A Comprehensive Model for Dynamic Damage in Concrete Aggregates	Comment by Editor: Perhaps something more along the lines of “Comprehensively modeling dynamic damage in concrete aggregates”?
Abstract	Comment by Editor: You can extend this by providing a bit more background on current models/model deficiencies, and by offering more detail regarding your Aims and Experimental approach (this section can be up to a page in length, generally)
This proposed research effort aims to pioneer cutting-edge computational techniques for numerically simulating structures exposed to blasts or other high-strain-rate impacts, like blasts. 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. While the LDPM has been adeptly effectively calibrated and validated for typical concrete structures where damage is confined to the mortar, this study endeavors to expand its horizonthe applications of this model. We propose a  novel computational approach tailored to addressdesigned to address damage permeating through the concrete's aggregate, incorporating the micro inertia effect , all while remaining rooted in the LDPM framework. Beyond theIn addition to this innovative formulation, this researchour research project will introduce an experimentally-based also introduces a calibration and validation strategy based on experimental procedures. This experimental approach encompasses a series of tests across the multiple levels inherent to concrete. Such a multi-level testing procedure is crucial in to supplyinging the parameters necessary for mechanical models operating at different  the mechanical models demand at their respective scales.	Comment by Editor: End with some braoder statement about the applications/utility of your project if possible.
Scientific Bbackground
Traditional computational methods for concrete structure analysis have primarily focused  on its macroscopic or homogenized properties. Historical models, including the works of (Drucker & Prager (, 1952), ; Riedel, Thoma, Hiermaier, & Schmolinske (, 1999),; and Shin, Lee, & Chang (, 2008), have utilized continuum plasticity and damage models to represent concrete's mechanical behavior. While these models provide critical insights into concrete's how concrete responds response under varied loadings, they entail necessitate intricate meticulous calibration due to the numerous parameters they entail. However, a significant challenge lies in effectively accounting for concrete's heterogeneous microstructure remains a significant challenge, as . Ththis material possesses harbors various microstructures, including fibers, aggregate specifications, and water-to-cement ratios, each affecting itsof which ultimately affect  mechanical performance. These variancesThis variability amplified the inherent complexity of  amplify the complexities in 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, aiming with the goal of improving oto improve our understanding and enhancing the design capabilities opportunities for concrete structures in diverse applications. A distinctive characteristic of the micromechanics approach is its adaptability to 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 constituentscomponents, 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' diverse challenges in various conditionscontexts.
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 realm research space include the work of (Belytschko & Black (, 1999),; Belytschko et al. (, 2003),; Moës, Dolbow, & Belytschko (, 1999), and; Ortiz & Pandolfi (, 1999). 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 such as (Bažant & Oh (, 1983),; Cervera & Chiumenti (, 2006), ; Einsfeld et al. (, 1997), and; Rots (, 1991). 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 (Balan et al. (, 1997),; Balan et al. (, 2001),; Bažant et al. (, 2000),; Caner & Bažant (, 2000),; Grassl & Jirásek (, 2006), ; Pivonka et al. (, 2004), and ; Salari et al. (, 2004), 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 (Bažant & Di Luzio (, 2004),; Bažant & Jirásek (, 2002), ; Cofer & Kohut (, 1994),; Hasegawa & Bažant (, 1993), and; Ožbolt & Eligehausen (, 1995), offer partial mitigation of these issues. Another promising avenue of research involves using embedded discontinuity methods, as investigated by Jirásek (2000) investigated. In summary, the computational modeling of concrete fracture and failure has seen significant advancementsadvanced significantly through the application of through applying 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 spreading in arbitrary directions, branching, and sometimes coalescing. Unfortunately, a limitedthe set of computational tools that is are available that canto accurately and reliably simulate e 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 crack formations and interactions. The Extended Finite Element Method (X-FEM), introduced by Belytschko and Black (1999), has shown promise in modeling single fracture propagation. However, its applicability becomes challenging 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), 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 becomes is thus imperative to consider the its material's mesoscale behavior. Mesoscale concrete models, developed by researchers such as (Bažant et al. (, 1990),; Bolander et al. (, 2000),; Carol et al. (, 2001), ; P. Cundall & Strack (, 1978) ; P. A. Cundall (, 1971),; P. A. Cundall & Strack (, 1979),; Kawai (, 1978),; Lilliu & van Mier (, 2003),; López et al. (, 2000),; Roelfstra et al. (, 1985), ; Schlangen (, 1995), ; Schlangen & Van Mier (, 1992), 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 scale 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)LDPM, a discrete model that holds the potential to bridge the gap between mesoscale behavior and macroscopic structural response. This model will be further elucidated discussed in the subsequent section, offering and it offers a promising path toward more robust and comprehensive simulations of concrete failures under extreme loading conditions.
