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ABSTRACT 
A unified description of the behavior of condensed media over a wide range of external impact durations and strain rates has been developed using a nonlocal theory of nonequilibrium transport processes, based on rigorous results of nonequilibrium statistical mechanics. The constructed nonlocal momentum transfer model encompasses the elastic-plastic transition induced by a short impact on a solid material, quasi-static loading, and the transition to hydrodynamic flow of a liquid medium. The first moments of the spatiotemporal correlation functions in the integral expression for the momentum flux determine the sizes of the mesoscopic carriers of plastic deformation in high-rate processes. During the thermodynamic evolution of the medium's structure, an internal control loop emerges that reduces irreversible losses in the system and predicts its most probable future behavior.
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Introduction
It is generally accepted that shock loading of a solid initiates a stationary wave in which 
an elastic-plastic transition occurs. In continuum mechanics [1–3], which describes
the behavior of macroscopic systems, various combinations of elastic and viscous fluid models have been used to describe dynamic processes, assuming that the shock-loaded material is homogeneous and that the stress and strain tensors can be separated into elastic and plastic components. 
[image: ]However, it is now becoming abundantly clear that high-rate deformation of a material is significantly non-uniform and occurs simultaneously at several scales. Unfortunately, experimental methods developed to date do not provide quantitative data on the behavior of materials at intermediate scales, especially during transient dynamic deformation regimes. Existing theoretical models, based on the traditional continuum mechanics concept, cannot be used to adequately describe nonequilibrium shock-wave processes. Moreover, such models lack the predictive power essential for the development of new materials. This has led to a significant lag in the development of adequate theoretical models for describing these processes, taking mesomechanics into account. Therefore, the development of a new theoretical approach to describing non-stationary shock-wave processes in solids is particularly necessary and timely. This approach should be based, on one hand, on fundamentally new experimental results in shock-wave diagnostics, and on the other, on the theory of nonequilibrium processes in condensed matter.
The development of new theoretical approaches to describing nonequilibrium transient processes began long ago and has gone through several stages [4–10]. Initially, relying on traditional approaches of continuum mechanics, simple combined models were used, for example, the Voigt viscoelastic model [11]. Later, more complex models were constructed by adding new degrees of freedom. It is well known, for example, that with an increase in the intensity of the external influence and a decrease in the characteristic spatiotemporal scales of the processes in the medium, the effects of the internal structure begin to appear. Within the framework of the concept of a continuous medium, various model of media with a complex internal structure were developed to take these effects into account. The capabilities and limitations of some of these models are discussed in the next section.

Limitations of the generally accepted continuous models of structural media 
The concept of structural levels of deformation, which underlies modern research on the response of solids to external influences, explains the properties of solids by their multiscale internal structure. The influence of the internal structure of a medium manifest itself in the appearance of angular momenta, which form asymmetric stress tensors. Based on this concept, the theory of micropolar media [12–21] emerged, within the framework of which structural-phenomenological approaches, finite element modeling approaches, and statistical approaches were developed.
Within the framework of the continuous medium concept, various models of media are constructed that close the transport equations: the Cosserat, Leroux, Mindlin-Ehringen, and other continua [17–21]. Such theories of media with microstructure, in their hypotheses, occupy an intermediate position between classical elasticity theory and solid-state physics with internal structure. A material point in a medium with microstructure has a reasonable degree of complexity, allowing for the description of both the material structure, which is inaccessible to elasticity theory, and deformation waves, which is inaccessible to materials science. It has been established that models of media with microstructure perform well in a number of statics problems.
The Cosserat model [17] is effective in describing the behavior of loose media, whose properties are strongly dependent on the ability of particles to rotate. In the theory of plastic continua, these models allow one to describe the influence of the relative rotations of individual blocks, as well as the effects of localized plastic deformation and structural instability. Differences between classical elastic and micropolar theories will manifest themselves at short wavelengths. For the Cosserat continuum with constrained rotation [22], solitons can arise that are analogous to some solutions of the Korteweg-de Vries model. 
The Leroux continuum [18,23–25] is based on a gradient model that takes into account the higher moments of the deformation field. This model contains the macrostrain tensor and the gradient of the microdistortion tensor, but does not take into account the microrotation vector, which is assumed to be constrained. Mindlin's theory of a medium with microstructure is more complex [19]. In Mindlin's theory, each point has the degrees of freedom of a classical solid with uniform deformation, i.e., twelve degrees of freedom. 
Models of elastoplastic waves in a medium with dislocations [26] describe the external degrees of freedom and some internal degrees of freedom of the dislocations. The spectrum of the system in the long-wavelength approximation is similar to the spectrum of an ideal fluid, and in the short-wavelength range, the continuum spectrum is similar to the spectrum of a solid. In [27], it was shown that the influence of dissipation has the least effect on the short-wavelength part of the spectrum, whereas in the low-frequency region, even small dissipation greatly alters the spectrum and leads to viscous attenuation for some branches of the spectrum. In the long-wavelength limit, the equations of the model continuum, in the absence of coupling with rotational degrees of freedom, transform into the Navier–Stokes equations. This means, that in the low-frequency limit, any medium behaves like a viscous fluid. It turns out that the elastic-plastic continuum in this limit is equivalent not to a Cosserat solid, but to a Cosserat fluid [28]. A shear elastic-plastic wave with a slowly varying amplitude and phase for short wavelengths may prove unstable with respect to fragmentation into individual wave packets. 
Thus, the application of various models of media with internal structure within the concept of a continuous medium to wave processes has shown that the same medium behaves differently as the wavelength decreases and its frequency increases. In fact, these changes lead to a transition from one model of the medium to another model with completely different properties. Since this transition occurs in the short-wavelength region, the concept of a continuous medium becomes incorrect for describing the transition region. 
All models of the elastic-plastic continuum, the Cosserat continuum, and the Mindlin-Ehringen continuum have much in common, despite differences in the introduction of internal degrees of freedom. A significant feature of all of these theories is a redefinition of the concept of a material point. While classical continuum mechanics considers a medium with a simple structure, in which a material point possesses only three translational degrees of freedom, all new continuum models ascribe to the particle certain properties inherent to finite-sized elements of a medium, taking into account the nature of their possible motion. 
