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Penetration modeling of ultra‐high performance concrete

using multiscale meshfree methods

Summary

Terminal ballistics of concrete is of extreme importance to the military and civil 
communities. Over the past few decades, ultra‐high performance concrete 

(UHPC) has been developed for various applications in the design of protective 
structures because UHPC has an enhanced ballistic resistance over conventional 
strength concrete. Developing predictive numerical models of UHPC subjected 
to penetration is critical in understanding the material's enhanced performance. 
This study employs the advanced fundamental concrete (AFC) model, and it will 
run inside the reproducing kernel particle method (RKPM)‐based code known as 

the nonlinear meshfree analysis program (NMAP). NMAP is advantageous for 
modeling impact and penetration problems that exhibit extreme deformation 
and material fragmentation. A comprehensive experimental study was 
conducted to characterize the UHPC. The investigation consisted of fracture 
toughness testing, the utilization of nondestructive microcomputed tomography 
analysis, and lastly projectile penetration shots on the UHPC targets. To improve 
the accuracy of the model, a new scaled damage evolution law (SDEL) is 
employed within the microcrack informed damage model. During the homoge-

nized macroscopic calculation, the corresponding microscopic cell needs to be 
dimensionally equivalent to the mesh dimension when the partial differential 
equation becomes ill posed and strain softening ensues. To ensure arbitrary mesh 
geometry for which the homogenized stress‐strain curves are derived, a size scal-

ing law is incorporated into the homogenized tensile damage evolution law. This 
ensures energy‐bridging equivalence of the microscopic cell to the homogenized 

medium irrespective of arbitrary mesh geometry. Results of numerical investiga-
tions will be compared with results of penetration experiments.

1 | INTRODUCTION

Terminal ballistics of concrete is of extreme importance to the military and civil communities because it provides insight

into designing defensive structures. Developing a better qualitative basis for the design of these defensive structures

requires understanding the material proprieties of the target as well as the dynamics of the penetrator's interactions
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with the structure. The benefits of improving computational methodologies outweigh the cost; hence, these structures

will protect personnel in theater as well as assets relating to national interest.

Developing capabilities to predict the penetration of a projectile impacting brittle materials has long roots stemming

from World War II. Early research pioneered by White,1 and later by Kennedy,2 Backman and Goldsmith,3 and Ben‐Dor

et al4 focused on the amalgamation of experimental investigations in which analytical tools could be developed to pre-

dict ballistic limits of different target configurations subjected to penetration.

The advancement of these predicative capabilities is well documented for conventional and higher strength concrete

impacted at lower striking velocity regimes. The subordnance (25‐500 m/s) and nominal ordnance (500‐1300 m/s) veloc-

ity regimes defined by Backman and Goldsmith3 account for the majority of projectile experiments shot with conven-

tional laboratory guns. Luk and Forrestal5,6 conducted penetration experiments of spherical and ogive projectiles

impacting 34.5‐MPa semi‐infinite and reinforced concretes at velocities between 300 and 830 m/s. Frew et al7 measured

the penetration depths and deceleration of 13‐kg ogive projectiles impacting 23‐MPa compressive strength concrete tar-

gets cast in corrugated steel with striking velocities between 160 and 340 m/s. For higher strength concretes, Hanchak

et al8 performed penetration experiments on concrete materials with higher unconfined compressive strengths (48 and

140 MPa) impacting thick concrete slabs with striking velocities between 300 and 1100 m/s.

The development of ultra‐high performance concrete (UHPC) has fostered a need to understand and quantify the

performance of the material when subjected to penetration. Máca et al9 studied the effect of impact behavior due to

increasing fiber content for fiber reinforced UHPC. Wu et al10,11 investigated impact crater volumes and depths of pen-

etration of UHPC formed from ogive penetrators with striking velocities ranging between 580 and 850 m/s and 510 and

1320 m/s, respectively. Peng et al12 measured residual velocities of an ogive penetrator impacting UHPC reinforced with

steel fibers at striking velocities between 250 and 480 m/s.

