with various approaches having been employed over the years to understand and model concrete behavior at a detailed level. This evolution in modeling techniques has led to the development of the LDPM with the goal of addressing several drawbacks of earlier approaches. Initially, pioneering studies [31–33] attempted to simulate the mesostructure of concrete by using a numerical model where mortar, aggregates, and their interface were represented by numerous finite elements much smaller than the aggregate pieces. However, while conceptually sound, this approach led to many unknowns due to its adherence to classical continuum discretization principles. To reduce computational demands, a less intensive process involves discrete models, where the continuum is replaced by a system of discrete elements meant to represent significant aggregate pieces and their interactions. This can take the form of particle models, such as the Discrete Element Method (DEM), which originated in the study of geo-materials and was later adapted to simulate cemented materials [29, 34, 38, 40]. Alternatively, lattice models represent material behavior using two-node structural elements, like beams or bars. Lattice models can be categorized into two approaches. The classical approach replaces the material with a truss or frame, and the user selects element sizes while assigning different properties to lattice elements to account for material heterogeneity [28, 35, 38, 40]. In contrast, lattice models can be formulated such that element sizes arise naturally from the material's mesostructure. Here, lattice nodes correspond to the centers of aggregates or grains, and the geometry of each element reflects actual connections between them [28]. However, early attempts at concrete mesostructural simulation suffered from various limitations. These limitations were substantially addressed by the development of the LDPM. This model, introduced in a series of publications [41–49], simulates the mesostructure of concrete using a three-dimensional assembly of particles generated randomly based on a given grain size distribution.
The behavior of concrete under dynamic loading conditions
The linear elastic domain
Concrete, as a heterogeneous material, exhibits unique behavior under dynamic loads. In the linear elastic domain, when the wavelength is significantly larger than the microstructure's characteristic size, the material can be represented by an effective homogeneous medium. This representation is based on the static homogenization of the material's unit cell (UC). However, when the wavelength is comparable to or shorter than the microscale characteristic length, scattering effects dominate, and the material cannot be represented as an effective homogeneous medium Srivastava, (2015) [50] such that the inertia associated with the local motion results in wave propagation characterized by dispersion and attenuation, which cause significant non-local effects. Accounting for the macroscopic, non-local effects, resulting from the microscopic local response is commonly addressed through dynamic homogenization. Several approaches have been proposed for such dynamic homogenization. These include self-consistent approaches [51–53], micromechanical techniques [54], multi multi-scattering approaches [55], and asymptotic homogenization [56–61].	Comment by Editor: This is formatted differently than other references
[bookmark: _Hlk502034208]It is well established that classic homogenization can effectively approximate low frequencies, accounting for higher higher-order terms of the asymptotic expansion required to introduce dispersion, attenuation, and polarization effects [56, 57, 59, 62]. However, those terms introduce a secular term that grows unbounded with time and invalidates the asymptotic expansion for long observation periods. This problem is solved by introducing a fast and a slow temporal scale to account for the rapid spatial plantations and the long-term response [57]. A different proposed approach entails finding an asymptotic expansion for the perturbation frequency [59]. By using Hamilton’s principle to formulate the macroscopic equation of motion, [54] captured the dispersion effect. Since it is an energy-based equation, micro inertia yields a high-energy state of the UC that is distinct from cases of uniformly distributed inertia. As a result, an additional macroscopic term arises. This macroscopic term can be referred to as an effective body force of the macroscopic equation of motion when the explicit solver is used. Similarly, addressing micro inertia as a macroscopic body force for the explicit solver has also been demonstrated by [63–65], while it has also been addressed by modifying the macroscopic mass matrix for the implicit solver [63, 64].
By using higher-order dynamic homogenization, the dynamic UC problem is shown to be dependent on macroscopic acceleration gradients. This indicates that the macroscopic and microscopic problems are coupled and that the UC problem must be analyzed at each macroscopic time’s increment, even for linear problems. To reduce computational costs, Fish, et al. (2012) [63] uncoupled those two problems by introducing the concept of the “quasi-dynamic” UC. According to this concept, the UC is analyzed as a static problem and the micro inertial forces are considered using a macroscopic dispersion tensor which depends on the heterogeneity of the UC.
However, the accuracy of macroscopic effects extracted from the microscopic response using any of the aforementioned approaches hinges crucially on the fidelity of the microscopic domain. When this domain is modeled as a conventional multiphasic continuum, capturing those linear-elastic effects can be effectively achieved. However, when dealing with complicated mesoscopic models like the LDPM where the phases are indirectly represented, accomplishing this goal presents substantial challenges.
Failure and post-failure
It is well established that materials exhibit special behaviors when subjected to dynamic loading. Understanding the dynamic behavior of concrete, in particular, is even more challenging owing to its heterogeneous nature. Under conditions of dynamic loading, concrete has been widely reported to show some unexpected behaviors before and during failure that are associated with the specimen’s strain rate. Dynamic modes of failure have been observed in many publications [66–70], including studies of dynamic crack propagation, and strain-rate-associated observations of crack velocity, paths, and branching, [69, 71–75]. However, most attention to date has been given to the so-called strain rate effect, which introduces a relationship between density and the degree of fracture, likely owing to the important practical consequences from an engineering point of view.
For most materials, strengthening is observed as the strain rate or the load rate is increased. The Dynamic Increase Factor (DIF) describes strengthening that occurs due to the strain rate. The DIF is defined as the dynamic strength obtained, as a function of strain rate, over the quasi-static strength. 
The work of Tedesco & Ross (1997) [76] and Hughes, et al. (1993) [77] reported Young’s modulus to be strain rate insensitive such that the static Young’s modulus can be used to convert stress rate into strain rate and vice versa. In contrast, most of the studies [70, 78–83] clearly indicate that the stress-strain relationship is strain-rate-dependent. However, the validity of these curves at low strain levels is questionable [84]. Furthermore, strain rates calculated under the assumption of Young’s Modulus being strain-rate-independent exhibit marked discrepancies when compared to direct calculations and numerical simulations [82].
While the strain rate effect has been well supported by experimental evidence, a well-founded theoretical explanation has not been supplied. However, several theories have been proposed and demonstrated in numerical simulations. One common explanation is the effect of inertia. Unlike the static domain, the inertia of the mass is a dominant factor in the dynamic domain. There have been attempts to explain the strain rate effect using longitudinal inertial forces. The inertial forces of the body under impact resist the applying force, an effect that yields a reduced strain. In the case of maximum strain failure criterion of concrete, this leads directly to an increase in strength. Based on this approach, Chandra & Krauthammer (1995) [85] proposed an explanation for the strain rate effect in a flawless material using spring-mass single degree of freedom (DOF) and 2-DOF models. However, the ultimate strain of concrete has also been reported to rise as the strain rate increases [67, 70, 86]. Thus, a more accepted explanation for the strain rate effect is the effect of lateral inertia [87–91], the so-called inertial confinement effect. According to this explanation, the radial inertial forces confine the specimen and thereby increase its strength. By using an energy method, this effect has been quantified in the elastic domain, and it is shown to be proportional to the square of the specimen’s diameter (Kolsky, 1949) [92]. By using the theory of elasticity, Forrestal, et al. (2007) [93] showed the distribution of stresses along the radial direction to be parabolic, consistent with the numerical results of Zhou & Hao (2008) [90].
In contrast, many studies have proposed that the root cause of the effect is an inherent property of the material, prompting the development of some “strain rate-sensitive” models [76, 77, 81, 94–98] through the development of constitutive equations based on experimental results. Others have proposed the cause of the increase in strength to be attributable to the viscosity of the hardened cement paste, thermally activated crack growth, the limit of crack propagation velocity, inertia effects around a crack, and the sensitivity of the material to pressure, leading to the development of appropriate models [75, 80, 99–103].
The discussion regarding whether the strain rate effect is an inherent material property or a structural property remains unsolved. However, recent studies have reported that the observed strain rate effect can be substantially impacted by multiple factors, including both structural and material properties [82, 104, 105]. Through a comprehensive analysis of 116 publications focused on the DIF of concrete, Fan et al. (2023) [105] investigated various causes of this phenomenon and proposed estimates of their relative impacts. 