A critical analysis of various elastic-plastic continuum models revealed that to adequately describe the actual behavior of a medium, it is necessary to more fully consider the influence of the environment on the characteristics of the medium at a given point, as well as the previous states of the medium. This means that to account for the effects of the internal structure of the medium, it is necessary to construct spatially nonlocal models with memory of the system's loading history.
Thus, in the second half of the last century, nonlocal theories of elasticity [29,30] and plasticity [31,32] appeared. Generalizations of the classical theories of elasticity and plasticity take into account long-range forces of inter-atomic interaction and microstructural features of materials. Unlike classical theories, where the stress at a point depends only on the strain at that same point, nonlocal theory takes into account the distribution of strains over the entire surrounding region, as well as the influence of previous states of strain on the current state. To solve applied problems, various versions of gradient theories were used [33,34], which made it possible to some extent to take into account the influence of microstructure and the manifestation of scale effects due to the inclusion of strain gradients. Such models are used in numerical simulation using finite element methods. The history of development and an overview of research devoted to the development of applied gradient theories are presented in the work of Gao and Park [35]. Further progress in the development of gradient theories is associated with the expansion of the scope of application of these theories [36–41].
However, all these models, although called nonlocal, are differential, i.e. local, they generalize traditional models of continuous media due to additional higher-order derivatives, which, as is believed, make it possible to partially take into account the nonlocal effects of the internal structure and the influence of previous states of deformation on the current state of the medium. Such models are phenomenological, as they contain parameters that are adapted to experimental load-displacement curves, allowing for the microstructural properties of materials to be taken into account. Accurately describing a material's behavior requires a series of experiments and back-analysis of the results. Therefore, even generalized theories for isotropic materials include many additional empirical constants that often lack a clear physical meaning and are therefore difficult or even impossible to extract from experiments. This drawback not only hinders the practical implementation of these models but also indicates the inadequacy of their use for describing high-rate and fast processes.
It is necessary to distinguish between highly nonlocal theories, which use integral-type constitutive relations but usually do not involve additional degrees of freedom or moment stresses, and slightly nonlocal theories, which include: micropolar theories (higher-order), which take into account additional degrees of freedom (for example, the Cosserat continuum) and gradient theories (higher-grade), which take into account higher-order derivatives (for example, the Leroux continuum).
There is a fundamental difference between these two types of models. Differential equations can be written in equivalent integral form only in certain cases, depending on the type of equation and its structure. However, there are integral equations that cannot be reduced to equivalent differential form. This depends, in particular, on the type of integral kernel in the equation. Such irreducible integral models should be classified as highly nonlocal theories, while models equivalent to differential ones are used in slightly nonlocal theories. It is precisely highly nonlocal models that allow for the full consideration of the effects of a sufficiently large internal structure of the medium and the sequence of its changes during deformation.
Therefore, slightly nonlocal models essentially remain within the framework of the continuous medium concept, which significantly limits their applicability to nonequilibrtum conditions. Indeed, results obtained using slightly nonlocal models agree well with experiment at relatively low strain rates. This means that, while the slightly nonlocal models adequately describe slow quasi-static processes, such models are unsuitable for describing the behavior of condensed media at high strain rates, such as shock wave processes. Attempts to use differential models for high-rate impacts are fraught with the insurmountable difficulty of experimental identifying the properties of the medium, which change very rapidly during deformation and continue to evolve during stress relaxation. Moreover, if in classical approaches to quasi-static loads the contribution of inertial forces is often neglected, then under shock-wave effects the role of inertia becomes decisive, and neglect of inertial effects in traditional models of continuum mechanics leads to errors in engineering calculations.
A new direction in nonlocal theories has recently emerged, called peridynamics [42–44].
This is a highly nonlocal numerical method based on integral equations, which is naturally suited to modeling processes under extreme conditions. It is assumed that particles in a continuum, endowed with volume, interact with each other over a finite distance, as in molecular dynamics. The influence function in peridynamic models is used to constrain the force acting on a particle and adjust the bond strength depending on the distance between particles. It satisfies certain continuity conditions and describes the behavior of nonlocal interactions.
Instead of a set of constants, this approach uses experimental data to construct 
an influence function with a set of nonlocal coupling forces, which acts as an integral kernel in a nonlocal equation. Finding it also requires solving an inverse problem, which requires a very careful selection of data, since an incorrect choice of influence functions will lead to unreliable predictions and, possibly, unviable solutions [45]. While remaining a phenomenological model of continuum mechanics, the nonlocal peridynamic model faces practical problems associated with the representation of the stress tensor and its numerical calculation [46]. Many questions arise when using peridynamic models to describe wave processes [47,48].
Furthermore, the use of highly nonlocal models leads to integro-differential equations, which complicates the derivation of analytical solutions. Therefore, equivalent differential nonlocal models are often used, which allow one to derive governing equations for the elastic and elastoplastic response of a material and provide a direct link between peridynamics and classical continuum mechanics, as well as finite element analysis.
Thus, it can be concluded that all phenomenological differential models of deformable media with complex internal structures describe quasi-stationary processes at low strain rates that do not significantly deviate the system's state from local thermodynamic equilibrium. To model high-speed and fast-moving, highly nonequilibrium processes, highly nonlocal models must be used. Most importantly, unlike continuum mechanics models, these models should not be phenomenological, since it is fundamentally impossible to track changes in the medium's structural parameters in high-rate processes. Instead, they must be based on fundamental theory. Results from nonequilibrium statistical mechanics, which can serve as a basis for constructing nonlocal models of highly nonequilibrium processes, are presented in the section "Nonlocal modeling of highly nonequilibrium transport processes".
The section "The problem of describing highly nonequilibrium processes" proposes to examine the characteristics of highly nonequilibrium transport processes, which are virtually identical to the fundamental principles of constructing nonlocal models for describing the response of a medium with a complex internal structure to an external stimulus: the development of the process in a finite region, the presence of internal parameters that characterize the structure of the medium and have the dimension of length, and a dependence on the size, geometry of the system, and boundary conditions. These are integral features of processes that occur far from local thermodynamic equilibrium and do not fit into the concept of a continuous medium. The issues that arise in considering these effects are discussed in the next section. 