A search of the literature shows vast amounts of research focusing on conducting experiments with reinforced UHPC

with an ogive penetrator or small caliber arms shot with striking velocities in the subordnance and nominal‐ordnance

regime. In conditions where fiber reinforcing materials are not readily available, the performance of the unreinforced

UHPC needs to be assessed when impacted by small‐arms projectiles. Backman and Goldman3 defined a third velocity

regime beyond the nominal ordnance as the ultraordnance domain (1300‐3000 m/s). Projectiles being shot at these

higher velocity regimes impart a great amount of kinetic energy on a target, and density begins to dominate. Investigat-

ing the residual velocity of a projectile after perforating a protective structure in the ultraordnance regime is an active

area of research. Experimental tests studying residual velocity of unreinforced UHPC subjected to a small arm, spherical

projectile with striking velocities in the lower part of the ultraordnance velocity regime will be investigated.

Coupling the advancement of experimental penetration testing with increased computational power has led to an

influx of hydrocodes and efficient computational algorithms in order to more efficiently study the penetration process.

Mesh‐based methods such as finite elements have been used to model penetration problems, but such methodologies

employ element erosion (Johnson and Stryk13; Belytschko and Lin14) in the presence of extreme large deformation

and damage. More recently, Rajput et al15 used finite element analysis to investigate the ballistic perforation of unrein-

forced and reinforced concrete impacted with striking velocities of 53 to 220 m/s. Zhang et al16 conducted finite element

analyses of different projectiles, ie, ogive‐nose, double‐ogive‐nose, and grooved‐tapered, perforating concrete targets

with striking velocities between 1000 and 1360 m/s and validated experimental results. Smith et al17,18 used lattice dis-

crete particle models to simulate the perforation of UHPC using a flat nose and ogive projectile with varying striking

between 1000 and 3500 m/s.

In the context of meshfree methods, researchers have developed and employed different methods for modeling

impact and penetration problems. Silling and Askari,19 and Diehl et al20 used peridynamics to model a spherical projec-

tile impacting a brittle target with striking velocities between 35 and 200 m/s. Kala and Hušek,21 and Nordendale et al22

used smooth particle hydrodynamics (SPH) to model projectile impact of concrete targets with striking velocities of 500

and 1077 m/s, respectively. Chen et al,23,24 Chi et al,25 and Sherburn et al26,27 modeled concrete perforation problems

utilizing reproducing kernel particle methods (RKPM). RKPM serves as a correction to SPH; the methodology does

not need to employ complex numerical erosion of elements to SPH particles as seen in hybrid FEM and SPH methods,

where material separation can naturally be captured during large deformation events. RKPM also does not rely on force

functions that define the interaction between particles as seen in peridynamics.

In this paper, the advance fundamental concrete (AFC) model is employed to model the constitutive behavior of the

UHPC. The AFC model is incorporated within the RKPM, and the overall solver is the nonlinear meshfree analysis pro-

gram (NMAP). A series of ballistic penetration experiments performed at the US Army Engineer Research and Devel-

opment Center (ERDC) studying UHPC materials being impacted by a spherical projectile at varying velocities was
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conducted. The experimental results are validated using NMAP to simulate the behavior of the UHPC at the micro‐

continuum and macro‐continuum level. A new scaled damage evolution law (SDEL) is proposed to represent the

homogenized response of the damage crack growth at the microstructural level. The scaled damage law is embedded

into the AFC model, and numerical projectile penetration of the UHPC is conducted using NMAP to validate the exper-

imental results. The calibrated model can be used to provide predictive capabilities for varying thicknesses of UHPC

panels with an expanded velocity regime.

The remainder of this manuscript is as follows. The problem statement and the multiscale setting are described in

Section 2. The energy bridging and damage model is described in Section 3. In Section 4, a brief review of RKPM theory

is presented. Section 5 discusses the experimental validation study consisting of the microstructural and continuum

level analysis. Conclusions are provided is Section 6.

2 | PROBLEM STATEMENT AND MULTISCALE SETTING

This study's goal is to model the inelastic deformation of projectile impact on a highly brittle, cementitious material.

Consider a macroscopic domain Ω with boundary Γ as shown in Figure 1. The domain of the microstructure Ωy is

composed of two or more constituents, eg, pores and surrounding matrix. The macrostructure and microstructure

domains are parameterized by the position vectors x and y, respectively. The ratio between the macroscopic and micro-

scopic position vectors is related by a small positive scaling parameter, ε, such that y = x/ε.