The simulation of the meso-structure 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 Lattice Discrete Particle Model (LDPM),LDPM with the goal of addressing  which addresses several drawbacks of earlier approaches. Initially, pioneering studies by researchers such as (P. Cundall & Strack, 1978; P. A. Cundall, 1971; P. A. Cundall & Strack, 1979) attempted to simulate the mesostructure of concrete meso-structure 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 (Bolander et al., 2000; Kawai, 1978; Schlangen, 1995; Schlangen & Van Mier, 1992). 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 (Bažant et al., 1990; Lilliu & van Mier, 2003; Schlangen, 1995; Schlangen & Van Mier, 1992). In contrast, lattice models can be formulated such that element sizes arise naturally from the material's meso-structure. Here, lattice nodes correspond to the centers of aggregates or grains, and the geometry of each element reflects actual connections between them (Bažant et al., 1990). However, early attempts at simulating concrete meso-structural simulation se suffered from various limitations. These limitations were substantially addressed by the development of the Lattice Discrete Particle Model (LDPM). LDPM,LDPM. This model, introduced by in a series of publications (Gianluca Cusatis et al., 2001; Gianluca Cusatis et al., 2003a, 2003b; Gianluca Cusatis, Bažant, & Cedolin, 2006; Gianluca Cusatis & Cedolin, 2007; Gianluca Cusatis, Mencarelli, et al., 2007; Gianluca Cusatis et al., 2008; Gianluca Cusatis, Pelessone, et al., 2007; G Cusatis, Polli, & Cedolin, 2004), simulates the mesostructure of concrete mesostructure using a three-dimensional assembly of particles generated randomly based on a given grain size distribution.
Concrete’s 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), such that . In this domain, scattering effects dominate, and the inertia associated with the local motion results in wave s propagation characterized by dispersion and attenuation, which cause significant non-local effects. Accounting for the macroscopic, non-local effects, raised resulting from by the microscopic, local, response, is commonly addressed by through dynamic homogenization. Several approaches have been proposed for such ddynamic homogenization. Some These include self-consistent approaches were employed (Sabina & Willis, 1988; ), (Kanaun, et al., 2004), (; Willis, 2011)) ,  micromechanical techniques (Wang & Sun, 2002), multi scattering approaches (Bedford & Drumheller, 1993), and asymptotic homogenization (Fish & Chen, 2001) , (; Chen & Fish, 2001; ) (Fish, et al., 2002; ), (Vivar-Pérez, et al., 2009; ) (Brito-Santana, et al., 2015; ) (Hui & Oskay, 2014).
[bookmark: _Hlk502034208]	It is well based established that whereas classic homogenization can effectively approximates low frequencies well, accounting for higher order terms of the asymptotic expansion required to introduce dispersion, attenuation, and polarization effects (Fish & Chen, 2001; ), (Vivar-Pérez, et al., 2009; ), (Chen & Fish, 2001; ), (Fish, et al., 2002; ), (Parnell & Abrahams, 2006). However, those terms introduce a secular term which that grows unbounded with time and , which invalidates the asymptotic expansion for long observation timeperiods. 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 (Chen & Fish, 2001). A different proposed approach entailswas proposed by finding an asymptotic expansion for the perturbation frequency (Vivar-Pérez, et al., 2009). By using Hamilton’s principal principle to formulate the macroscopic equation of motion, (Wang & Sun (, 2002) captured the dispersion effect. Since it is an energy-based equation, micro inertia yields a high-energy state of the unit cellUC thatwhich  is distinguished distinct from the 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 the micro inertia as a macroscopic body force for the explicit solver was has also been demonstrated by (Fish, et al. (, 2012), F(Filonova, et al. (, 2016), and (Karamnejad, et al. (, 2014), while it has also been addressed ) and by modifying the macroscopic mass matrix for the implicit solver (Fish, et al., 2012; ), (Filonova, et al., 2016).
	By using Higher higher-order dynamic homogenization, the dynamic unit cell UC problem is shown to be dependent on the macroscopic acceleration gradients. It This indicates that the macroscopic and microscopic problems are coupled, and therefore, thethat the  unit cell UC problem must be analyzed at each macroscopic time’s increment, even for linear problems. To reduce computational costs, (Fish, et al. (, 2012) uncoupled those two problems by introducing the concept of the “quasi-dynamic” unit cellUC. According to this concept, the unit cellUC is analyzed as a static problem and the micro inertial forces are considered by using a macroscopic dispersion tensor, which depends on the heterogeneity of the UCunit cell.