The problem of describing highly nonequilibrium processes 
When external influences on a system are weak and prolonged, the state of the medium remains near local thermodynamic equilibrium. It is characterized by large spatiotemporal scales and is generally unaffected by the internal structure. However, as the intensity of the influence increases and the duration of momentum or energy input decreases, the state of the medium becomes highly nonequilibrium, the effects of internal structure become increasingly pronounced, and the concept of a continuous medium under such conditions loses its validity [49]. 
High-rate and short-duration processes, due to large gradients and velocities, are characterized by small spatiotemporal scales, on which the effects of the internal structure of the medium prevent it from achieving local equilibrium. It is well known, for example, that the internal structure of the medium exerts a decisive influence on the propagation of high-frequency and very short waves. However, it is insufficient to assume that with increasing frequency and decreasing wavelength, the influence of ever-deeper, already existing levels of the internal structure simply increases. The fact is that intensive energy input into the medium can generate a new dynamic internal structure at an intermediate level between the macro and micro scales. Mesoscopic carriers of mass, momentum, and energy radically alter the behavior of condensed media, which begin to exhibit effects that do not fit within the concept of a continuous medium.
Experimental results obtained in the study of highly nonequilibrium processes in various areas of physics show that they are often accompanied by the emergence of self-organization of new elements of the internal structure, the properties of which depend on the nature and duration of the external influence on the system. Moreover, due to the finite speed of propagation of disturbances between elements of the internal structure, the response of the system always lags behind the external influence. New degrees of freedom associated with the internal structure can cause various types of oscillations and lead to various types of instability [49,50]. The behavior of the system becomes unstable and poorly predictable; feedbacks arise between structural effects and the macroscopic properties of the system. Processing and interpreting experimental data become difficult. It has been established that in the transition region, such characteristics of the medium as transport coefficients and elastic moduli cease to be constant [51,52]. The properties of the medium become non-stationary, exhibit size effects, and depend on boundary and loading conditions. Most existing thermodynamic approaches to the description of transient processes are not capable of describing the observed nonequilibrium effects [53]. High-rate mesoscopic carriers of mass and momentum possess significant inertia, which begins to dominate the dissipation of kinetic energy into heat [54]. It has long been known that this effect is crucial for the occurrence of turbulence [55–57]. The universal role of turbulence is characteristic of any high-rate motion [58]. In [59], it was established that during the propagation of a wave induced by a short impact on a metal, turbulent effects are observed even in a solid at the mesoscopic structural level. 
Far from local equilibrium, due to inertial effects, the nonequilibrium state of the system relaxes even after the external influence on the medium ceases, and its internal structure continues to evolve toward a more stable state [60]. According to the maximum entropy principle [61], any medium, despite various initial states, during the course of thermodynamic evolution tends to approach the state of equilibrium as much as the imposed constraints allow [62–64]. These physical considerations and experimental facts allow us to draw an unambiguous conclusion: differential models of continuous media cannot correctly describe high-rate and short-duration processes in real media. 
An alternative to the concept of a continuous medium is an integral description that takes into account the effects of spatial nonlocality and the memory of the history of influence on the system. Attempts to incorporate integral effects into a macroscopic description of the behavior of a system beyond of equilibrium have been made for a long time [4–10,65–68], but they raised more and more new questions due to the lack of fundamental results regarding the behavior of macroscopic systems far from local equilibrium. 
The most profound and rigorous results based on first principles are provided by nonequilibrium statistical mechanics. As early as the second half of the last century, within the framework of nonequilibrium statistical mechanics, D.N. Zubarev [69–72] deduced from first principles that, far from equilibrium, macroscopic transport equations cannot be localized in either space or time. From the perspective of nonequilibrium statistical mechanics, in the case of an arbitrary deviation from the equilibrium state of the system, virtually any level of averaged description will be incomplete. The effects of nonlocality and memory are the price for the inevitable incompleteness of the description of the process in an open nonequilibrium system. A characteristic feature of the generalized description is the preservation of integral information about the system in the generalized macroscopic transport equations when describing its local properties. According to Zubarev's results, the response of the medium to high-rate deformation should be nonlinear, nonlocal, and history-dependent. 
In the following section "Nonlocal modeling of highly nonequilibrium transport processes" of this paper, a brief description of a nonlocal approach developed on the basis of nonequilibrium statistical mechanics is presented to describe transient processes of mass and momentum transport far from local thermodynamic equilibrium.

Nonlocal modeling of highly nonequilibrium transport processes 
One of the pressing problems in mechanics today is the uniform description of the motions of various media under a wide range of conditions. The solution to this problem, as demonstrated above, must be sought beyond the traditional approaches of continuum mechanics, relying on the rigorous results of nonequilibrium statistical mechanics [69]. On this basis, a new approach to describing transport processes in media under nonequilibrium conditions has been developed in recent decades – the nonlocal theory of nonequilibrium transport processes [73–76]. The mathematical apparatus of nonlocal theory is based on integral-differential equations for the transfer of mass, momentum, and energy, in which the integral transport kernels are written in the form of nonequilibrium spatiotemporal correlation functions. 
Unlike the statistical-mechanical description, which includes two scale levels—microscopic and macroscopic—the new theory [75,76] uses nonequilibrium correlation functions  to include the mesoscopic scale, at which the evolution of the system occurs far from thermodynamic equilibrium. In general, the integral kernels obtained in statistical mechanics are tensor quantities, but for simplicity, only their spherical components are taken as correlation functions . Generalized thermodynamic relations between fluxes  and gradients of macroscopic fields  are nonlocal and carry the memory of the system's history.
[bookmark: e1].                                   	    (1)
Here  is a vector characterizing the set of scales of spatiotemporal correlations. In the limiting case , when spatiotemporal correlations decay, the governing thermodynamic relations transform into local relations of linear thermodynamics.
To close the transport equations far from equilibrium, it is necessary to have a specific form for the integral transport kernels, which is generally impossible, since they must bear the imprint of any arbitrary external influence that caused a significant deviation of the system's state from equilibrium. Under these conditions, it becomes necessary to use elements of mathematical modeling of nonequilibrium correlation functions, whose behavior is easier to describe. Thus, the limiting transition to classical hydrodynamics in relations (1) determines the -shaped type of model correlation functions with parameters. 
In general, separating spatial and temporal correlations in relations (1) is impossible due to the finite propagation velocity of disturbances in the medium. Processes occurring at deeper scales than those described macroscopically in the concept of a continuous medium are wave-like in nature. Therefore, the interconnected spatial and temporal variables form a complex responsible for the wave motion of the medium:  , where  is the distance traveled by a disturbance with constant velocity in the direction of the unit vector . 