The body force acting on the structure is assumed to be negligible as the body undergoes elastic static deformation;

hence, the governing equations associated with the heterogeneous macroscopic boundary‐valued problem are given as

follows:

∇·σε ¼ 0 in Ω (1)

σ
ε ¼ Cε

∶eε (2)

eε ¼
1

2
∇⊗u

ε þ u
ε
⊗∇ð Þ (3)

in which σ
ε is the total macroscopic stress field, uε denotes the total displacement, eε the total strain field, and C

ε is the

heterogeneous constitutive tensor of elastic moduli. The corresponding boundary conditions are

σ
ε·n ¼ t on Γt (4)

u
ε ¼ u on Γu (5)

σ
ε·n ¼ h on Γc (6)

in which u and t are the prescribed displacements and surface tractions on the boundaries Γt and Γu, where Γt ∪ Γu = Γ.

FIGURE 1 Energy bridging employed

at the microscale to achieve the

macroscale homogenized response
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At a given point within the macrostructural domain, a distribution of microcracks resides within the domain of the

microstructure, Ωy; thus, the corresponding microcrack surfaces are denoted by Γc. h is the combination of these

cracked surfaces, and n is the unit outward normal on the boundary Γc. The superscript ε denotes the macroscopic

and microscopic response fields that contribute to the total response field.

The spatial derivatives of an arbitrary response function, f ε, are expressed in terms of the macroscopic and micro-

scopic coordinates.

∇xf
ε x; yð Þ ¼ ∇xf x; yð Þ þ

1

ε

∇yf
ε x; yð Þ (7)

A two‐scale asymptotic expansion is employed to formulate a coupled boundary value problem which relates the micro-

scopic and macroscopic problem. The total displacement field is decomposed based on asymptotic expansion.

uε xð Þ ¼ ∑∞
i¼0ε

iu i½ � x; yð Þ (8)

The decomposition in Equation (8) is substituted into the governing equations, ie, Equations (1) to (6), and the expan-

sion is performed; the details of the derivation and formal solutions have been reported in the literature (Guedes and

Kikuchi28; Cheng29; Fish et al30; Ren et al31). Only significant results are detailed, and the resulting

macroscopic/microscopic equations will be summarized. Collecting the u[0](x) terms and substituting in the relation

of the tractions as a function of the homogenized stress and volume‐averaging over the domain of the microscopic cell

yields

σ
ε ¼

1

V y

∫Ωy
σ

εdΩ ¼ σ −
1

V y

∮Γc t
ε⊗xð Þds: (9)

The homogenization of the equilibrium equations results in the homogenized stresses equating to the average stress in a

cracked microscopic cell; hence,

σ ¼ σ
ε (10)

where the Macaulay brackets are denoted as

· ¼
1

V y

∫Ωy
·ð ÞdΩ (11)

and Vy is the volume of the microcell.

Performing asymptotic analysis of the original governing equations and collecting the terms that contribute to the

microscale response naturally yield a microscale equilibrium equation defined over the domain of the microcell.

∇y·C
ε :∇s

yχy ¼ 0 in Ωy (12)

The boundary condition is expressed as

C
ε :∇s

yχy :∇
s
xu

0½ �x
h i

·n ¼ − C
ε :∇s

xu
0½ �x

h i

·nþ h on Γc: (13)

The microcell problem results in solving for the third‐order characteristic tensor χ(y). Hence, the fourth‐order influence

tensor Aε represents the interscale relation between the properties of the cracked microstructure and the homogenized

continua. Aε can be obtained from χ(y) and has the following form.

Aε ¼ −∇s
yχy (14)

The third‐order characteristic tensor is computed numerically by utilizing the numerical solution of characteristic func-

tions in the microcell, and this is computationally expensive; thus, energy bridging within the microcell is employed.
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3 | ENERGY BRIDGING AND DAMAGE MODEL

When the heterogeneous body is subjected to mechanical loads, microcracks develop, grow, and coalescence as the brit-

tle solid exhibits a softening behavior and undergoes deformation. Damage can be defined as the progressive degrada-

tion of the heterogeneous body until failure has occurred. The relationship of the Helmholtz free energy (HFE), Ψ with

damage is given as

Ψ ¼ 1 − dð ÞΨε

0 (15)

where, d is scalar damage and subscript “0” denotes the initial elastic state. The microscopic free energy is the elastic

strain energy defined as

Ψ
ε

0 ¼
1

2
σ

ε :eε ¼
1

2
e
ε :Cε :eε

: (16)