NeverthelessHowever, the accuracy of the 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 multiphasices continuum, capturing those linear-elastic effects, is well basedcan be effectively achieved. However, when dealing with complicated mesoscopic models like the LDPM , where the phases are indirectly represented, the accomplishment ofaccomplishing this goal presents substantial challenges.	Comment by Editor: Is this what was meant? “Well based” is not a common english phrase
Failure and post- failure
It is well based established that materials introduce exhibit special behaviorsa special behavior when subjected to dynamic loading. Understanding the dynamic behavior of concrete, specificallyin particular, is even more challenging owing to its heterogeneous nature. Under conditions of , owing to the heterogeneity nature of the material.  When subjected to dynamic loading, concrete has been widely reported to show some unexpected behaviors  before and during the failure that are, associated with the specimen’s strain rate. Dynamic modes of failure were have been observed in many publications  [(Krauthammer & Elfahal, 2002; ), (Bischoff & Perry, 1995; ), (Bischoff & Perry, 1991; ), (Ožbolt, et al., 2011; ), (Chen, et al., 2013)],  studies of dynamic crack’s propagation, and strain-rate-associated observations of crack’s velocity, paths, and branching, were reported [ (Ravi-Chandar & Knauss, 1984; ), (Reinhardt, 1985; ), (Zieliński, 1984; ) (Ožbolt, et al., 2011; ), (Brara & Klepaczko, 2006; ), (Reinhardt & Weerheijm, 1991). YetHowever, most attention is to date has been given to the so-called strain rate effect, which is introduced below, perhaps duelikely owing to the valuable important practical consequences in from an the engineering point of view.	Comment by Editor: Do you mean in the Figure? If so, call out the Figure number after assigning one.
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	For most of the materials, a strengthening is observed as the strain rate , or the load rate are is increased. The Dynamic Increase Factor (DIF) describes the 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. Figure ‎2.2 describespresents  the DIF of concrete vs. strain rate, for tension and compression. It can be seen that for characterized conventional weapon strain rate, a very significant tensile strengthening (DIF becomes about 8) is observed, whereas the compression DIF is about 2. 	Comment by Editor: Will reviewers be immediately clear what you are referring to here without reading the study the Figure is derived from? I’m unclear if “conventional weapons” entails bullets or explosives.
[image: ]	Comment by Editor: Note that for most of your Figures, the large amounts of white space can be eliminated by placing them in text boxes with corresponding titles and/or legends and then wrapping the text around the text boxes. This will reduce the length of the grant text.
[bookmark: _Ref348921434]Figure ‎2.2. Concrete DIF vs. strain rate. (Tedesco, et al., 1997)	Comment by Editor: Is this numbera holdover from a prior report? Adjust and potentially merge with the Figure above, if the reference is menat to refer to both. Otherwise, provide titles and/or legends for each Figure (ideally in a text box or similar to ensure they are distinct).
(Tedesco & Ross (, 1997) and  , (Hughes, et al. (, 1993) reported that the Young’s modulus to be strain rate insensitive such that , and therefore, the static Young’s modulus can be used to convert stress rate into strain rate , and vice versa. In contrast, most of the recent studies ([ (Weerhijm, 1992; ), (Zheng, et al., 1999; ), (Grote, et al., 2001; ), (Zhang, et al., 2007; ), (Joo Kim, et al., 2010; ), (Chen, et al., 2013, ) and others) ]  clearly indicate that the stress-–strain relationship is strain-r rate- dependent, an as in the example inexample is provided in Figure ‎2.3. YetHowever, the validity of these curves at low strain levelss is questionable (Gama, et al., 2004)). Furthermore, the strain rates calculated under the assumption of strain-rate-independent Young’s Modulus being strain-rate-independent exhibit marked discrepancies when compared to , shows a vast discrepancy to direct calculations and numerical simulations (Joo Kim, et al., 2010).	Comment by Editor: Not clear which Figure this is meant to refer to.
While the strain rate effect has been well supported by experimental evidence, a well based founded theoretical explanation has not been supplied. However, several theories have been proposed and demonstrated in numerical simulations. 
	OneA 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 are have been attempts to explain the strain rate effect using , by the longitudinal inertial forces.  The inertial forces of the body under impact resist the applying force, an effect which yields a reduced strain. In the case of maximum strain failure criterion of concrete, it this leads directly to an increase in strength. According toBased on this approach, (Chandra & Krauthammer (1, 1995) proposed an explanation for the strain rate effect in a flawless material, by a  using spring-mass single degree s of freedom (DOF) and 2-DOF models. However, the ultimate strain of concrete is has also been reported to risereported to increase as well, as the strain rate increases (Körmeling & Reinhardt, 1987; ), (Bischoff & Perry, 1995; ), (Chen, et al., 2013). Thus, a more accepted explanation for the strain rate effect is the effect of lateral inertia ([Donze, et al., 1999; ), (Le Nard & Bailly, 2000; ), (Li & Meng, 2003; ), (Zhou & Hao, 2008; ), (Hao, et al., 2013)],  the so-called inertial confinement effect. According to this explanation, the radial inertial forces confine the specimen, and therefore increase the strength of the specimenthereby 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). By using the theory of elasticity, (Forrestal, et al. (, 2007) showed the distribution of stresses distribution along the radial direction to be parabolic, which agreesconsistent with the numerical results of (Zhou & Hao (, 2008).	Comment by Editor: Overall?