To describe the formation of structures on a mesoscopic scale, instead of independent variables: , we introduce new dimensionless variables  
which characterizes the internal time in a coordinate system moving at wave speed , and , where  is the duration of the external influence on the system, and  is the characteristic length of the process. During the thermodynamic evolution of the system, wave processes disappear, and over time, spatial and temporal correlations separate. Separating the variables by scale is a necessary condition for the self-organization of the internal structure of the medium. If this separation occurs, the spatiotemporal correlation function can be written as . 
In [75,76], it was shown that even without knowledge of the explicit form of nonequilibrium correlation functions, it is possible to construct models of nonlocal thermodynamic relationships between gradients and fluxes, which allow for a closed nonlocal description of nonequilibrium processes. Identifying the physical meaning of the first moments of correlation functions  allowed us to relate the parameters of spatiotemporal correlations  to the scales of the dynamic mesostructure of the medium, implementing the transfer of mass, momentum, and energy. 
Let us present the first moments of the functionals  unknown in the general case. For spatial correlations , the 0th-order moment, , generalizes the transport coefficients in continuum mechanics to nonequilibrium conditions 
and depends on the size and geometry of the system. The 1st-order moment of the spatial correlation function  generates a vector, , that polarizes the medium due to large gradients. The 2nd-order moment,
, specifies the variance of the distribution of spatial correlations . These first 3 moments approximately characterize the shift of the maximum and the variance of the distribution of spatial correlations. Taking into account the limiting transition to linear thermodynamics in relations (1), the Gaussian function can be chosen as a model function of spatial correlations: 
.                                     	    (2)
Here, the model parameters are written in dimensionless form: , and are related to the characteristic process length , and , is a correction to the traditional transfer coefficient due to spatial nonlocality. In the general case, instead of a normal distribution of spatial correlations, another suitable  -shaped function can be used. 
In [75,76], it was shown that during the smoothing of macroscopic field gradients through integration in relations (1), dynamic structures in the form of clusters will form in the system. These clusters move like almost solid particles that can interact and rotate. Due to the asymmetry of the correlation distribution, determined by the parameter , mesoscopic particles possess both intrinsic and orbital angular momentum, which can be considered 
a manifestation of developing turbulence [59]. It is precisely the consideration of the effects of spatial nonlocality that allows us to describe the emergence of vortex structures. 
The wave correlation function model  is similar to , but its first moments have a slightly different physical meaning:
.                                         	    (3)
The first moment is the delay parameter, , and the second moment defines the relaxation parameter, , which determines the variance of the wave correlation distribution. Here,  specifies the characteristic delay time of the medium's response to a perturbation acting over time , and  determines the stress relaxation time in the medium. 
If nonlocal effects, like other disturbances, propagate through a medium at the speed of sound and , then there is a relationship between wave and spatial parameters: 
[bookmark: e4].                                                                                                    		    (4)
This means that the predominant influence of wave or only spatial correlations depends on the duration of the external influence  and the characteristic size  of the system. In contrast to traditional concepts of continuum mechanics, the wave mechanism of transfer predominates in dynamic processes, while the separation of spatial and temporal variables is correct only in quasi-stationary processes.
All moments of the correlation functions, except for zero-order moments, decay near local thermodynamic equilibrium. This suggests that vortex-wave turbulent structures are generated by nonlocal effects far from equilibrium. Therefore, modeling turbulent motion within the framework of continuum mechanics is unsuccessful.
In general, the spatiotemporal parameters of nonlocal models are unknown, as they are moments of unknown correlation functions. However, the moments of the spatiotemporal distribution of correlations represent averaged, and therefore coarser, characteristics of the system. However, it is impossible to consider them empirical constants of the medium, since far from equilibrium, the nonequilibrium state of the system rapidly changes, striving to achieve a more stable state. Therefore, to find the model parameters and close the problem statement, it is necessary to describe the evolution of the structural elements of the medium.
Within the framework of nonlocal transport theory, the temporal evolution of a system far from local equilibrium is described by cybernetic methods developed in the control theory of adaptive systems with feedback [77,78]. The goal of evolution , in accordance with the maximum entropy principle of Jaynes [61,62], is chosen to minimize the total entropy production in the system (the minimum entropy production corresponds to the maximum of the most complete entropy) in the presence of constraints imposed on the system:
[bookmark: e5],                                            (5)
where  are the boundary conditions expressed as functionals,  are the Lagrange multipliers, and  is the number of imposed boundary conditions.
To describe the fastest path to the evolutionary goal, the speed gradient algorithm was chosen [77,78], in which the parameters of the structure To describe the fastest path to the evolutionary goal, the speed gradient algorithm was chosen [77,78], in which the parameters of the structure, , are taken as control parameters, and the vector  introduced into the algorithm as a parameter determines the speed of evolution of the structural parameters: 
,         .                                                     (6)
By tracing the evolutionary trajectories of dynamic structures in nonequilibrium processes, such an algorithm allows us to predict future states of the system taking into account the information stored in the constraints.
During the process of thermodynamic evolution, internal control arises in the system through feedback loops between the parameters of the nonlocal model and the type of mathematical model itself, which closes the equations for mass and momentum transfer [79,80]. This means that changes in the sizes of the mass and momentum carriers cause changes in the transport mechanisms and physical properties of the medium. 
The internal control loop included in the mathematical model between 
the evolution of the structure and the behavior of the system, when initial parameter values are specified, closes the formulation of the problem of modeling nonequilibrium processes [79,80].

A nonlocal model of momentum transfer in a transient process 
Nonequilibrium statistical mechanics has rigorously demonstrated [69] that during a nonequilibrium process, it is impossible to separate reversible and irreversible transfer mechanisms before the process is complete. This implies that it is impossible to isolate the component of the momentum flux density that is traditionally called the stress tensor, much less separate it into elastic and plastic components [75,76].
Indeed, it is easy to show that far from equilibrium, where transport processes take on a predominantly wave character, the traditional separation of stress and strain into elastic and plastic components leads to non-physical results. For example, let the stress component under plane loading be .