From the second law of thermodynamics, the following can be determined:

σ ¼
∂Ψ

∂eε
¼ 1 − dð ÞCε :eε ¼ 1 − dð Þσε (17)

Y ¼
∂Ψ

∂d
; _d ¼ _g

∂Ψ

∂Y
(18)

where, Y is the damage energy release rate and drives the damage evolution and g is the consistency parameter. As men-

tioned above, the HFE of the cracked microcell, Ψε

0, is defined as

Ψ
ε

0 ¼
1

2
σ

ε :eε
: (19)

In this manuscript, the evolution of damage of the microconstituents is modeled as a consequence of the microcrack

propagation; hence, a microcrack informed damage model (MIDM) is employed to model this behavior. Ren et al31

introduced the relationship between the HFE of the damaged continuum and the averaged HFE of the microcell

degraded by microcracks. Volume‐averaging the microcell HFE and the respective microcell displacement field, uε, over

the domain of the microstructure, Ωy, yields the homogenized macroscale HFE

Ψ ¼
1

V y

∫
Ωy
Ψ

εdΩþ
1

2
∫
Γc
u

ε·h dΓ

� �

(20)

where, Vy is the microcell volume. From Equation (20), the opening displacements corresponding to the microcracks

are modeled explicitly, and the HFE is a function of the microcell stresses and strains. The microcell fracture is related

to the macroscopic HFE by a two‐scalar parameter damage model:

Ψ ¼ 1 − dþ
� �

Ψ
þ
0 þ 1 − d−ð ÞΨ−0 : (21)

The two damage variables describe the degradation of the tensile, d+ and shear, d− failure surface. The free energy

potential, Ψ0, corresponds to an undamaged microcell which has the potential to do work. As the microcell is loaded

and damage accumulates, the free energy available to do work is reduced. The Clausius‐Duhem inequality of irrevers-

ible thermodynamics can be derived from Equation (21); thus,

Ψ
±
0 ¼ Y± (22)

where, Y± are the damage energy release rate. Combining Equations (21) and (22) and taking the derivative of the

microcell HFE with respect to the Y yields

dþ ¼ 1 −
∂Ψ

∂Yþ ≈ 1 −
Ψ

Yþ : (23)
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For the remainder of the paper, the damage law evaluated is with respect to the tensile contribution d+. A summary of

the key features of the MIDM has been discussed; for in‐depth derivations, refer to Ren et al.31 The next section will

detail how d+ is computed.

3.1 | Scaled damage evolution law (SDEL)

It is well documented in the literature that conducting a mesh refinement study on a domain and resolving the succes-

sive mesh spacing from a coarse discretization to a finer while utilizing a local damage model leads to mesh dependency

(Pijaudier‐Cabot et al32; Bazant and Jirasek33; Jirasek34). Lin et al35 showed the size effect due to employing the

microcracked informed damage law and validated the analyses with quasistatic numerical investigations. The fracture

cohesive law employed within the MIDM is independent of a length scale; hence, larger microcells with imperfections

are statistically more likely to fail. Conducting similar numerical investigations using meshfree methods and subjecting

different geometric length microcells to kinematically admissible loading based on homogenization theory reveals that

the energy dissipation reduces as refinement of the microcells when calculating the HFE.

The damage evolution function is only valid for the microcell for which the homogenized energy bridging was cal-

culated; hence, utilizing a different discretization (or particle spacing) requires calculating a new HFE for the subse-

quent microcell. Without incorporating a characteristic length into the damage law, the solutions will not correctly

capture the energy within the softening region of the microcells, and the solution will exhibit this mesh dependency.