	In contrast, many studies have proposed that the root cause of the effect is to be an inherent property of the material, prompting the development of. Thus, some “strain rate- – sensitive” models were developed (Tedesco, et al., 1991; ), (Hughes, et al., 1993; ), (Tedesco, et al., 1994; ), (Ross, et al., 1995; ), (Tedesco, et al., 1997; ), (Tedesco & Ross, 1998; ), (Vegt, et al., 2006; ), (Zhang, et al., 2007) through developing the development of constitutive equations based on experimental results. 
	Others have proposed the the cause of the increase in strength to be attributable to the increased strength’s cause to be the viscosity of the hardened cement paste, ta 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 . Based on that, appropriate models were developed (Reinhardt & Weerheijm, 1991; ), (Freund, 1998; ), (Burlion, et al., 2000; ), (Park, et al., 2001; ), (Grote, et al., 2001; ), (Georgin & Reynouard, 2003; ), (Pedersen, et al., 2007).
	The discussion regarding the whether the strain rate effect as beingis an inherent material property or a structural property remains unsolved. YetHowever, recent studies claim have reported that the observed strain rate effect can be comprehensively substantially impacted affected by multiple factors, including both – structural and material properties (Joo Kim, et al., 2010; ), (Cusatis, 2011;) and Fan et al., 2023). By Through a comprehensive analysis of 116 publications focused on the DIF of concrete,, focusing on concrete’s DIF, Fan et al.2023) investigated varies various causes of this phenomenon and proposed estimation estimates of their relative impacts.of their impact. 
Figure ** from Fan et al.2023) shows presents experimental results of regarding the DIF of concrete extracted from different studies, with each study being concrete’s DIF withdrawn from different studies, where each study is represented by a specific symbol and color. The legend is omitted here for the sake of brevity and can be found in their publication. The Disagreements among the results associated with varying experimental setups ultimately yielded disagreement of the results, associated with different setups, resulted in a handful of empirical formulas, which  are detailed in this study. Yet, perhaps more importantPerhaps most importantly, these findings suggest that , it suggests that the DIF is affected by various factors.
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 A particular factor which that was not examined by (Fan et al., 2023), is the effect of aggregates on concrete’s DIF.  A systematic numerical investigation…. By (Hao & Hao, 2011)
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Thus, Incorporatingimplementing the strain rate effect-related  experimental results into the constitutive equations seems thus appears to result in the redundant doubled to yield a double counting of the structural effects.
One key element in the fracturing of aggregates is the influence of the rate effect. The Rrate -dependence t is evident from the results of Split Hopkinson Bar experiments on using non-reinforced normal-strength concrete. These experiments aimed to investigate the pathways of cracks under increasing strain rates, ultimately revealing . The results showed 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 (see Figure 2). 
[image: ]	Comment by Editor: The text here is too small to be legible
Figure 2. Cracking pathways under increasing strain rates.
  [image: ]	Comment by Editor: Too small to be legible, and it is not clear where this Figure is meant to be references in the text
The Lattice Discrete Particle Model
The LDPM employs 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. LDPM's This innovative approach allows it the LDPM to accurately represent concrete's intricate meso-structure, 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 which that govern the material heterogeneity. The location of Aaggregate locations can be generated randomly using any random functions, while size distributions follows the Fuller curve. Additionally,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 represented shown in Figure 1. 