Figure 1 from Fan et al. (2023) [105] presents experimental results regarding the DIF of concrete extracted from different studies, with each study being represented by a specific symbol and color. The legend is omitted here for the sake of brevity and can be found in their publication. Disagreements among the results associated with varying experimental setups ultimately yielded a handful of empirical formulas detailed in this study. 	Comment by Editor: I suggest reducing the Figure margin.
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Figure 1: DIF in relation to increasing strain rates, with distinct colored lines signifying the diverse influencing factors, Fan et al. (2023)

The research by Fan et al. (2023) [105] highlighted that the DIF is influenced by multiple factors. However, their study did not explore the impact of aggregates on the DIF of concrete. Conversely, Hao and Hao (2011) [106] undertook a systematic numerical investigation to explore how different levels of aggregate content affect DIF. Their findings demonstrated that with an increase in aggregate content, DIF also increases, and this trend becomes more pronounced under higher strain rates. Hao and Hao (2011) [106] elucidated this phenomenon by suggesting that an increase in strain rate promotes the propagation of cracks through the aggregates, consequently resulting in significantly higher -stress levels within the concrete. Incorporating the strain rate effect-related experimental results into the constitutive equations thus appears to result in the redundant doubled counting of the structural effects.
The fracturing of aggregates influenced by the rate was further investigated by M.H. Mussa, et al. (2018) [107]. Rate dependence is evident from the results of Split Hopkinson Bar experiments using non-reinforced normal-strength concrete. These experiments aimed to investigate the pathways of cracks under increasing strain rates, ultimately revealing that crack paths bypass the aggregates and propagate through the softer matrix or along the ITZ at strain rates between 30 and 50 s-1. When the strain rate was increased to 70 s-1, the paths of cracks straightened and passed through the aggregate. Due to the high cracking speed, fracturing followed the shortest path to release energy. Finally, at strain rates beyond 85 s-1, the cracking occurred in multiple directions, and the concrete specimen was crushed into small fragments due to dynamic effects. These observations signify the need to include fracturing through aggregates into the models in order to realistically capture the dynamic of fracturing.
The Lattice Discrete Particle Model
The LDPM uses a unique approach to discretize the geometric domain for simulations using weighted Voronoi cell tessellation. This method generates complex concave volumes known as "packs" instead of the simple convex volumes in traditional Voronoi cells. These packs are the foundational units of LDPM's mesh, forming lattice meshes by grouping adjacent packs. This innovative approach allows the LDPM to accurately represent concrete's intricate mesostructure, encompassing coarser aggregates within a surrounding matrix material. The model simulates the mechanical interaction between these course aggregate pieces within the mortar through interface facets shared between packs, known as "facets", representing potential failure regions under loading conditions. Notably, the LDPM assumes failure primarily occurs within the mortar region between coarser aggregate particles and does not explicitly model aggregate damage. To enhance its representation of real-world concrete structures, the LDPM incorporates concrete mix design data to determine node locations and sizes, accommodating the inhomogeneous distribution of aggregates that govern the material heterogeneity. Aggregate locations can be generated randomly using any random functions, while size distributions follow the Fuller curve.
The LDPM also develops discrete compatibility equations, providing a detailed description of particle displacements and rotations, and facilitating the computation of strain vectors at facets. Within each facet, the model allocates two components for assessing shear strains and a singular component for normal strain, as shown in Figure 2. 
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Figure 2: LDPM kinematics at the facets

The pseudo strain vector u(x) along the line (xN axis) that connects the centers of two particles through each facet is calculated according to Equation (1), [46]:
	
	(1)