To accurately capture the HFE within the microcell and alleviate this size dependency, a general modified sigmoid

functional is applied to capture the nonlinear damage evolution form. The modified damage sigmoid incorporates a

characteristic length scaling parameter λ and represents an approximation of the evolution of damage within the matrix

constituent phase. The SDEL is a function of λ and e and is given by

dþλ e¯ ¼ 1

1þ ve−λχe¯−e¯i
(24)

The dimensionless characteristic length scaling parameter λ is

λ ¼ lmic

lmac

(25)

where lmic and lmac are the microscopic and macroscopic length parameters, respectively. The damage initiation strain ei
utilizes the same initiation term from Lin et al35; the idea was first inspired by the Bazant,36 size effect law; it resembles

a similar form and is expressed as

ei ¼
A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ aλ
p (26)

where a, A, v, and χ are constants.

3.2 | Identification of optimal damage evolution function parameters

The identification of the optimal set of constants that correspond to the microcell‐dependent SDEL is posed as an opti-

mization problem. Let s consist of the constants defined in the SDEL; hence, s = {a, A, v, χ}. The problem of identifying

the optimal set of constants, s*, that satisfies the following optimization problem is defined as

F s
*

� �

¼ min
s∈si

∑nload
k¼1 dþ

kð Þ
ref λ; eð Þ

�

�

� −dþ
kð Þ
s λ; e; sð Þ

�

�

�

2
(27)

where ‖·‖(2) denotes the L2 norm. dþ
kð Þ
ref and dþ

kð Þ
s are the damage response computed from energy bridging of the HFE

and the damage response from the SDEL subjected to load case, k. si is the set of all possible feasible constants such that

s
1 = {a1,A1, v1, χ1}, s2 = {a2,A2, v2, χ2}, …, sn = {an,An, vn, χn}. The details of the microcell characterization and analyses

are discussed in Section 5. For brevity, when conducting the microcell analyses, the porosity of the microcell was

informed by the micro‐CT analyses. The reference microcell damage response, dþ
kð Þ
ref corresponding to the
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microstructure which was degraded by microcracks, is calculated during the microstructural analysis. The HFE of the

damaged microcell is homogenized over the cell and that produces a highly nonlinear damage response vs homogenized

strain curve from the energy bridging. The dþ
kð Þ
s

is the SDEL calculated from Equation (24), which is a modified sigmoid

that approximates the nonlinear damage evolution form using the optimal set of constants s*. Equation (27) is evaluated

using a nonlinear least squared algorithm to identify s
*.

The optimal set of constants resulting from the analysis ensures that the errors associated with the optimal parameter

set are minimized with respect to the HFE from the subsequent microcells. The proposed SDEL is incorporated into the

MIDM that is embedded into a modified version of the AFC model.37

4 | RKPM MICROCELL ANALYSIS

In this study, RKPM will be used to conduct the microscopic cell analysis. The results of the microcell solution

employ energy bridging to achieve the homogenized response for the tensile damage evolution function as described

in Section 3.

Within the RKPM framework, first proposed by Liu et al38 and Chen et al,39 the RK approximation function u
h(X) is

modified and constructed by the product of the kernel function ϕa(X − XI) with compact support and a correction func-

tion that enforces the reproducibility conditions of the basis. The function has the following form:

u
h
X ; tð Þ ¼ ∑

I∈N ∑n

αj j¼0 X−X Ið Þα bα Xð Þ
n o

ϕ
a
X − X Ið ÞdI tð Þ ¼ ∑

I∈NΨI Xð ÞdI tð Þ (28)

where ΨI(X) is the RK shape function corresponding to the I
th node, N is the number of nodes, dI(t) is the coefficient

that approximates the displacements, and X is with respect to the reference material coordinate system. The term

∑n

αj j¼0X−X I
α

n o

is the set of monomial basis functions, and the coefficients {bα(X)} are determined by enforcing

the following reproducing conditions.

∑
I∈NΨI Xð ÞXα

I
¼ X

α (29)

where |α| = 0, 1, ⋯, n. Computing {bα(X)} from Equation (25), the RK shape functions are obtained as

ΨI Xð Þ ¼ H
T
X − X Ið ÞM−1

Xð ÞH 0ð Þϕa X − X Ið Þ (30)

where H
T(X − XI) is the corresponding row vector of ∑n

αj j¼0X−X I
α

n o

containing all the basis functions, and M(X)

is a moment matrix.

The above discussion provides a basic overview of the RKPM framework, and the details were neglected for brevity.