In general, plastic stress  can be related to plastic deformation  in a nonlinear manner. Let's substitute this expression for stress into the one-dimensional momentum transfer equation (for moderate stresses on condensed matter, the density is approximately assumed to be constant): .
To understand how a wave transports mass and momentum, let's move to 
a coordinate system associated with a wave propagating at the speed of sound. 
The variable  describes the motion of the medium within the wave, 
, . It follows that the plastic component of the stress within the wave remains constant, which contradicts experimental data on impact loading of materials [81,82]. 
In particular, it was believed that dislocations were the carriers of plastic deformation. In this case, the relaxation-type constitutive equation and the Orowan equation were used, , , where  is the shear modulus, and ,  are the density and velocity of dislocations. However, it turned out that in wave processes, dislocations are immobile and cannot irreversibly transfer mass, which contradicts the essence of the experimentally observed plastic front of a wave induced by an impact: .
As can be seen, this result is a direct consequence of dividing stress into elastic and plastic components. In fact, the plastic wavefront is formed only after the relaxation of elastic stress, which exceeds the elastic limit. This issue will be discussed in detail in the sections "Elastic-plastic plane wave induced by a short impact" and "A new physical model of an elastic-plastic wave induced by an impact on a solid".
Thus, without preliminary division of stress, and therefore the momentum flux, into reversible and irreversible parts, it makes sense to introduce a generalized stress tensor  that comprises both the elastic stress tensor and the viscous stress tensor, and all intermediate cases for which the momentum carriers belong to the mesoscopic scale level.
Here we will assume that the external forces, which are the source of motion, transfer momentum to the medium, which forms a response in the form of a momentum gradient during the time of momentum input into the affected zone. In turn, this gradient plays the role of a thermodynamic force, which is associated with the momentum flux, i.e., with the generalized stress tensor . The relationships between thermodynamic forces and fluxes far from local equilibrium, as proven in nonequilibrium statistical mechanics [69], are nonlocal in space and depend on the loading history of the system. Then the generalized stress tensor can be related to the momentum gradient arising during the loading of the medium using a nonlocal model relationship constructed on the basis of nonlocal transfer theory [73,74].
Let's consider the process of momentum transfer far from local thermodynamic equilibrium. We write the momentum transfer equation with a generalized stress tensor without separating it by transfer mechanisms:
,                                                                   	                          (7)
where  is the volume momentum density in the medium, and  is the generalized stress tensor. External field forces are not considered here.
Based on the developed non-local models of correlation functions [75,76], a closing expression for the generalized stress tensor is constructed, modeling a nonequilibrium process in a condensed medium induced by an external action along its surface in the direction of the vector :
[bookmark: e8].  (8)
During loading (), when , . When the momentum transfer 
is complete (),  , , due to memory effects, the stress relaxation process begins, which occurs by inertia. The integrand in model (8) was obtained by moving from independent variables  to dimensionless variables: , , for the momentum gradient conjugate to the generalized stress tensor,
, provided that, at long times, when the wave attenuates, the speed of sound becomes thermal, the density of the medium is nearly constant, and , where  is 
the usual viscosity coefficient. The model expression assumes that each direction of disturbance propagation has its own model parameters.
A new nonlocal momentum flow model combines wave effects and spatial nonlocality effects without completely separating temporal and spatial variables. The introduced wave parameters of the model characterize the carrier wave frequency and the delay time of momentum carriers depending on the duration of the external stimulus that maintains the medium's deformation rate. The spatial nonlocality parameters determine the characteristic sizes of momentum carriers and their configuration relative to the characteristic scale of the entire process and depend on time during thermodynamic evolution. Algorithms for the evolution of the system as a whole and its internal structure are presented in the section "Nonlocal modeling of highly nonequilibrium transport processes".

Elastic-plastic plane wave induced by a short impact 
At very short impact duration , when , for large systems, spatial nonlocality can be neglected compared to temporal correlations due to relation (4) , 
i.e. . In this case, for a longitudinal wave traveling along the axis , along which the impulse transmitted by a plane impact on the medium propagates, we obtain: 
.
For the longitudinal component of the stress tensor in a coordinate system moving with the wave in the frozen relaxation limit, , we obtain the elastic stress:
[bookmark: e9].                                                   (9)
From Eq. (7) with expression (9) for longitudinal stress, we obtain the equation for the propagation of an elastic wave with the speed of longitudinal sound [81,83]:
.                                                                     	                        (10)
Unlike long elastic waves (10), a short high-frequency wave relaxes very quickly due to dispersion in the internal structure of the medium, forming wave packets whose group velocity is less than the speed of sound, . Instead of equation (10), we obtain the equation for the transfer of a short pulse of moderate intensity:
,                                                           (11)
which in wave variables is transformed to the integral equation for the mass velocity:
[bookmark: e12] .                                                             	             (12)
According to Eq. (12), the maximum velocity of the wave, due to the delay, lags behind the maximum velocity under the integral sign by a relative time . In fact, Eq. (12) describes the transfer of mass and momentum by a wave packet. Thus, mass, momentum, and energy on mesoscopic scales are transferred by wave packets. Although wave packets quickly spread out, over very short time intervals they can be considered as certain mesoparticles, whose relative motions are recorded in real time in experiments on shock loading of solid materials as the dispersion of mass velocity at the leading front of the wave [82]. When the velocities of the mesoparticles equalize, larger wave structures are formed [75–82].
According to the results of quantum mechanics [84], wave packets quickly forget their initial shape, determined by the external influence on a given region of the medium, and become Gaussian. Indeed, from Eq. (12) in [75,82] it was shown that in a coordinate system moving with a wave, the momentum carried by a wave packet takes on a Gaussian shape when its maximum lags behind the phase of the carrier wave by a sufficiently significant time :
[bookmark: e13].                                                                       		  (13)
Equation (13) determines the momentum transferred by a Gaussian wave packet as a result of the averaged momentum received by the medium upon impact on its surface . In a bounded system, such as a wave resonator, the interaction of wave packets with the boundaries of the system leads to the establishment of a discrete spectrum of wave packet sizes if the constraints imposed on the system allow this [84].