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Figure 1: LDPM kinematics at the facets
The pseudo strain vectors u(x), along the line (xN axis) that is connecting theconnects the centers of  two particles centers through each facet, is calculated according to the following Eequation (1):
	
	(1)


where u(x) denotes the relative displacement vector, ui denotes the nodal displacement components, and θi denotes the rigid body rotation components, at node i (element/aggregate i centrecenter), xi denotes the spatial coordinate of node i location, 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. The LDPM's equilibrium equations for each particle complete the model. As it has been eExtensively calibrated and validated, the LDPM demonstrates superior capability as a means ofies in  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 LLDPM 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 experimental methodology methodological approach envisioned for this research study involves a multi-scale approach, encompassing experiments conducted on various scales within the concrete material. These experiments are designed to provide the parameters the required by mechanical models require 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 Oobjectives & Eexpected Ssignificance	Comment by Editor: This setup is fine, though I often see “Research Objectives” and “Significance and Innovation” as two separate sections, back-to-back
The primary objective of this research initiativeproposed 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 Lattice Discrete Particle Model (LDPM) 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, typified by strain softening and fracturing, to intensively confined compression, marked by strain hardening and material compression. Its strength utility in 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 fractures via the aggregate process and the effect of micro-inertia. These observations form the bedrock of our proposed research direction. Indeed, developing and validating The development and validation of such an intricate multi-scale model within a singular research endeavorin this research endeavor will present several challenges that we plan to tackle with the following Specific Objectives:  presents challenges.	Comment by Editor: I’m not quite sure what you mean by this – see if you can phrase it slightly differently.	Comment by Editor: Do you have a hypothesis guiding this study, or can you formulate one? If so, I would introduce it here, immediately before your Specific Objectives
Specific Oobjective #1 Our primary objective includes overcoming the challenges of accurately capturing linear-elastic effects in complex mesoscopic models like the LDPM and ensuring the faithful representation of the microscopic domain in the this model. By doing this, the intentionFor this objective, our goal is to achieve a more reliable prediction of  the ability to more reliably predict concrete behavior under various dynamic loading scenarios, leading to the improved design and performance of concrete structures exposed to such conditions.	Comment by Editor: For each Objective, I recommend coming up with a short sentence that broadly summarizes your core Aim for that Objective, so that you can place it immediately following the “#1” in bold as a de facto obective title.	Comment by Editor: For both Objectives you should specify what you will do to achieve these objectives (briefly, since you will expand on it below) – currently this objective is fairly general in terms of the specific planned actions
Specific Oobjective #2 Involves For our second objective, we will examine examining various accepted theories that explain dynamic strength enhancement due to an increased strain rate. Among these theories, the inertia, confinement, and strain-hardening effects stand 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 higher loading rates activate more micro-fractures, causing resulting in greater energy dissipation. In light of these theories, our endeavor is directed toward aim is to determinening whether the modifications introduced to the model satisfactorily capture the dynamics of cracks and the DIF, ensuring a comprehensive and accurate representation of material behavior under varying strain rates.
Significance: Our suggested proposed study aims to offer enhanced accuracy in when predicting micro-inertia effects and various dynamic behaviors in heterogeneous materials, particularly concrete. Building upon the work of Roozbeh et al. (2017), 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. 	Comment by Editor: This section is well written and effectively highlights some of the broader potential benefits of your project.
Understanding the behavior of concrete structures subjected to high strain rates , analyzed by using multi-scale computational tools, can significantly benefit society by offering two key advantages: 1) Enabling more energy-efficient ways material use conducive to the preservation of the global climate,to sustain our world and 2) Enhancing the safety of our infrastructures safety aagainst disasters. The approach proposed outlined in this study aims to introduce a pioneering theoretical concept that is ideally poised for industrial adoption by upon completion of this project. the culmination of the proposed project. 
The Our suggested proposed project intends towill contribute to the building market by extending the state-of-the-art computational tool as follows:
1. Efficiency in Material Use: The proposed advancements proposed 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 hHigh-pPerformance cConcrete 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 translates to significant energy savings.
Discourse pertaining to construction-related energy Building construction's energy discoursefor building projects  has primarily revolved around operational energy components such as insulation and thermal mass. However, an analysis by Portal Williams (2013)' (2013) analysis highlights the often-overlooked energy vested in the structural elements. This critical 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 urgency urgent need for energy-efficient construction methodologies. Pearlmutter et al. (2013) quantified the energy-mass relationship for concrete, with figures at of 65 kg/MJ for Israel-produced concrete and 78 kg/MJ for concrete from international countriessources.
The computational methods developed methods introduced in this study stand towill confer dual advantages. FirstlyFirst, they will advocate for designing the design of thinner elements, reducing the production-related energy use.energy associated with production. Secondly, they will emphasize designs that extend the lifespan of these structures, delaying the need for replacements. Embracing thissuch an 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 analysesis of concrete structures subjected to high-strain-rate loads from blasts, seismic events, and other extreme occurrences.
Furthermore, the The ripple effects of this project are also expected to extend beyond the confines of construction, as our pioneering methodologies have the potential to . The methodologies presented could be adapted for many materials, potentially leading to groundbreaking innovations in various scientific domains.
Detailed Ddescription of the Pproposed Rresearch	Comment by Editor: I don’t really understand the way this section is written – only a few sections seem fully developed, while many are very short and don’t clearly detail your proposed approach. 

As you develop this section further, I would try to get away from the nested numbered lists – by the time you reach 1.1.1 and 1.1.1.1, it starts to seem overly cluttered and utilizes more space than is necessary.
1.1. Research hypothesis	Comment by Editor: I assume this is just a placeholder outline to be deleted?	Comment by Editor: I don’t see this here. If you have a hypothesis, however, I strongly suggest including it imemdiately before you go into your Specific Objectives
1.2. Research outline
Part A: enrich the ldpm mesoscopic (add agg), establish 
1.3. Research design and methods
1.4. 