The RKPM microcell analysis also employs the enrichment of the RKPM functions as detailed in the literature (Fleming

et al40; Moes and Belytschko41; Ren et al31).

5 | VALIDATION STUDY

In this study, the correlation between the pore characteristics, ie, pore size, shape, and size distribution, and the mate-

rial response of the UHPC was studied using both experimental and numerical methodologies.

The material under consideration is a UHPC, which was developed at the US Army Engineer Research and Devel-

opment Center (ERDC) by O'Neil,42 and later characterized by Williams et al.43 It stems from a family of UHPCs and

is distinguished by its superior mechanical properties. From the unconfined compression tests, the material without

steel fiber reinforcements has an average strength of 210 MPa. The UHPC is sensitive to minor changes in the constit-

uent material; thus, careful precision during the mix design must be ensured to achieve the desired properties. Unlike

conventional concrete that includes coarse aggregates, the UHPC is composed of fine aggregates with its largest

microconstituent limited to a maximum size of 0.6 mm and has a water‐to‐cement ratio restricted to 0.21, lower than

the conventional concrete ratio of 0.40.

Figure 2 illustrates the general framework of the procedure for incorporating multiscale material information at the

microstructural scale into the continuum multiscale analysis. After laboratory tests at the continuum level are
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conducted, local meshfree RKPM microstructural calculations are performed to model the propagation of microcracks

within the microcell. Local response fields, ie, stress and strain, are homogenized, and the damage evolution scaling law

is employed to alleviate numerical size effect. The homogenized damage evolution scaling law in tandem with the mod-

ified AFC model helps to govern the UHPC response during the penetration modeling at the continuum level. In the

following sections, detailed descriptions of these processes will be discussed.

5.1 | Microstructural characterization

After the UHPC was mixed and placed, specimens were cured according to the process described by Williams et al.43 To

characterize the microstructure of the UHPC, high‐resolution micro‐CT scanning was conducted using a SkyScan 1173

high‐energy X‐ray system. The 19‐mm diameter by 38‐mm length cores were taken from a large beam cast to investigate

the material's microstructure. From the cored specimen, it was possible to achieve a high resolution of 11.02‐μm pixel.

The imaging conditions used were 130 kV with a current of 60 μA. Additionally, the filter was 0.25‐mm‐thick brass with

a rotational step of 0.15°. Frame averaging was 15, and the random movement was 15.

From the cored UHPC sample, the pore distributions were examined using micro‐CT. Using a pixel size in the 11.02

micrometer range, the micro‐CT produces a set of 2D X‐ray projection images of the sample. These images were con-

verted to cross‐sectional images using NRecon software. Image processing techniques are utilized in CTAn to convert

the cross‐sectional CT images into binary images. The fully reconstructed 3D dataset is obtained by stacking the con-

verted cross‐sectional images. For this study, the investigation focused on two distinct phases of the UHPC, ie, the

matrix and pores. Therefore, when the 2D cross‐sectional images were re‐stacked or re‐assembled throughout the model

volume, 3D microstructural features were identified as either belonging to the matrix or a pore (void). This process

yields a very large database of every individual microstructural feature throughout the volume with individual pore vol-

umes spanning more than three orders of magnitude with the maximum pore volume of 1.5 mm3. This large dataset

consists of key features from the sample, eg, location and volume of all the voids, number of voids listed individually,

shape factors of the voids, aggregates, associated volumes, etc. The resolution of all the other microstructural features

are all assumed to exist in the matrix phase. A single micro‐CT cross‐section image is shown in Figure 3.

Probabilistic and quantitative methods were used to characterize the pore size distribution. The data were analyzed

based on pore sizes greater than 77 μm in diameter but less than 1.3 mm. The underlying void sizes closely resemble a

four‐parameter (4P) Burr distribution. The values corresponding to the 4P Burr distribution are given below in Table 1.

FIGURE 2 A general overview of multiscale material modeling framework [Colour figure can be viewed at wileyonlinelibrary.com]
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The probability density function (PDF) is given as

f xð Þ ¼
ak x−γ

β

� 	α−1

β 1þ x−γ
β

� 	α� 	kþ1
; k; α; β; γ > 0 (31)

where, k and α are continuous shape parameters, β is a continuous scale parameter, and γ is a continuous location

parameter.