For a short impact of moderate intensity (), an explicit approximate solution of Eq. (12) was obtained in [75,81], which describes well a number of effects during the propagation of an induced elastic-plastic wave, observed in real time in experiments on 
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Fig. 1. Relaxation of the elastic precursor, formation of the plastic front and its propagation
according to model (12) for different values of the parameters  on the wave front:
1-(58, 20); 2-(61, 40); 3-(64, 60); 4-(67, 80); 5-(70, 100)
impact loading of solid materials [82]. In particular, the obtained solution uniformly describes both the relaxation of the elastic precursor and the formation of the plastic wave front.
Figure 1 shows the behavior of the mass velocity profiles for different values of the model parameters. Relaxation of the elastic precursor can occur both with the weakening of spatiotemporal correlations due to a high-rate impact and with an increase in the duration of the impact. In both cases, the parameter  decreases. Simultaneously, a plastic front is formed due to wave packets formed during the relaxation of the precursor and lagging behind it with an increase in the parameter . As a result of these processes, as can be seen from Fig. 1, 
the mass velocity on the elastic precursor, proportional to the stress , decreases, and the plastic front lags further and further behind it in the process of wave propagation.
In [75,81,85], it is shown that model (12) qualitatively correctly describes 
the evolution of the shape of wave profiles during their propagation, depending on 
the duration of the impulse introduced during the impact and on the distance traveled by the wave. The algorithm for the time evolution of the model parameters at the mesoscopic scale level is presented in [79,80] and is briefly described by Eqs. (5) and (6).
Thus, the proposed modeling of correlation functions in nonlocal transport theory allowed us to identify the specific form and physical meaning of mass and momentum carriers at the intermediate mesoscopic stage of the process, which precedes the hydrodynamic stage. The final, concluding stage of relaxation begins only after the system's state approaches local thermodynamic equilibrium. Turbulent flows can be considered to occupy this same intermediate zone between the initial wave stage and the final hydrodynamic stages of the nonequilibrium process [59].

Nonequilibrium quasi-stationary processes 
As the duration of the loading pulse increases, the specific features observed at the wave front induced by a short pulse are erased by subsequent wave phenomena. Internal structure effects are no longer evident, and dispersion effects vanish. The behavior of the mass velocity under long-term loading based on the solution of Eq. (12) obtained at a constant strain rate for various values of model parameters is shown in Fig. 2. Under long-term loading, the nonlocal model (12) leads to an elastic-plastic transition, in which the stress stops increasing and reaches a plateau, as shown in Fig. 2(a). According to Eq. (12), the velocity initially increases elastically and then reaches a plateau in accordance with the traditional elastic-plastic transition model.
[bookmark: _Hlk237604118]This traditional form of stress-strain relationship is only obtained when the nonlocal model's parameters remain constant during loading as shown in Fig. 2(a). In order for parameter changes to be negligible, the process must be considered slow enough that the medium remains in local equilibrium at each moment in time. However, unlike
the traditional model, the nonlocal model (12) smoothly describes the highly nonequilibrium transition zone between elastic and plastic stress, in which the elastic moduli do not remain constant.
If the medium is subjected to high-rate loading for a sufficiently long period of time, the state of the medium will be nonequilibrium and will quickly relax to local equilibrium. The model parameters will then rapidly decrease with time, leading to a completely 
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Fig. 2. Quasi-stationary loading with constant parameter  values (a): 1 - (2,5); 2 - (5,2); 
3 - (10,1); 4 - (50,2) and high-rate long-term loading with evolution of model parameters (b);
: 1 - (1,1); 2 - (10,5); 3 - (10,1)

different behavior of the mass velocity. As can be seen from Fig. 2(b), due to the feedback in the algorithm of evolution of the medium parameters, the stress in it takes the form of a rapidly relaxing pulse, which transfers mass and strongly deforms the medium. Depending on the properties of the medium and the rate of deformation, such a pulse will propagate in the medium and continue to relax
In papers [86,87] based on solution to (12), it was shown that in general the dependence of stress on plastic strain under uniaxial plane loading cannot be found using experimental relationships for simple tension-compression of thin rods, recalculated for a semi-space. As the duration of the impact increases, wave effects disappear, and compressibility can be neglected, but the state of the medium is still not close enough to local equilibrium. A slow quasi-stationary process is established, the model of which takes into account only spatial nonlocality, since the nonlocality parameter cannot be neglected due to large gradients. In this case, the following separation of scales occurs, and Eq. (7) with model (8) takes the form:
[bookmark: e14].     		                                   (14)
Viscous dissipation plays a significant role in this process. The influence of viscosity increases with decreasing momentum carrier size, since inertial effects predominate for large particles. 
In the simplest case, near the hydrodynamic limit, when the state of the medium approaches local equilibrium, we obtain the momentum diffusion equation from 
the model of Eq. (14):
[bookmark: e15],                                      		                                              (15)
in which the generalized tensor  transformed into the classical viscous stress tensor. In the hydrodynamic limit the generalized viscosity coefficient, dependent on the system's geometry and boundary conditions, , became usual viscosity in the Newtonian model of the medium. This is the final hydrodynamic stage of stress relaxation for large-scale systems.

Quasi-stationary processes in a slightly nonlocal approximation 
When the nonlocality parameter becomes small enough, , we can move from the integral model of the generalized stress tensor in Eq. (14) to a slightly nonlocal approximation [73]. To do this, we expand the integrand in a Taylor series near the point  and obtain, instead of an integral, an infinite-order differential operator. In the one-dimensional case, we have the expansion:
[bookmark: e16]                    (16)
The coefficients of this expansion represent the moments of the correlation function  of all orders. If , then the series can be terminated at a finite number of terms, and the coefficients associated with them can be considered constant. Since only the first moments have physical meaning, different terms in the expansion are responsible for different effects depending on the specific conditions. 
It is easy to see that by pre-assigning certain transport mechanisms to the medium from the nonlocal transient model (7) and (8) in the slightly nonlocal approximation, any wave and hydrodynamic models can be obtained.
Near local equilibrium, where the slightly nonlocal approximation is correct, 
the momentum carriers in convective transport can be considered long-wavelength, macroscopic wave packets whose group velocity has dropped to the mass velocity. Then, as is commonly believed in fluid mechanics, the reversible convective transport mechanism can be included in the momentum flux and, consequently, in the generalized stress tensor, as a special case of the wave model (11).