1. Linear regime – micro inertia effect	Comment by Editor: For this section, you should ideally structure it in a manner consistent with your Specific Objectives, if certain strategies will serve individual objectives. If that is not the case, I would at least provide some indication of how the proposed research items will fulfill your Specific Objectives.
1.1. Meso 	Comment by Editor: I assume these are placeholder titles?
1.1.1 Add the aggregate mass/density (effective?). new parameters
Adding Incorporating aggregate density into the LDPM is will represent a significant step towards enhancing the model's precision in when replicating the behavior of concrete's behavior, with a special particular emphasis on micro-inertia effects. These effects originate from the inertial properties of microscale constituents within a material and substantially impact the overall material behavior. The mass or density of these microscopic components is closely tied to these effects.
Current LDPM Approach: The existing current iteration of the LDPM approach 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. This technique aids in simplifying the mathematical and computational elements of the model, offering a more streamlined analysis of material behavior.	Comment by Editor: Ideally, follow this sentence with one emphasizing why this appraoch is inadequate/too limited, to flow into your solution
Solution: We In this project, we plan to bridgepropose bridging this gap by introducing parameters that can aptly represent this phenomenon. The added parameters should have a clear physical meaning or basis. They Rather than being incorporated shouldn't be added arbitrarily, but ratherthese parameters will be based on a real-world or theoretical understanding of the material or system in question.
1.1.1.1. Split the aggregates in LDPM
The pivotal advancement in 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 (Sherzer et al., 2022) 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 tthe aggregate spheres. The LDPM traditionally operates on an interface mesh enveloping an aggregate, facilitating computations pertaining to forces, stresses, and the like. related factors.
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, inaugurates generates valid interfaces within the territory of the erstwhile aggregates. Nevertheless, the subdividing the aggregates introduces its own set of complexities that warrant careful attentionconsideration. 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 Develop twins ABAQUS – LDPM SHPB unit cell	Comment by Editor: Can you rephrase this more clearly?
Goals: For this effort, we have two primary goals: 1). Verification To verify the micro response, confirming the status of FEM as the of the micro response (FEM is the ground truth in the linear elastic domain; 2)). 	Comment by Editor: Inroducing this goal here is confusing, since you have not introduced the corresponding system you are making refernece to. I suggest reformulating to a more general goal that this system will allow you to assess, or removing this.
2. To assess the mMacroscopic (non-local) effects of the twins - the waves on the bars, should be the same for the twins.
The Split-Hopkinson pressure bar (SHPB) test, introduced by Kolsky in 1949, 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 its 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 (Ganz A. 2018) introduced a unique multiscale strategy. We shifted from a singular reference problem to two interconnected models in ABAQUS 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 unit cellUC that portrays , portraying the macroscopic reaction of the heterogeneous material. Given the emphasis on the dynamic behaviors of heterogeneous materials, it is suitable appropriate to base the mesoscopic dynamical model on the 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 Finite Element Method (FEM)FEM as the ground truth in the linear elastic domain while ensuring , and ensure good compliance in the macroscopic effects of the twin models, mainly primarily focusing on the wave patterns on the bars (, see Figure 2).
[image: Picture1]
Figure 2. Twin models for the SHPB. (Left) Abaqus UC between the bars,  and (Rright) LDPM UC similarly positioned between the bars.	Comment by Editor: What do left and right refer to? I only see one panel.
Fundamentally, the heterogeneity of the concrete is mimicked in the LDPM by variations in particle size as well astogether with Voronoi-like meshes. In our proposed study, we aimour research, our objective is 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. Nevertheless, this investigative effort will be accompanied by multiple challenges stemming from the constraints inherent in each respective approach.	Comment by Editor: I would avoid ending the seciton with an open-ended indication that there will be challenges – save those for the potential pitfalls section, and detail specific strategies in this section. For your specific strategies, you can note how they overcome certain challenges, if desired.
1.1.2.1. Generate Dispersion Curves:
Extract the dispersion curves from the SHPB for each of the twins and compare. Maybe attenuation and polarization? Should we emphasize that this original or just state that we will do it?	Comment by Editor: Emphasize the originality of your research while specifying the approach.
generate dispersion curves for the RVE. These curves provide information about the relationship between the wavevector (spatial frequency) and frequency for waves propagating in the material.
1.1.3 Comparison micro – twins
Direct comparison of Velocities, strains, …
Formulation of indirect criteria, such as…
1.2. Macro	Comment by Editor: This section (sections?) Are not sufficiently developed for me to understand the approach in a clear, comprehensive manner. If you don’t plan to expand the text here, consider eliminating most of the subheadings and combinding these into a few paragraphs. Including a schematic figure detailing your research strategy may help clarify the section.
1.3. Develop methodology to extract/quantify the micro inertia effect on the macro
From the 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.