where u(x) denotes the relative displacement vector, ui denotes the nodal displacement components, θi denotes the rigid body rotation components at node i (aggregate i center), xi denotes the spatial coordinate of node i, and x denotes the coordinate of the facet locations.
These strain vectors are then related to stress vectors through a mesoscale constitutive law, capturing various mesoscale behaviors such as cohesive fracturing, strain softening in tension, strain hardening in compression, material compaction due to pore collapse, frictional slip, dynamic rate, and creep effects. As it has been extensively calibrated and validated, the LDPM demonstrates superior capability as a means of replicating and predicting concrete behavior under diverse loading conditions, including uniaxial and biaxial compression tests, triaxial compression tests, hydrostatic compression tests, tensile tests, fracture tests, size effects, cyclic loading, and rate-dependent behavior. Moreover, the LDPM has been effectively applied to simulate penetration, blast, and fragmentation scenarios, showcasing its versatility in analyzing complex concrete structures.
This research proposes the development of a comprehensive multi-scale formulation to incorporate the damage behavior of concrete, specifically focusing on the aggregates within the concrete matrix while utilizing the principles of the LDPM. The novel approach aims to account for damage progression and the micro-inertia effect, enhancing the accuracy of concrete simulations across multiple scales. Additionally, a robust calibration and validation methodology is suggested to ensure the reliability and accuracy of the proposed model. The methodological approach envisioned for this study involves a multi-scale approach, encompassing experiments conducted on various scales within the concrete material. These experiments are designed to provide the parameters required by mechanical models at different scales, facilitating the calibration and validation process. By integrating modeling and experimental efforts across different scales, this research seeks to advance our understanding of concrete behavior and damage mechanisms, ultimately leading to improved predictive capabilities for concrete structures subjected to various loading conditions.
Research Objectives 
The primary objective of this proposed study is to develop computational methods for numerically simulating concrete structures when exposed to severe loading scenarios like blasts and penetrations. A central part of this endeavor is to incorporate, calibrate, and validate multi-scale models based on the LDPM. This discrete mesoscale model has recently emerged in this context. The LDPM has demonstrated its efficacy in replicating the behavior of normal-strength concrete under various loads, from direct tension and unconfined compression, characterized by strain softening and fracturing, to intensively confined compression, marked by strain hardening and material compression. Its utility as a means of simulating concrete structural components confirms its adeptness at mimicking fractures and fragmentation. However, a notable limitation of the LDPM is its omission of fracturing propagating through the aggregates and the effect of micro-inertia within the material. Our central hypothesis suggests posits that by utilizing observations and setting clear verification criteria for the model's accuracy, we aim to enhance our proposed research direction. This will refine the numerical representation of concrete structures under extreme load conditions, like blasts and penetrations, ensuring that they accurately reflect the varied behaviors of concrete under different load scenarios. The development and validation of such an intricate multi-scale model in this research endeavor will present several challenges that we plan to tackle with the following Specific Objectives: 	Comment by Editor: I’m not clear why this is here – this doesn’t fit with a statement of hypothesis and I think it would read better if this were deleted and the two bold sentences were joined together.
Specific Objective #1 Linear Domain: Formulating, calibrating, and validating a model capable of accurately capturing the linear-elastic response of concrete structures when influenced by micro inertia. This objective involves a multi-step process, beginning with the calibration of aggregate material properties at a small scale using available experimental data from the literature. Subsequently, a mesoscale model incorporating two phases of materials will be calibrated. An Abaqus-based mesoscale model will be created to validate the modified LDPM. The final validation of these models will be conducted using distinct criteria tailored to the specific approach of this research. Ultimately, this objective seeks to enhance our understanding of how micro in-insertia affects the linear-elastic behavior of concrete structures.    
Specific Objective #2 Non-linear Domain: For our second objective, we will examine various accepted theories that explain dynamic strength enhancement due to an increased strain rate. Among these theories, the inertia, confinement, and strain-hardening effects are particularly prominent. The inertia effect relates to faster loading rates leading to larger inertial forces, enhancing material resistance to deformation. Concurrently, the strain hardening effect suggests that higher loading rates activate more micro-fractures, resulting in greater energy dissipation. In light of these theories, our aim iswe aim to determine whether the modifications introduced to the model satisfactorily capture the dynamics of cracks, the DIF, and post-peak behavior, ensuring a comprehensive and accurate representation of material behavior under varying strain rates.
Significance 
Our proposed study aims to offer enhanced accuracy when predicting micro-inertia effects and various dynamic behaviors in heterogeneous materials, particularly concrete. Building upon the work of Roozbeh et al. (2017) [108], which successfully applied a multiscale homogenization approach in a static domain by coupling a fine-scale discrete model to a macro-scale continuum model, we will strive to develop a dynamic multiscale modeling strategy. This innovative approach will employ sophisticated computational tools and methods, promising to deliver more comprehensive and precise insights into the dynamic behavior of diverse materials. 
Understanding the behavior of concrete structures subjected to high strain rates analyzed using multi-scale computational tools, can significantly benefit society by offering two key advantages: 1) Enabling more energy-efficient material use conducive to the preservation of the global climate, and 2) Enhancing infrastructure safety against disasters. The approach outlined in this study aims to introduce a pioneering theoretical concept that is ideally poised for industrial adoption upon completion of this project. 
Our proposed project will contribute to the building market by extending the state-of-the-art computational tool as follows:
1. Efficiency in Material Use: The proposed advancements will empower structural engineers to optimize the quantity of construction materials required to support a structure. Engineers can perform multi-scale analyses for a broader spectrum of high-performance concrete applications if our proposed enhancement proves successful. Since multi-scale analyses offer more detailed insights than conventional computational tools, designers will have greater flexibility in their choices. Given that concrete is the most utilized construction material globally, reducing its consumption will translate to significant energy savings.
Discourse pertaining to construction-related energy for building projects has primarily revolved around operational energy components such as insulation and thermal mass. However, an analysis by Portal Williams (2013) [109] highlights the often-overlooked energy vested in the structural elements. This component is crucial for comprehensively understanding a building's energy profile. The production of cement raw materials involves exposure to high temperatures, making it notably energy-intensive. In addition, the limestone decomposition process employed during cement production accounts for nearly 10% of the world's carbon dioxide emissions, emphasizing the urgent need for energy-efficient construction methodologies. Pearlmutter et al. (2013) [110] quantified the energy-mass relationship for concrete, with figures of 65 kg/MJ for Israel-produced concrete and 78 kg/MJ for concrete from international sources.
The computational methods developed in this study will confer dual advantages. First, they will advocate for the design of thinner elements, reducing production-related energy use. Secondly, they will emphasize designs that extend the lifespan of these structures, delaying the need for replacement. Embracing this encompassing approach can decrease current and long-term energy consumption, heralding a new era of eco-conscious construction practices.
2. Enhancing Structural Integrity against Threats: The tools designed herein will equip engineers to better minimize infrastructural vulnerabilities against natural calamities and man-made threats. Specifically, the proposed tool is designed to handle multi-scale analyses of concrete structures subjected to high-strain-rate loads from blasts, seismic events, and other extreme occurrences.
The ripple effects of this project are also expected to extend beyond the confines of construction, as our pioneering methodologies have the potential to be adapted for many materials, potentially leading to groundbreaking innovations in various scientific domains.
Detailed Description of the Proposed Research
The roles of the Principal Investigators (PIs) and collaborators in executing the proposed research are intricately intertwined. Our collaborator, Prof. Roman Wan-Wendner, brings a wealth of knowledge in the meso-scale LDPM. Meanwhile, Dr. Avshalom Ganz offers his expertise in dynamic modeling using the multi-scale Abaqus approach. Dr. Gili Lifshitz Sherzer is well-versed in LDPM modeling, and Prof. Erez Gal specializes in multi-scale homogenization methods. The combination of their individual expertise is crucial for the successful completion of the proposed research.
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1.1 Incorporating Effective Aggregate Mass/Density: Introducing New Parameters
Incorporating aggregate density into the LDPM will represent a significant step towards enhancing the model's precision when replicating the behavior of concrete, with a particular emphasis on micro-inertia effects. These effects originate from the inertial properties of microscale constituents within a material and substantially impact overall material behavior. The mass or density of these microscopic components is closely tied to these effects.
Current LDPM Approach: The current iteration of the LDPM uses a method to model the complexity of heterogeneous components in materials like concrete. Instead of separately computing the contributions of each component (water, cement, aggregate, and air), an average density is determined. While this strategy simplifies the computational and mathematical aspects of the model, making material behavior analyses more straightforward, it may overlook certain dynamic effects.
Solution: In this project, we plan to bridge this gap by introducing parameters that can aptly represent this phenomenon. The added parameters should have a clear physical meaning or basis. Rather than being incorporated arbitrarily, these parameters will be based on a real-world or theoretical understanding of the material or system in question. 
1.1.1 Split the aggregates in the LDPM
The pivotal advancement of our research plan is the formulation of a lattice model capable of capturing high-strain rate responses in concrete. This approach is essential for considering fractures that pervade through the concrete aggregate, a crucial aspect when considering high-strain rate loads that typically induce straighter cracking paths, thereby leading to rapid fracturing followed by brittle failure. While our prior study [111] made key strides in this space by presenting an innovative geometry facilitating fractures within aggregate particles, our current endeavor aims to extend these improvements further by integrating the impact of strain rate into the existing LDPM framework. Historically, our emphasis was predominantly on static loads. The foundational design of the LDPM circumscribes its applicability, restraining mesh elements from intruding into the aggregate spheres. The LDPM traditionally operates on an interface mesh enveloping an aggregate, facilitating computations pertaining to forces, stresses, and the like.
A nuanced solution to overcoming these limitations was devised to adhere to the stipulation of keeping aggregate spheres exterior to the LDPM mesh by introducing a localized discretization concentrated around specific aggregate spheres. This entails replacing a candidate aggregate sphere with a constellation of smaller spheres. This innovative substitution, with quartet spheres supplanting the primary aggregate, permits the LDPM's meshing mechanism to be operational on these new particles. This, in turn, generates valid interfaces within the territory of the erstwhile aggregates. Nevertheless, the subdividing of the aggregates introduces its own set of complexities that warrant careful consideration. Chief among these is the micro-inertia effect: the mass and density of the fragmented particles must collectively equate to that of the original aggregate. Furthermore, to authentically encapsulate this effect, the centroid of mass for the fragmented units must align with that of the original aggregate. The centroid of mass is not just a geometric or mathematical concept but is intrinsically tied to the dynamic behavior of systems or materials, especially when micro-inertia effects are significant. Its accurate determination and consideration are vital for understanding and predicting the behavior of complex heterogeneous systems.
1.1.2 Calibrating LDPM parameters
To determine the mechanical properties of the new parameters tied to the model's aggregates, we will conduct simulations on a smaller scale, concentrating solely on aggregates. These simulations will be curve-fitted to align with the data sourced from Split-Hopkinson pressure bar (SHPB) experiments, as found in the available literature. With these mechanical parameters in place, the focus will transition to simulations at the mesoscopic level. The model will be assigned previously calibrated parameters for the aggregate facets in the initial phase. Subsequently, we will calibrate the parameters for matrix facets and the ITZ to fit the simulation with experimental results. This calibrated fitting ensures that the model represents the weakest links within the material. An additional phase will be introduced to incorporate the ITZ into the model. This addition necessitates adjustments in the form of subroutine formatting.     
       1.1.3 Generating Twin UC of ABAQUS-LDPM Models for the SHPB test
Goals: For this effort, we have two primary goals: 1) To verify the micro response, confirming the status of FEM as the ground truth in the linear elastic domain; 2) To assess the macroscopic (non-local) effects of the.
The SHPB test, introduced by Kolsky in 1949 [92], remains a favored technique for investigating materials' dynamic responses under high strain rates. Its hallmark lies in the indirect data-gathering methodology. Rather than obtaining measurements directly from the specimen, the test infers the state of the specimen from waveforms in the bars, ensuring an unbiased view of the material's characteristics. This process grants profound insight into the material's dynamic behaviors under intense stress scenarios. Building upon this, our prior research [112] introduced a unique multiscale strategy. We shifted from a singular reference problem to two interconnected models in Abaqus explicit, enabling consistent data interchange. The first, a macroscopic model, embodies the structural response via an effective homogeneous material that reflects the overarching behavior of its heterogeneous counterpart.
In contrast, the mesoscopic model delves into the microscopic dynamics using a Representative Volume Element (RVE) or UC that portrays the macroscopic reaction of the heterogeneous material. Given the emphasis on the dynamic behaviors of heterogeneous materials, it is appropriate to base the mesoscopic dynamic model on SHPB principles. This prior work lays a robust foundation against which the outcomes from the LDPM SHPB simulation will be compared. This comparative study will confirm the mesoscale responses, confirming the FEM as the ground truth in the linear elastic domain while ensuring good compliance in the macroscopic effects of the twin models, primarily focusing on the wave patterns on the bars. Figure 3 shows the numerical configurations for both Abaqus and LDPM.
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Figure 3. Twin models for the SHPB. (Left) Abaqus UC between the bars and a view of the various layers within the UC, (Right) LDPM UC similarly positioned between the bars.
[bookmark: _Hlk148129107]Fundamentally, the heterogeneity of the concrete is mimicked in the LDPM by variations in particle size together with Voronoi-like meshes. In our proposed study, we aim to apply this identical LDPM mesh structure to our Abaqus model, as this topology is essential for conducting a meaningful comparison between the two methodologies. 
1.1.4 Generate Dispersion Curves:
Extract We will extract the dispersion curves from the SHPB for each of the twin samples and verifying verify them. This detailed comparison aims to shed light on potential differences in wave propagation characteristics, possibly focusing on aspects such as attenuation and polarization. The novelty of our approach lies not just in the extraction but also in the depth of analysis we are intending to undertake. Dispersion curves are essential as they interpret the complicated relationship between the wavevector (which represents spatial frequency) and the actual frequency for of waves traveling through the material. By producing these curves for the RVE, we hope to glean insights into how microscale structures might influence wave propagation on a broader scale. 
1.1.5 Comparison micro – twins	Comment by Editor: This is awkward, can you say “Twin comparisons at the microscopic level” or similar?
In our study on of concrete at the microscopic level, it's it is paramount to draw accurate comparisons, especially with twins -—samples that initially appear almost identical initially. Our methodology involves both direct and indirect comparisons. For direct comparisons, we examine velocities and strains. Any slight variations in velocities can hint at differences in dynamic responses, while contrasting strains can unveil deformations, suggesting underlying structural differences or inherent defects. Beyond these, we form indirect criteria, capturing the intricate interactions at the micro level. This includes examining energy absorption rates, observing wave propagation patterns, evaluating stress-strain relationships to understand elasticity, analyzing frequency responses, and giving insights into vibrational characteristics and damping capacities. This multifaceted approach, merging direct and indirect criteria, enhances will enhance our understanding of their unique and common behaviors.
1.2. Macro	Comment by Editor: Can you expand this into a phrase or sentence?
1.3. Develop a methodology to extract/quantify the micro- inertia effect on the macro domain
Using dispersion curves, we will identify any deviations from classical continuum predictions, especially at high wavevectors. These deviations may indicate the influence of micro-inertia.
1.3.1. Energies, dispersion curves, and analysesis:
We will consider the total energy and its distribution within the RVE and will analyze how much of this energy is kinetic (associated with particle motion, and hence inertia) and how much is potential (associated with forces between particles). The distribution and proportion of kinetic energy will provide insight into micro-inertia effects.
1.3.2. Testing-based validation
After the incorporation of the new parameters, the modified model will be rigorously tested and validated against both old and new experimental data selected from the literature to ensure it still accurately predicts known behaviors and improves predictions in previously problematic areas. If discrepancies exist, we will return to the microscale model for further refinement.
1.3.3. Cross-Verification of LDPM Simulations with Reference Beams Modeled in Abaqus
Using homogenization techniques, we will project the microscale behaviors onto a macroscale model. This will entail averaging the behaviors observed at the microscale to generate effective material properties for a macroscale model. The difference between these effective properties and those predicted by classical continuum theories will indicate the influence of micro-inertia on this system.
2. Specific Objective #2 Non-linear Domain – -Cracks
2.1. Modification of the failure criteria for the impact regime 
2.2. A magnification model for dynamic crack propagation through aggregates: 
In an effort to advance the accurate capture of crack patterns, simulations on a unique UC will be performed, subjecting it to increasing strain rates to investigate the compressive behavior of plain concrete. The distinctive UC, embedded with long-shaped aggregates and designed with two notches and plants around its surface, is engineered to amplify the cracking phenomenon within the model. The simulation commences with a low strain rate, enabling the crack to travel a very long path through the weak layers while bypassing the rigid aggregates. As the strain rates increase, it paves a path for the crack to navigate, further increasing the strain rate until ultimate fragmentation. This comprehensive process will also be performed on a standard UC for comparative analysis. Finally, verifying the observation and examination of the crack patterns, DIF trends, and fragmentation, as presented in Figure 4.
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Figure 4. UCs are utilized for analyses of crack propagation under increasing strain rate conditions. (a) A unique UC designed to emphasize the cracking phenomenon by incorporating elongated aggregates and additional features; the red curve shows crack patterns at a low strain rate, green for an increased rate, and blue for a subsequent rate. (b) LDPM's 2D mesh configuration for a UC with its original aggregate form. (c) Crack formation at a low strain rate is shown on the UC from part (b). (d) A UC with its original aggregate shape discretized as in our pioneering method to account for aggregate fractures, presenting crackks propagation under an increased strain rate. (E) As depicted in (d), but with a superior higher strain rate.
As detailed in a section presented earlier, under conditions of high-strain rate loads, the trajectory of cracks through aggregates is straighter. To address this specific behavior, our prior research effort integrated a local discretization technique designed to introduce additional fracture surfaces within the aggregate. Our exploration was comprehensive, scrutinizing numerous configurations of sphere spatial packing within the primary aggregates when subjected to static loads.
Nevertheless, the dynamics of material behavior under high-strain-rate loads present a unique set of challenges. It is conceivable that the current schemes for spatial packing may not be optimally configured for these conditions. Given the propensity for cracks to adopt more direct trajectories under dynamic loads, it is imperative that our spatial packing configurations be re-evaluated. To better represent and capture these straighter crack patterns, we may need to augment the number of surfaces within our discretization approach. This refinement ensures that the model remains faithful to the observed behaviors of concrete under high-strain rate loads, providing more accurate and meaningful insights. 
2.3. Verify that rate effects on for the numerical model agree with empirical trends
When brittle materials, like certain types of concrete, break, the way they fracture reveals a lota large amount of information about how they absorb energy. These materials crack, break into pieces, and dissipate energy in patterns that have a repetitive nature, much like a fractal. Feng et al. (2022) [113] identified a relationship between these fractal patterns and the amount of energy absorbed. Specifically, as the fractal pattern becomes more complex, the energy absorption also incressesincreases, but not always at the same rate. Some of this absorbed energy goes into creating and spreading cracks, while some becomes kinetic energy in the broken pieces. When the material is impacted at higher speeds, more energy goes is transformed into theinto kinetiic energy than into the damage itself. To verify these findings, we're we plan togoing to simulate how foamed concrete, a type of brittle material, responds to impacts and compare our simulated test results. We will also investigate the fractal nature of the broken pieces, focusing on the smaller fragments (those under 5 mm in size). By examining their size distribution and comparing it to experimental findings from other researchers, we aim to further our understanding of this energy absorption and fractal relationship.
The DIF, which essentially quantifies the increased strength of materials under rapid loading, is expected to showcase varying behavior with different strain rates and aggregate compositions. In addition, our research endeavors to place , a significant emphasis placed on capturing the dynamic modes of failure in materials. However, merely identifying these modes through simulations or theoretical analysis won't will not suffice. To ensure the authenticity and applicability of our findings, we will validate the identified failure modes against experiments collected from the literature.	Comment by Editor: Avoid informal contractions
Preliminary results
Splitting the aggregates 
The first enhancement to our research plan is the formulation of a lattice model capable of capturing high-strain rate responses in concrete. Building on the advances made in our previous work [111], which introduced a novel geometry that permits fractures through aggregate particles, our work will extend these improvements by integrating the impact of strain rate into the existing LDPM framework. In our previous work, we primarily focused on static loads. In the unique case of high-strength concrete, fractures can also propagate through aggregates due to the stiff matrix that matches the rigidity of the coarse aggregates. We conducted a three-point bending test simulation with a notched beam and compared the findings from the original LDPM, our modified model, and an actual experiment (see Figure 5). Our findings revealed that the fracture energy deviation of the original model from the experimental results was 28.95%, significantly higher than the 15.9% deviation seen when using our improved model. This decrease in error signifies a 13.05% enhancement of modeling accuracy in this specific scenario. Fracture energy is a critical parameter when measuring fracture toughness, as it signifies a material's capacity to resist crack propagation. The work by Griffith (1921) [114], which resulted in an equation to determine the critical crack length, linked it with the fracture energy parameter. This 13% enhancement achieved using our model increases the accuracy of predictions regarding the brittleness of concrete. While we have made substantial strides in refining this approach through our previous research, further advancements are expected to contribute to broader and more impactful improvements in the field. Our ongoing research commitment and strategy proposed herein are set to further refine and optimize the understanding and applications of concrete behavior under various conditions, leading to safer and more sustainable infrastructure.
[image: ]
Fig. 5 Load-mouth opening for simulation results of the original LDPM mesh and our proposed method were compared in an experiment using a beam with a height of 152 mm. 