A linear combination of the two limiting cases of convective transport with macroscopic scales and diffusive transport with microscopic scales of momentum carriers in the one-dimensional case yields the well-known Burgers equation:
.                                                                                    		  (17)
The solution to nonlinear equation (17) is obtained in the form of a stationary wave. Viscosity (near local equilibrium, generalized viscosity transforms into ordinary viscosity) smears the velocity discontinuity, and the wave front acquires a finite thickness.
If we neglect viscosity in the expansion for stress (16), but take into account the next moment, before the 2nd derivative of the velocity, and also include in the stress the wave component , as in model (9), and the convective term , then from the momentum transfer equation (7) with expression (8) we obtain the nonlinear Korteweg de Vries equation: 
.                                                                   	             (18)
The combination of wave and convective transport in a medium with dispersive properties, which are determined by the term with the third derivative of the mass velocity, induces nonlinear waves. The presence of dispersion on larger particles prevents waves from breaking and can generate solitons [88].
Thus, with increasing duration of external influence on the medium, reversible transfer mechanisms with relatively large momentum carriers (macro- and mesoscopic) are partially replaced by irreversible dissipative mechanisms with microscopic momentum carriers. Unlike continuum mechanics models, which can only take into account the initial structure of the medium, in highly nonequilibrium processes, momentum transfer occurs 
at an intermediate mesoscopic scale, where the carriers are wave packets induced at short times due to the dispersion of wave processes in a medium with an internal structure.
In the following section, based on the results obtained in transient processes, 
a critical analysis of the traditional model of the elastic-plastic wave induced by a short high-speed impact is given, and a fundamentally new interpretation of the waveform induced by a short impact is proposed.

A new physical model of an elastic-plastic wave induced by an impact on a solid 
In terms of the traditional interpretation of the elastic-plastic transition, the induced waveform is described as follows. An elastic precursor OA (Fig. 3) propagates at the speed of longitudinal sound. When the elastic limit is exceeded, a plastic front AB rises behind the precursor, propagating at a speed lower than the speed of longitudinal sound. In the formulation based on the traditional model, the plastic front is represented almost as 
a jump in mass velocity, as shown by calculations in [89]. During wave propagation, the plastic front lags behind the elastic precursor, and the elastic precursor rapidly relaxes until it reaches the so-called Hugoniot elastic limit. If the achieved maximum stress is maintained until unloading occurs due to the impactor rebounding from the target surface, a plateau pulse BC is formed, followed by a trailing edge. As this wave propagates, the duration of the plateau pulse decreases due to so-called "hydrodynamic damping." Due to relaxation effects, the trailing edge of unloading cannot completely relieve the compression caused by the load and leaves a residual stress traditionally associated with the spall strength of the material. 
This interpretation of the waveform induced by a short impact assumes that 
the solid material flows behind the plastic front. However, due to the strong interactions between atoms in the lattice, only very strong and prolonged pressure can transform a solid into a liquid. A short impact of moderate intensity causes virtually no increase in
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Fig. 3. Experimental mass velocity profile of the free surface of a metal target and its structure. 
Free surface velocity profile, ufs(t), and velocity variance profile, D(t), for 1565 aluminum alloy target 
of 2.2 mm thickness loaded at the impact velocity 422.8 m/s

temperature [86], which is confirmed by experimental measurements. Therefore, it is incorrect to consider mass transfer by a wave as plastic flow of the medium. 
Even more than 20 years ago, researchers of shock-wave processes recognized the inconsistency of traditional models, which prevented them from predicting even the basic wave characteristics under changing loading conditions [90]. As the capabilities of measurement technology improved, questions arose that are only now being partially answered. Progress was hampered by the implicit linking of macroscopic concepts and models to local thermodynamic equilibrium. However, some studies [91] suggested the relaxation nature of plastic waves, although mesoscopic transport mechanisms were not considered at the time.
If the stress transferred to the medium upon impact exceeds the elastic limit, the stress begins to relax. Depending on the nature of the impact, the mechanisms of mass and momentum transfer responsible for relaxation can change significantly. If the load has been applied long enough for the medium to approach local thermodynamic equilibrium, the stress during relaxation will decrease monotonically due to dissipation. 
However, if the impact-induced wave is very short, then at such short times, dispersion due to the initial inhomogeneities in the medium's structure takes precedence over momentum diffusion. As a result, during the relaxation of the elastic precursor, mesoscopic wave packets are formed, transferring mass and momentum with a group velocity slower than the elastic wave propagation velocity. By interacting with each other and equalizing their velocities, the wave packets form a second, so-called plastic wave front, which lags behind the elastic precursor. Possessing sufficient mass, mesoscopic wave packets move by inertia without significant losses, like particles capable of rotating and sticking together, synchronizing their motion and forming a larger structural formation. It's important to understand that behind the front, instead of plastic flow, the medium partially restores its original solid state. The mass velocity at the compression pulse plateau remains constant not because the liquid is flowing, but because the stress relaxation time in a solid is long, and the stress persists for a long time, even though the force is no longer applied to the material.
This means that, unlike prolonged loading, the relaxation process after a short impact is non-monotonic. Initially, the stress rapidly drops to the elastic limit as the elastic precursor relaxes, and then rises, forming a delayed second front responsible for the irreversible mass transfer and plastic deformation of the medium.
Experimental recording of wave profiles shows that at impact velocities up to 200 m/s, the mass velocity at the compression pulse plateau almost reaches the stress () introduced during the impact, and the mass velocity amplitude equals , the impactor velocity. At higher velocities, a loss of velocity is observed at the pulse plateau, which continues to increase with increasing impact velocity. At the same time, a velocity spread is recorded in the middle of the front, which is a consequence of the dispersion of the mass velocity in the wave due to the structure of the target material. The variation in mass velocity , at the leading edge of the wave is proportional to the strain rate at the wave front or the acceleration of the medium in the wave:
[bookmark: e19].                                                                   		                                   (19)
The same dependence exists for assessing pulsations in high-speed flows of liquid media with emerging turbulence [87]. If we differentiate expression (19), the maximum dispersion occurs near the inflection point of the wavefront; the upper part of the wavefront is convex and the lower part is concave. This is the wavefront shape observed experimentally and is shown in Fig. 3. In [92], it is assumed that as the pulsations increase, some of the front energy is absorbed, and as they decay, it is returned, making the upper part of the wave profile steeper as shown in Fig. 4.