1.3.1.1. Energies, dispersion curves, and analysis:
We will cConsider the total energy and its distribution within the RVE, and will . aAnalyze 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 can give will provide insights into micro-inertia effects.
1.3.2 Calibration and validation of LDPM new parameters: 
Once introduced, these new parameters will often need to be calibrated using experimental data or other trusted sources to ensure they are representative of real-world behaviors.
1.3.2.1. Validation against tests Testing-based validation
After the incorporation of the new parameters, the modified model should will be rigorously tested and validated against both old and new experimental data 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 refinementsfurther refinement.
1.3.3 Vverification of reference beams LDPM and Abaqus	Comment by Editor: Using the LDPM amd Abaqus?
Using homogenization techniques, we will project the microscale behaviors onto a macroscale model. This involves 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. Cracks
2.1. Modification of the failure criteria for the impact regime 
I don’t know if it’s true! Failure under impact is characterized by additional energy dissipation to in the form of sound, kinetetic energy, and moreother energy types. The current LDPM formulation relies on static fracture mechanics which only consider s the surface energy	Comment by Editor: I assume this will be adjusted? If uncertainty remains, you can always emphasize that uncertainty remains regarding the specific nature of failure-related energy dissapation or the like.
2.2. A magnification model for the dynamic crack propagation through agg aggregates: In an effort  quest to advance the accurate capture of crack patterns, simulations on a unique UCUnit Cell (UC) are 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 and bypasswhile 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, ynamic Increase Factor (DIF) trends, and fragmentation.
[image: ]
Figure 3. UCs Utilized utilized for analyses of crack propagation under increasing strain rate conditions.for Analyzing Crack Propagation subjected to increasing strain rate. (Left) Aa unique UC, designed to emphasize the cracking phenomenon by containing incorporating elongated aggregates and additional features.  (Rright) Tthe original aggregate shape employed in our innovative approach for examining aggregate fracturing, relying on the robust framework of LDPM.
As detailed in section 1.1.1.1, under conditions of high-strain rate loads, the trajectory of cracks through aggregates is more starter. 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.	Comment by Editor: Is this specific jargon? I’m not clear what is meant by “more starter” so adjust if appropraite.
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 might may not be optimally configured for these conditions. Given the propensity for cracks to adopt more direct trajectories under dynamic loads, it's it is imperative that our spatial packing configurations are be re-evaluated. To better represent and capture these straighter crack patterns, we might 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. 
3. Verify that the aggaggregates and strain rate effect effects on the strength and fracture energy agree with empirical trends	Comment by Editor: This section is not fully developed.
Capture the dynamic modes of failure (Krauthammer and Elfalal 2006), aggaggregates, and SR strain rate effects on DIF. Self full-scale experiments
This approach will be validated using Validate the approach using multiple sets of experimental data. As with any modeling effort, the methodology should will undergo iterative refinement as more data becomes available or as understanding of the material behavior evolves.
Experimental design and methods:	Comment by Editor: For this section, I strongly recommend reformulate them to avoid using bulleted lists, instead providing a paragraph that summarizes the purpose, instrumentation, and appraoch for each of these experiments. The bulleted lists appear like placeholder text even if not intended as such.
Meso- scale experiments: 
• 	Split Hopkinson Bar - for calibration and validation
•  	5 aggregate specimens. Specimens include only the aggregates, eliminating other variable factors to focus solely on the aggregate properties. Purpose: Calibration of mechanical parameters of aggregate facets. This will be achieved by performing curve-fitting between experiments and simulation of stress-strain curves.
•  	5 specimens of plain concrete with a diameter of 50 mm, 5 specimens of plain concrete with diameter of 75 mm. All specimens will have a length to -to-diameter ratio of 2 - for these meso--scale experiments. Note The Sspecimen preparation should will be repeated five times, ensuring a varied aggregate distribution in each batch in order to enable to study analyses of the influence of aggregate distribution on the material's behavior under dynamic loading.
Macro- scale experiments: 
•  	Drop weights - for validating global mechanical performance  
•  	5 large specimens of plain concrete
Table 1 presents a detailed outline of the proposed experiments that will be conducted in the completion of this study,  experiments that needed to be conducted, delineating the specific aims, measurements to be extracted, and preliminary tasks associated with each experiment.	Comment by Editor: I think this is an effective way to present your experimental appraoches. Be sure that the Table includes suficient detail that the reviewers will be able to interpret it, or provide supporting text in this section if any of the experimetns require further discussion.
	Experiment 
	Aim
	Measurements
	Preliminary tasks

	Aggregate specimen teste with the SHPB
	Calibration of mechanical parameters of aggregate facets, by curve fitting numerical simulation to experiments
	Stress and strain 
	

	Concrete specimen teste with the SHPB
	Calibration of mechanical parameters of mortar including Interfacial Transition Zone (ITZ)
	Stress and strain 
	Step 1: Assign the model’s  previously calibrated parameters to the aggregate facets.