The LDPM mesh is shown in dark gray, fractures are shown in white, and aggregate cross sections are filled circles.
Our technique has already facilitated the more realistic simulation of the structure of concrete, providing an essential advancement that improves our understanding of how concrete behaves under various conditions. While this model strengthens our predictive capabilities, additional refinements are still necessary.
1. SHPB FEM	Comment by Editor: Why are these here?
2. Micro inertia
Potential Pitfalls 
1. Modeling Limitations
Micro Inertia in the LDPM: Integrating new parameters to capture the micro inertia effect at aggregate facets may increase the complexity of the original LDPM formulation. If these parameters are not meticulously calibrated, they may result in off-target predictions. The incorporation of excessive parameters can also amplify the complexity of efforts to model the mechanical behavior of concrete, potentially making it harder to attain reliable results. 
Aggregate Subdivision: While the innovative approach of subdividing aggregates may allow for improved modeling, it entails challenges including ensuring the total mass remains consistent and accurately modeling the dynamic behavior of the new fragmented units.
2. Simulation Challenges
Comparison Difficulties: Direct comparisons between micro-twins can introduce discrepancies, especially when using different modeling approaches. Differences in velocities, strains, and other metrics may arise due to inherent differences in modeling methodologies. Nevertheless, integrating the LDPM mesh framework into the Abaqus model comes with challenges, arising primarily from the intrinsic limitations of each method. Notably, the Abaqus approach is particularly sensitive to mesh quality, a characteristic not shared by LDPM. This constraint on mesh quality could hinder model applications when the goal is to apply the same mesh across both methodologies uniformly. Furthermore, LDPM meshing is inherently flexible, devoid of angle or edge size constraints. In contrast, attaining a successful solution in Abaqus greatly hinges on adherence to a minimum edge length.
3. Parameter Calibration and Validation
Calibration and validation challenges: The precision of the newly introduced parameters heavily relies on the integrity and representativeness of the calibration data employed. Variability in the data or overlooked elements in experimental setups may introduce perceived discrepancies into the model. Similar challenges may also arise during the validation process. 
4. Macroscopic Projections
Homogenization Techniques: Projecting microscale behaviors to the macroscale can introduce errors. While homogenization averages microscale behaviors, it might only account for some microscale nuances, especially when micro-inertia is significant.
Collaboration and Technology Transfer
The intricate tasks encompassed within this project necessitate a seamless and synergistic collaboration between the Principal Investigators (PIs) PIs from Israel and Prof. Wan-Wendner's research group at Ghent University. 
The lead PIs and their research group from Israel possess the essential scientific and technological prowess needed to establish multi-scale computational and experimental frameworks. In contrast, Prof. Wan-Wendner and his team provide unparalleled expertise on the LDPM and its practical applications.
The LDPM is presently integrated into the commercial software platform MARS (Modeling and Analysis of the Response of Structures). ES3, an American private enterprise offering computational assistance to several US Department of Defense agencies, has crafted this software in collaboration with Wan-Wendner's research team. Concurrently, the Israeli PI has showcased proficiency in implementing unified multi-scale frameworks, conducting multi-scale validation experimental studies, and initiating a process to fracture the aggregate.
The project's envisioned pathway suggests that Dr. Gili Lifshitz Sherzer will develop the LDPM unit cells encompassing the aggregate. Following this, she will focus on refining LDPM by incorporating new parameters, employing MARS as the micro-scale problem solver. She will then analyze energy, DIF, velocity, stress, and strain metrics.
Dr. Avshalom Ganz will be entrusted with developing the Abaqus unit cell and its multi-scale homogenization on a parallel front. His final responsibility will be analyzing the results, mirroring the metrics used for LDPM.
Prof. Erez Gal will subsequently take the LDPM unit cell crafted by Dr. Gili and embed it into the proposed multi-scale formulation.
ConcludinglyThe in-depth, the entrenched collaboration between the PIs and private sector entities ascertains ensures that the scientific milestones achieved in this project will be promptly accessible to both the scientific and engineering domains.
Available Resources
The facilities within the civil engineering department at both Ariel and BGU constitute the primary Israeli resources for this research. These departments are equipped with a high-performance computing (HPC) server. Our computational cluster is categorized into four distinct segments. The first segment consists of 40 nodes, each packed with 36 cores and 188 GB of memory. The second features 10 nodes, each fortified with 72 cores and 388 GB of memory. The third segment is composed of 3 GPU nodes, and each of these is fitted with 40 cores alongside 8 RTX6000 GPUs. Lastly, there is a specialized GPU node that houses 40 cores and is equipped with 8 V100 GPUs, all interconnected with nvlink. In terms of software capabilities, the laboratory is proficient with an array of computational tools, including but not limited to ABAQUS/SIMULA, MARS, ATENA, MATLAB, FORTRAN, C++, AUTOCAD, PATRAN, NASTRAN, ANSYS, LSDYNA, AUTODINE, and MATHEMATICA. The Israeli resources includes the following experimental equipment as well: High High-speed camera and data acquisition system; Mixers, Concrete Beams Moulds, Vibrating Poker, Compression/Tension Press, and Load-cells.
Budget Details
Resources Request:
Applications