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Fig. 4. Scheme of wave leading front formation taking into account the influence of mass velocity dispersion D

Indeed, a comparison of the theoretical mass velocity profile according to model (12), which does not take into account the influence of velocity dispersion at the leading edge of the wave, shows that for full agreement between the model and the experiment, taking into account the mass velocity dispersion is important (Fig. 5).
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Fig. 5. Comparison of the theoretical mass velocity profile without dispersion, , (line) and the experimental profile (points) 

The observed mass velocity pulsations can be explained by the scatter in the group velocities of the wave packets transporting the mass. Such mesoparticles are not individually detected in experiments [82] because they are too small, and the measurement accuracy is insufficient, only a sharp increase in the spread of velocities in the middle of the leading front of the wave is recorded. However, their cumulative effect can be estimated by calculating the momentum loss at the wave front due to dispersion:
. 					      (20)
Here  is the loss of momentum on the plateau due to dispersion at the front of duration .  is the impact velocity. In [92], it is noted that some dynamic systems are indeed capable of storing part of the energy in oscillatory form and then returning it back.
As the impactor velocity increases, Eqs. (19) and (20) may be violated. In experiments on impact loading of solid materials, cases were sometimes observed where, during a high-speed impact, the dispersion in the mass velocity profile was anomalously large over almost the entire period of the wave, and not just at the leading edge [82]. In this case, a sharp loss of wave amplitude was observed. In such anomalous cases, a direct connection between the loss of momentum at the plateau of the compression momentum and the total contribution of the dispersion of mass velocity, which determines the role of mesoscopic effects, is quite difficult to trace.
Thus, it is precisely due to mesoscopic transport that the experimentally observed waves induced by impacts with velocities in the range from 100 to 600 m/s change their shape during propagation at small target thicknesses. Moreover, at high impact velocities, the wave profile of the mass velocity can change significantly and even lose amplitude [82]. This suggests that, in general, short waves that transfer mass, leading to irreversible deformation of the material, cannot be considered stationary. Inertia, in turn, leads to the need to consider not only the delay in the system's response to the perturbation, but also, in general, the memory of the history of the impact on the system. This means that a short impact induces mesoscopic nonequilibrium processes in the material that are not described within the framework of continuum mechanics.

Conclusion 
Based on the nonlocal theory of transfer [73,85], which is based on the rigorous results of nonequilibrium statistical mechanics and described in the sections "Nonlocal Modeling of Highly Nonequilibrium Transport Processes", "A Nonlocal Model of Momentum Transfer in a Transient Process", a mathematical model is constructed for the nonequilibrium transition from the elastic response of the medium at the initial stage of the action to the final hydrodynamic stage of the medium flow under prolonged action, when the state of the medium approaches local thermodynamic equilibrium. The proposed nonlocal model of the transient process (5)–(6) sequentially describes all stages of the transition without preliminary separation of the stress into elastic and plastic parts. Comparison with known experimental data showed that even approximate solutions within the framework of the constructed model qualitatively correctly describe the behavior of the condensed medium over a wide range of loading conditions.
Reversible wave processes induced by an intense external stimulus are initially replaced over time by irreversible dissipative processes with diffusive momentum transfer. As the duration of the external stimulus increases, the size of the structural element of the medium transferring momentum automatically changes, along with the transformation of the transfer mechanisms, and consequently, the mathematical model itself. Therefore, during a nonequilibrium process, it is impossible to simultaneously distinguish between reversible and irreversible transfer mechanisms until the process is complete, as rigorously proven in nonequilibrium statistical mechanics.
In contrast to slightly nonequilibrium processes, in highly nonequilibrium processes, momentum transfer in condensed media, as demonstrated in the sections "Nonlocal Modeling of Highly Nonequilibrium Transport Processes", "Elastic-plastic plane wave induced by a short impact", and "A new physical model of an elastic-plastic wave induced by an impact on a solid", occurs on an intermediate mesoscopic scale, where the carriers of deformation are wave packets arising from the self-organization of the dynamic structure due to wave dispersion in a medium with the initial internal structure. The characteristic size of a mesoscopic element of the medium is not an empirical parameter of the model, but is tracked in the process of structural evolution described by the internal control algorithm under the specified constraints given in the section "Nonlocal Modeling of Highly Nonequilibrium Transport Processes". Only the initial values of the sizes of the structural elements of the medium are specified empirically. Therefore, unlike the continuum models described in the section "Limitations of the generally accepted continuous models of structural media", the constructed nonlocal model is self-consistent and cannot be considered phenomenological.
The paper demonstrates that at the mesoscopic scale, both the laws of mechanics of macroscopic systems partially operate, and the regularities of the quantum world [84,93] simultaneously manifest themselves, introducing a wave nature and probabilistic effects into the system's behavior. Discrete carriers of mass and momentum in highly nonequilibrium transient processes—mesoscopic wave packets—represent quantum-mechanical formations rather than classical particles. Turbulent mesoscopic formations in metal targets observed in experiments on the impact loading of solid materials are the result of the capture of wave packets by inhomogeneities in the potential energy of the metal's crystal lattice.
[bookmark: _Hlk237605201]Studies of shock-wave processes show that highly nonequilibrium states of a system cannot be stable; they immediately begin to relax, changing their internal structure. This structure is dynamic; its elements transfer mass, momentum, and energy. During thermodynamic evolution, the dynamic structural elements change their sizes, and along with the structure, the transport mechanisms in the medium change. As shown in the section "Nonlocal modeling of highly nonequilibrium transport processes", according to the maximum entropy principle [61] and the velocity gradient principle [78], any nonequilibrium system evolves toward more stable states, striving to reduce its irreversible losses by maximizing the permissible increase in the evolution rate under external constraints imposed on the system. During the evolution process, internal control arises through feedback between structural evolution and the macroscopic properties of the medium. The mathematical model of such 
a process, described in the sections "Nonlocal modeling of highly nonequilibrium transport processes", "A nonlocal model of momentum transfer in a transient process", and "Elastic-plastic plane wave induced by a short impact", automatically changes the type of equations during the evolution of the structural parameters, adapting the model to changes in the external influence. Such adaptive models can even describe processes in living systems.
But rigid models [94] of continuum mechanics are patently unsuitable for describing such processes. It is perfectly clear that a system artificially constructed from various parts of continuum models cannot replace an adaptive, one might say, almost living, mathematical model of a nonequilibrium process.
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