Step 2:   Determine the parameters for matrix facets and the ITZ by calibration to fit the simulation with experimental results. This calibrated fitting ensures the model represents the weakest links within the material.

	Concrete specimen teste with the SHPB
	  Dispersion Curves
	Waveforms in the bars
	

	Concrete specimen teste with the SHPB
	 DIF
	Stress and strain
	 

	Concrete specimen teste with the SHPB
	 Validation by comparing experiments to simulations
	Velocity, energy, cracking, and fragmentation patterns  
	We will assign determined parameters from the previous calibration process to the model facets.

	Concrete specimen teste with the drop weights
	Validation to ensure an accurate representation and efficient transfer of information from the microscale to the macroscale, with a particular emphasis on scenarios where micro-inertia plays a significant role
	Velocity, energy, cracking. and fragmentation patterns  
	We will assign determined parameters from the previous calibration process to the model facets.



Preliminary results:	Comment by Editor: Generally speaking, preliminary results are placed before the detailed experimental procedures and/or sprinkled throughout the background and Research Objectives sections depending as appropriate. I would suggest relocating these earlier in the proposal.
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. Despite Building on the advancesements made by in our previous work (Sherzer et al. in 2022), which introduced a novel geometry that permits fractures through aggregate particles, our work will extend these improvements further 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 Chigh-strength concrete (HSC), 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 3). 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 in when using our improved model. This decrease in error signifies an 13.05% enhancement in of the model'smodeling accuracy in this specific scenario by 13.05%. Fracture energy is a critical parameter in when measuring fracture toughness, which as it signifies a material's capacity to resist crack propagation. The work by Griffith (1921), which resulted in an equation to determine the critical crack length, linked it with the fracture energy parameter. This enhancement of 13% enhancement achieved using in our model increases the the accuracy of predictions regarding the brittleness of prediction accuracy of the brittleness level of concrete. While we have made substantial strides in refining this approach through our previous research, further these enhancements represent just a fragment of the continuous advancements are expected to contribute to broader and more impactful improvements in the field. Our ongoing research commitment and sustained strategy proposed herein effort 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. 3 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. compared with the experiment, beam with152 mm height. The LDPM mesh is shown in dark gray, fractures are colored shown in white, and aggregate cross sections are filled circles.
Our technique has already facilitateds thea more realistic simulation of the structure of concrete, providing an essential advancement that concrete's structure. This is an essential advancement as it improves our understanding of concrete behaviorhow concrete behaves under various conditions. While this model s and strengthens our predictive capabilities, although more additional refinements are still necessary.	Comment by Editor: This is why I recommend relocating the preliminary data earlier in the grant – when you end the grant with “more refinements are still necessary”, this is less effective than immediately discussion how you will achieve these refinements.
1. SHPB FEM	Comment by Editor: I assume more is to be added here?
2. Micro inertia
Potential pitfalls –Pitfalls 	Comment by Editor: This section should be reformulated as “Potential Pitfalls & Alternative Approaches”, and ideally you should only introduce a potential pitfall if you have some alternative strategy that would be implemented in the case that this pitfall is encountered in the course of the study. Introducing pitfalls you cannot address (or failing to note pitfalls reviewers may consider obvious) can reduce reviewer confidence in the grant.	Comment by Editor: Before Potential Pitfalls, I suggest adding an “Expected Outcomes” section, or making one for each of the Specific Objectives discussed above. In this section, your can briefly summarize what your expected research outputs will be
1. Modeling Limitations: 
Micro Inertia in the LDPM: Integrating new parameters to capture the micro inertia effect at aggregates facet’s may increase the complexity of the original make the  LDPM 's original formulation more complex. If these parameters are not n't meticulously calibrated, they might may result in off-target result in off-mark predictions. Moreover, adding The incorporation of excessive parameters can also amplify the complexity of modeling efforts to model the mechanical behavior of concrete, concrete's mechanical behavior, potentially making it harder to attain reliable results. 
Aggregate Subdivision: While the innovative approach of subdividing aggregates may allow for improved modeling, it brings entails challenges like including ensuring the total mass remains consistent and accurately modeling the dynamic behavior of the new fragmented units.' dynamic behavior.
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 might may arise due to inherent differences in modeling methodologies.
3. Parameter Calibration and Validation: 
Calibration and validation challenges: The precision of the newly introduced parameters' precision heavily relies on the integrity and representativeness of the calibration data employed. Variabilities Variability in the data or overlooked elements in experimental setups could 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.
Available Resources	Comment by Editor: Assuming you need any specific equipment, computational tools, and/or personnel to complete the proposed study, this section should be included at the end of the grant demonstrating that you have access to all of these.
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