The suggested proposed project is primarily based research is mostly based on computational work. More specifically, multiscale modeling methods are restricted by the cumulative computational cost and unwieldy equations that function with multiple scales and large sets of experimental data combined into models. An ideal method must include pre-conditioners, i.e., reliable mathematical techniques accounting for the input data and the different scenarios of the problem into in numerical simulations. Again, mModeling tools of for new concrete structures are computationally costly. For instance, a numerical simulation would require the convergence of millions of small, finite elements. Thus, purchasing high-end computing (e.g., multi-CPU, GPU, or extensive RAM) systems, use of local clusters, or access to super-computers, such as an HPC server or an NVIDIA DGX Station is required. 
In short, we intend to construct a computational lab equipped with an additional workstation to the one we have and numerical hydro-code computer program of MARS.	Comment by Editor: This is phrased awkwardly but I am not certain of the intended meaning.
[image: ]
Experiments
Besides investigating structure-property relationships, the objective of experiments combined with computational modeling is to characterize and enhance material performance. Since predictive modeling capabilities have become wider-ranging   and more quantitative, a comparable level of detail resulting from experiment and characterization tools is necessary to validate these multiscale models and motivate extended theoretical and computational progress. As such, we intend to characterize some of material properties based on the following. The nNanoindentation process is the conventional approach for obtaining local mechanical properties through hardness measurements. 
This type of test outcome includes elastic behavior, macroscopic yield stress, hardness, local contact characteristics, 
[bookmark: _Hlk97817732]and internal stresses in or near surface phases.  Use in proposed research To achieve stiffness of each constituent phase for assigning mechanical properties for numerical simulation. For the validation prosses process the experiments will be collected from the literature and compared to the simulations.  
[image: ]




  






Total Budget Requested:
	Item
	Sub title item
	Quotation
(USD)
	Type
	Description

	
	Mars software
	(8000) for four years / per year (2000)
	
	

	
	HPC server
	56,840
	
	(CPU:64 Cores, RAM:64Gb)

	
	NVIDIA DGX Station
	57000
	NVIDIA DGX Station
	

	
	PI laptop
	3*3000
	
	

	
	Doc station + ex
	3*5000
	
	

	
	Monitors and computers for students
	3*3000
	
	

	
	Nanoindentation
	163400
	Nanovea Micro- and Nano- Material testing
	Height: 1.905m Width: 2.55m Depth: 1.275m

	Support for students (graduate and undergraduate)
	
	4*60000
	
	

	Travel
	
	44000
	
	

	Publication fee
	
	40,000
	
	

	Total price
	
	642240
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[image: ]
Salaries:
[image: ]
	Semester
	30-Oct -
14-Mar
2024-2025
	15-Mar -
30-Jun
2025
	1- Jul -
28-Oct
2025
	29 – Oct -20 Jan
2026-2027
	21- Jan -10 Mar
2028
	11- Mar 1 Jan
2029
	2 -Jan - 1-Oct
2029

	Theory 
	 
	 
	 
	 
	 
	 
	 

	Changing the sub-routine 
	 
	 
	 
	 
	 
	 
	 

	Simulations of the twins
	 
	 
	 
	 
	 
	 
	 

	Simulations of macro scale
	
	
	
	
	
	
	

	Suggested experiment
	
	
	
	
	
	
	

	Validation 
	 
	 
	 
	 
	 
	 
	

	Publishing articles
And writing the Thesis
(step 7)
	
	
	
	
	
	
	


PROJECT TIMELINE
References:
 1. 	Drucker DC, Prager W (1952) Soil mechanics and plastic analysis or limit design. Q Appl Math 10:157–165
2. 	Riedel W, Thoma K, Hiermaier S, Schmolinske E (1999) Penetration of reinforced concrete by BETA-B-500 numerical analysis using a new macroscopic concrete model for hydrocodes. In: Proceedings of the 9th International Symposium on the Effects of Munitions with Structures. Berlin-Strausberg Germany
3. 	Haeri H, Shahriar K, Marji MF, Moarefvand P (2014) Cracks coalescence mechanism and cracks propagation paths in rock-like specimens containing pre-existing random cracks under compression. J Cent South Univ 21:2404–2414. https://doi.org/10.1007/s11771-014-2194-y
4. 	Shin L, Chang (2008) Numerical modeling for cyclic crack bridging behavior of fiber reinforced cementitious composites. Struct Eng Mech An Int’l J 30:147–164
5. 	Belytschko T, Black T (1999) Elastic crack growth in finite elements with minimal remeshing. Int J Numer Methods Eng 45:601–620
6. 	Belytschko T, Chen H, Xu J, Zi G (2003) Dynamic crack propagation based on loss of hyperbolicity and a new discontinuous enrichment. Int J Numer Methods Eng 58:1873–1905
7. 	Moës N, Dolbow J, Belytschko T (1999) A finite element method for crack growth without remeshing. Int J Numer Methods Eng 46:131–150
8. 	Chandler MQ, Lawrimore WB, Edwards MC, et al (2019) Mesoscale Modeling of Cementitious Materials: Phase I Geotechnical and Structures Laboratory
9. 	Ortiz M, Pandolfi A (1999) Finite‐deformation irreversible cohesive elements for three‐dimensional crack‐propagation analysis. Int J Numer Methods Eng 44:1267–1282
10. 	Bažant ZP, Oh BH (1983) Crack band theory for fracture of concrete. Matériaux Constr 16:155–177. https://doi.org/10.1007/BF02486267
11. 	Cervera M, Chiumenti M (2006) Smeared crack approach: back to the original track. Int J Numer Anal methods Geomech 30:1173–1199
12. 	Einsfeld RA, Elwi AE, Bittencourt TN, Martha LF (1997) Numerical simulation of fracturing in concrete structures using a combination of smeared and discrete approaches. Int J Rock Mech Min Sci 34:189-e1
13. 	Rots JG (1991) Smeared and discrete representations of localized fracture. Int J Fract 51:45–59
14. 	Balan TA, Spacone E, Kwon M (2001) A 3D hypoplastic model for cyclic analysis of concrete structures. Eng Struct 23:333–342
15. 	Balan TA, Filippou FC, Popov EP (1997) Constitutive model for 3D cyclic analysis of concrete structures. J Eng Mech 123:143–153
16. 	Bažant ZP, Caner FC, Carol I, et al (2000) Microplane model M4 for concrete. I: Formulation with work-conjugate deviatoric stress. J Eng Mech 126:944–953
17. 	Caner FC, Bažant ZP (2000) Microplane model M4 for concrete. II: Algorithm and calibration. J Eng Mech 126:954–961
18. 	Grassl P, Jirásek M (2006) Plastic model with non‐local damage applied to concrete. Int J Numer Anal Methods Geomech 30:71–90
19. 	Pivonka P, Ožbolt J, Lackner R, Mang HA (2004) Comparative studies of 3D‐constitutive models for concrete: application to mixed‐mode fracture. Int J Numer Methods Eng 60:549–570
20. 	Salari MR, Saeb SA, Willam KJ, et al (2004) A coupled elastoplastic damage model for geomaterials. Comput Methods Appl Mech Eng 193:2625–2643
21. 	Bažant ZP, Di Luzio G (2004) Nonlocal microplane model with strain-softening yield limits. Int J Solids Struct 41:7209–7240
22. 	Bazant ZP, Jirásek M (2002) Nonlocal integral formulations of plasticity and damage: survey of progress. J Eng Mech 128:1119–1149
23. 	Cofer WF, Kohut SW (1994) A general nonlocal microplane concrete material model for dynamic finite element analysis. Comput Struct 53:189–199
24. 	Hasegawa T, Bažant ZP (1993) Nonlocal microplane concrete model with rate effect and load cycles. I: General formulation. J Mater Civ Eng 5:372–393
25. 	Ožbolt J, Eligehausen R (1995) Modeling of reinforced concrete by the non-local microplane model. Nucl Eng Des 156:249–257
26. 	Jirásek M (2000) Comparative study on finite elements with embedded discontinuities. Comput Methods Appl Mech Eng 188:307–330
27. 	Belytschko T, Krongauz Y, Organ D, et al (1996) Meshless methods: an overview and recent developments. Comput Methods Appl Mech Eng 139:3–47
28. 	Bažant ZP, Tabbara MR, Kazemi MT, Pijaudier-Cabot G (1990) Random particle model for fracture of aggregate or fiber composites. J Eng Mech 116:1686–1705
29. 	Bolander  JE J, Hong GS, Yoshitake K (2000) Structural concrete analysis using rigid‐body‐spring networks. Comput Civ Infrastruct Eng 15:120–133
30. 	Carol I, López CM, Roa O (2001) Micromechanical analysis of quasi‐brittle materials using fracture‐based interface elements. Int J Numer Methods Eng 52:193–215
31. 	Cundall PA, Strack ODL (1978) BALL-A program to model granular media using the distinct element method. Tech note
32. 	Cundall PA (1971) A computer model for simulating progressive, large-scale movement in blocky rock system. In: Proceedings of the international symposium on rock mechanics. pp 129–136
33. 	Cundall PA, Strack ODL (1979) A discrete numerical model for granular assemblies. geotechnique 29:47–65
34. 	Kawai T (1978) New discrete models and their application to seismic response analysis of structures. Nucl Eng Des 48:207–229
35. 	Lilliu G, van Mier JGM (2003) 3D lattice type fracture model for concrete. Eng Fract Mech 70:927–941
36. 	López CM, Carol I, Aguado A (2000) Microstructural analysis of concrete fracture using interface elements. In: Proc., European Congress on Computational Methods in Applied Sciences and Eng. pp 1–18
37. 	Roelfstra PE, Sadouki H, Wittmann FH (1985) Le béton numérique. Mater Struct 18:327–335
38. 	Schlangen E (1995) Computational aspects of fracture simulations with lattice models. Fract Mech Concr Struct Proc Fram 913–928
39. 	Schlangen E, Van Mier JGM (2003) Shear fracture in cementitious composites part II: numerical simulations. In: Fracture mechanics of concrete structures. CRC Press, pp 671–676
40. 	Schlangen E, van Mier JGM (1992) Experimental and numerical analysis of micromechanisms of fracture of cement-based composites. Cem Concr Compos 14:105–118. https://doi.org/10.1016/0958-9465(92)90004-F
41. 	Cusatis G, Bazant ZP, Cedolin L (2001) 3D Lattice model for dynamic simulations of creep, fracturing and rate effect in concrete. In: Proceedings of the 6th International Conference on Cambridge, Cambridge, MA, USA. Elsevier Science, pp 20–22
42. 	Cusatis G, Bažant ZP, Cedolin L (2003) Confinement-shear lattice model for concrete damage in tension and compression: II. Computation and validation. J Eng Mech 129:1449–1458
43. 	Cusatis G, Bažant ZP, Cedolin L (2003) Confinement-shear lattice model for concrete damage in tension and compression: I. Theory. J Eng Mech 129:1439–1448
44. 	Del Prete C, Boumakis I, Wan-Wendner R, et al (2021) A lattice discrete particle model to simulate the viscoelastic behaviour of macro–synthetic fibre reinforced concrete. Constr Build Mater 295:123630
45. 	Abdellatef M, Vorel J, Wan-Wendner R, Alnaggar M (2019) Predicting Time-Dependent Behavior of Post-Tensioned Concrete Beams: Discrete Multiscale Multiphysics Formulation. J Struct Eng 145:. https://doi.org/10.1061/(ASCE)ST.1943-541X.0002345
46. 	Cusatis G, Pelessone D, Mencarelli A (2011) Lattice Discrete Particle Model (LDPM) for failure behavior of concrete. I: Theory. Cem Concr Compos 33:. https://doi.org/10.1016/j.cemconcomp.2011.02.011
47. 	Si H, TetGen A (2006) A quality tetrahedral mesh generator and three-dimensional delaunay triangulator. Weierstrass Inst Appl Anal Stoch 81:
48. 	Cusatis G, Mencarelli A, Pelessone D, Baylot J (2011) Lattice Discrete Particle Model (LDPM) for failure behavior of concrete. II: Calibration and validation. Cem Concr Compos 33:. https://doi.org/10.1016/j.cemconcomp.2011.02.010
49. 	Cusatis G, Pelessone D, Mencarelli A (2011) Lattice discrete particle model (LDPM) for failure behavior of concrete. I: Theory. Cem Concr Compos 33:
50. 	Srivastava A (2015) Elastic metamaterials and dynamic homogenization: a review. Int J Smart Nano Mater 6:41–60
51. 	Sabina FJ, Willis JR (1988) A simple self-consistent analysis of wave propagation in particulate composites. Wave motion 10:127–142
52. 	Kanaun SK, Levin VM, Sabina FJ (2004) Propagation of elastic waves in composites with random set of spherical inclusions (effective medium approach). Wave motion 40:69–88
53. 	Willis JR (2011) Effective constitutive relations for waves in composites and metamaterials. Proc R Soc A Math Phys Eng Sci 467:1865–1879
54. 	Wang Z-P, Sun C (2002) Modeling micro-inertia in heterogeneous materials under dynamic loading. Wave motion 36:473–485
55. 	Bedford A, Drumheller DS (2023) Introduction to elastic wave propagation. Springer Nature
56. 	Fish J, Chen W (2001) Higher-order homogenization of initial/boundary-value problem. J Eng Mech 127:1223–1230
57. 	Chen W, Fish J (2001) A dispersive model for wave propagation in periodic heterogeneous media based on homogenization with multiple spatial and temporal scales. J Appl Mech 68:153–161
58. 	Fish J, Chen W, Nagai G (2002) Non‐local dispersive model for wave propagation in heterogeneous media: one‐dimensional case. Int J Numer Methods Eng 54:331–346
59. 	Vivar-Pérez JM, Gabbert U, Berger H, et al (2009) A dispersive nonlocal model for wave propagation in periodic composites. J Mech Mater Struct 4:951–976
60. 	Brito-Santana H, Wang Y-S, Rodríguez-Ramos R, et al (2015) A dispersive nonlocal model for shear wave propagation in laminated composites with periodic structures. Eur J Mech 49:35–48
61. 	Hui T, Oskay C (2014) A high order homogenization model for transient dynamics of heterogeneous media including micro-inertia effects. Comput Methods Appl Mech Eng 273:181–203
62. 	Parnell WJ, Abrahams ID (2006) Dynamic homogenization in periodic fibre reinforced media. Quasi-static limit for SH waves. Wave Motion 43:474–498
63. 	Fish J, Filonova V, Kuznetsov S (2012) Micro‐inertia effects in nonlinear heterogeneous media. Int J Numer Methods Eng 91:1406–1426
64. 	Filonova V, Fafalis D, Fish J (2016) Dispersive computational continua. Comput Methods Appl Mech Eng 298:58–79
65. 	Karamnejad A, Sluys LJ (2014) A dispersive multi-scale crack model for quasi-brittle heterogeneous materials under impact loading. Comput Methods Appl Mech Eng 278:423–444
66. 	Elfahal MM (2002) Size effect in normal and high-strength concrete cylinders subjected to static and dynamic axial compressive loads. The Pennsylvania State University
67. 	Bischoff PH, Perry SH (1995) Impact behavior of plain concrete loaded in uniaxial compression. J Eng Mech 121:685–693
68. 	Bischoff PH, Perry SH (1991) Compressive behaviour of concrete at high strain rates. Mater Struct 24:425–450
69. 	Ožbolt J, Sharma A, Reinhardt H-W (2011) Dynamic fracture of concrete–compact tension specimen. Int J Solids Struct 48:1534–1543
70. 	Chen X, Wu S, Zhou J (2013) Experimental and modeling study of dynamic mechanical properties of cement paste, mortar and concrete. Constr Build Mater 47:419–430
71. 	Ravi-Chandar K, Knauss WG (1984) An experimental investigation into dynamic fracture: I. Crack initiation and arrest. Int J Fract 25:247–262
72. 	Reinhardt HW (1985) Tensile fracture of concrete at high rates of loading. In: Application of fracture mechanics to cementitious composites. Springer, pp 559–590
73. 	Zieliński AJ (1984) Model for tensile fracture of concrete at high rates of loading. Cem Concr Res 14:215–224
74. 	Brara A, Klepaczko JR (2006) Experimental characterization of concrete in dynamic tension. Mech Mater 38:253–267
75. 	Reinhardt HW, Weerheijm J (1991) Tensile fracture of concrete at high loading rates taking account of inertia and crack velocity effects. Int J Fract 51:31–42
76. 	Tedesco JW, Ross CA (1998) Strain-rate-dependent constitutive equations for concrete
77. 	Hughes ML, Tedesco JW, Ross CA (1993) Numerical analysis of high strain rate splitting-tensile tests. Comput Struct 47:653–671
78. 	Weerheijm J (1994) Concrete under impact tensile loading and lateral compression.
79. 	Zheng S, Häussler-Combe U, Eibl J (1999) New approach to strain rate sensitivity of concrete in compression. J Eng Mech 125:1403–1410
80. 	Grote DL, Park SW, Zhou M (2001) Dynamic behavior of concrete at high strain rates and pressures: I. experimental characterization. Int J Impact Eng 25:869–886
81. 	Zhang Z, Kong D, Gong G, et al (2007) Dynamic mechanical behavior of concrete under high strain rate using SHPB. J PLA Univ Sci Technol 8:611–618
82. 	joo Kim D, Sirijaroonchai K, El-Tawil S, Naaman AE (2010) Numerical simulation of the split Hopkinson pressure bar test technique for concrete under compression. Int J Impact Eng 37:141–149
83. 	Chen WF, Yuan RL (1980) TENSILE STRENGTH OF CONCRETE: DOUBLE-PUNCH TEST. ASCE J Struct Div 106:1673–1693. https://doi.org/10.1061/JSDEAG.0005493
84. 	Gama BA, Lopatnikov SL, Gillespie Jr JW (2004) Hopkinson bar experimental technique: a critical review. Appl Mech Rev 57:223–250
85. 	Chandra D, Krauthammer T (1995) Strength enhancement in particulate solids under high loading rates. Earthq Eng Struct Dyn 24:1609–1622
86. 	Körmeling HA, Reinhardt HW (1987) Strain rate effects on steel fibre concrete in uniaxial tension. Int J Cem Compos Light Concr 9:197–204
87. 	Le Nard H, Bailly P (2000) Dynamic behaviour of concrete: the structural effects on compressive strength increase. Mech Cohesive‐frictional Mater An Int J Exp Model Comput Mater Struct 5:491–510
88. 	Donze F V, Magnier S-A, Daudeville L, et al (1999) Numerical study of compressive behavior of concrete at high strain rates. J Eng Mech 125:1154–1163
89. 	Li QM, Meng H (2003) About the dynamic strength enhancement of concrete-like materials in a split Hopkinson pressure bar test. Int J Solids Struct 40:343–360
90. 	Zhou XQ, Hao H (2008) Modelling of compressive behaviour of concrete-like materials at high strain rate. Int J Solids Struct 45:4648–4661
91. 	Hao Y, Hao H, Jiang GP, Zhou Y (2013) Experimental confirmation of some factors influencing dynamic concrete compressive strengths in high-speed impact tests. Cem Concr Res 52:63–70
92. 	Kolsky H (1949) An investigation of the mechanical properties of materials at very high rates of loading. Proc Phys Soc Sect B 62:676
93. 	Forrestal MJ, Wright TW, Chen W (2007) The effect of radial inertia on brittle samples during the split Hopkinson pressure bar test. Int J Impact Eng 34:405–411
94. 	Tedesco JW, Ross CA, McGill PB, O’Neil BP (1991) Numerical analysis of high strain rate concrete direct tension tests. Comput Struct 40:313–327
95. 	Tedesco JW, Hughes ML, Ross CA (1994) Numerical simulation of high strain rate concrete compression tests. Comput Struct 51:65–77
96. 	Ross CA, Tedesco JW, Kuennen ST (1995) Effects of strain rate on concrete strength. Mater J 92:37–47
97. 	Tedesco JW, Powell JC, Ross CA, Hughes ML (1997) A strain-rate-dependent concrete material model for ADINA. Comput Struct 64:1053–1067
98. 	Vegt I, Pedersen RR, Sluys LJ, Weerheijm J (2020) Modelling of impact behaviour of concrete-an experimental approach. In: Computational Modelling of Concrete Structures. CRC Press, pp 451–458
99. 	Freund L Ben (1998) Dynamic fracture mechanics. Cambridge university press
100. 	Burlion N, Gatuingt F, Pijaudier-Cabot G, Daudeville L (2000) Compaction and tensile damage in concrete: constitutive modelling and application to dynamics. Comput Methods Appl Mech Eng 183:291–308
101. 	Park SW, Xia Q, Zhou M (2001) Dynamic behavior of concrete at high strain rates and pressures: II. Numerical simulation. Int J Impact Eng 25:887–910
102. 	Georgin JF, Reynouard JM (2003) Modeling of structures subjected to impact: concrete behaviour under high strain rate. Cem Concr Compos 25:131–143
103. 	Pedersen RR, Simone A, Stroeven M, Sluys LJ (2007) Mesoscopic modelling of concrete under impact. In: 6th International Conference on Fracture Mechanics of Concrete and Concrete Structures-FRAMCOS VI. Taylor & Francis Catania, Italy, pp 571–578
104. 	Cusatis G (2011) Strain-rate effects on concrete behavior. Int J Impact Eng 38:162–170
105. 	Fan H, Yu H, Ma H (2023) Dynamic increase factor (DIF) of concrete with SHPB tests: Review and systematic analysis. J Build Eng 107666
106. 	Hao Y, Hao H (2011) Numerical evaluation of the influence of aggregates on concrete compressive strength at high strain rate. Int J Prot Struct 2:177–206
107. 	Mussa M, Mutalib A, Hamid R (2018) Dynamic properties of high volume fly ash nanosilica (HVFANS) concrete subjected to combined effect of high strain rate and temperature. Lat Am J Solids Struct 15:
108. 	Rezakhani R, Xinwei Zhou, Cusatis G (2017) Adaptive multiscale homogenization of the lattice discrete particle model for the analysis of damage and fracture in concrete. Int J Solids Struct 125:. https://doi.org/10.1016/j.ijsolstr.2017.07.016
109. 	Williams Portal N, Lundgren K, Walter AM, et al (2013) Numerical modelling of textile reinforced concrete. In: Proceedings of VIII international conference on fracture mechanics of concrete and concrete structures. pp 886–897
110. 	Pearlmutter D, Meir IA, Huberman-Meraiot N (2013) The Embodied Energy of Building Materials in Israel. Jacob Blaustein Institutes Desert Res Ben-Gurion Univ Negev Ben-Gurion, Isr
111. 	Sherzer GL, Alghalandis YF, Peterson K (2022) Introducing fracturing through aggregates in LDPM. Eng Fract Mech 261:108228
112. 	Ganz A (2017) Using Split Hopkinson Pressure Bar Toward Concrete Dynamic Multiscale Analysis
113. 	Feng S, Zhou Y, Li QM (2022) Damage behavior and energy absorption characteristics of foamed concrete under dynamic load. Constr Build Mater 357:129340
114. 	Griffith AA (1921) VI. The phenomena of rupture and flow in solids. Philos Trans R Soc london Ser A, Contain Pap a Math or Phys character 221:163–198





image1.png
DIF

Wet Concrete

Concrete in
steel tube

Geopolymer concrete / "
with Rubber

i o
Note: Strain rate, S

Breaking line curves: Upper and lower bounds of the data point distribution range

Top-left figure: Zoomed-in image of Concentrated distribution area of data points.

Colored solid line: Logarithmic fitting line for data peints outside the main distribution area.

Data points: Data points of different colors and different shapes are from different individual experimental
research literature.




image2.png




image3.png




image4.png
v b i byl bl bl

N B E





image5.jpg
Load [N]

4000

3000

2000

1000

000

002

de152mm
noteh
004 006 008

Mouth Opening [mm]

— h1s2with

h152 without

o exp.his2

010

012

Original LDPM __ Our method

Cross-section at middle




image6.jpeg




image7.png




image8.png
Description 5t Year | 2nd Year | 3rd Vear | 2 Year | Country
ViSit team member at Ghent University | §5,000 | $5,000 | §5,000 | §5.000 | Erael
ViSit of Israell team 6,000 | $6.000 | §6.000 | $6.000 | Frael





image9.png
Name | Role In Project | % Time | 15t Year | 2nd Year | 3rd Year | 4th Year | Country
NA | __technician 5 [ $5000 | $5000 | §5,000 | $5,000 | rael
NA_| student at Ariel | 100 |$12,000] $12,000 |$12,000|$12,000 | Erael
NA | studentat BGU | 100 [$12,000] $12,000 612,000 12,000 | brael