Figure 4 illustrates the PDF of the 4P Burr distribution with a histogram showing the relative frequency of pores. In

this figure, pore sizes are represented by an “equivalent sphere diameter” (ESD), which is the diameter of an idealized

sphere having the same volume as the actual measured pore volume. The histogram plot provides insight into the fre-

quency of smaller pores residing in the microstructure as compared with larger size pores on the mm‐length scale. The

UHPC has superior mechanical properties due to its low porosity and refined pore size distribution; however, the low

water‐to‐cement ratio required to achieve these mechanical properties can sometimes result in poor workability

resulting in infrequent but large size pores that are detrimental to the materials' microstructure. The 4P Burr distribu-

tion appeared to capture this materials characteristic. For the distribution analysis shown in Figure 4, a Chi‐squared

goodness of fit test returned a P value of 0.04896 indicating that the collected data reasonably match the 4P Burr

distribution.

To quantify the cross‐sectional heterogeneity of the UHPC's microstructure, the cross‐sectional porosity is computed

for different size microcells. Percent porosity is the measure of all the empty space or void space in the microstructure

and is defined as

%Porosity ¼
∑n

i¼1Avoidi

Acell

x 100 (32)

where n is the total number of random ESD's, Avoidi is the cumulative area (μm2) of the voids, and Acell is the area of the

FIGURE 3 Micro‐CT cross‐sectional image of the UHPC

TABLE 1 Best fit for individual UHPC pore sizes corresponding to four‐parameter Burr distribution

Parameter Value

k 3.9313

α 1.1698

β 290.43

γ 77

9



microscopic cell. Figure 4 shows that approximately 98.6% of the pores have an ESD less than 600 μm. These pore sizes

are on the order of the maximum aggregate constituent size. Hence, the remaining 1.4% of pores within the microstruc-

ture of the UHPC are larger than the constituent size.

5.2 | Microcell analysis

Numerical validation studies of the microcell were conducted to evaluate the performance of the proposed SDEL com-

pared with the reference MIDM damage evolution law calculated from the HFE. The microcell analysis consists of

modeling a two‐phase media (matrix and pores) in which the microstructural pore‐size distribution reflects the cross‐

sectional porosity generated from the micro‐CT analysis. Figure 5 depicts the geometry and statistically representative

pore size distribution of four varying size microcells. As mentioned previously, the UHPC's microstructure consists of

densely packed constituent materials and has low water‐to‐cement ratio; hence, the material has a low porosity. The

micro‐CT scans confirmed the relative relation of the pores, and the surrounding UHPC matrix material indeed have

a low porosity; therefore, all of the microcells are assumed to consist of the same average area porosity of 3.4%. Holding

the average area porosity constant allows for the size effect of the microcell to be fully investigated without varying the

% porosity because the UHPC has a low porosity relative to conventional concretes.

Figure 5A‐D shows four distinct microcell sizes ranging from 3.0 × 3.0, 4.5 × 4.5, 5.0 × 5.0, and 6.5 × 6.5 mm2. The

different microcell sizes correspond to the particle spacing in the macroscale discretized domain. This variation is

selected in order to investigate the size effect. As previously defined in Section 3.1, λ is the dimensionless characteristic

length scaling parameter that normalizes the microcell size length to the length of the macroscopic domain. Hence, lmic

corresponding to the microcell sizes are lmic = 3.0, 4.5, 5.0, and 6.5 mm and lmac is the diameter of the macroscopic

UHPC panel as shown in Figure 2, where lmac = 406.4 mm.

Before the calculating the SDEL, local response parameters, ie, stress and strain, must be computed prior to energy

bridging. The microcell analysis was performed utilizing nonlinear meshfree analysis program‐micro (NMAP‐M) that is

a two‐dimensional RKPM‐based code. The research code is a joint effort by the ERDC and University of California San

Diego‐University of California Los Angeles (UCSD‐UCLA) to efficiently model the evolution of crack growth within a

microcell based on fracture mechanics. Ren et al31 used enriched RK particle methods (RKPM) to investigate

microcracks informed damage (MIDM) based models. Lin et al35 furthered the works of Ren by investigating MIDM

for material failure using stochastic microstructures. The damage evolution law is obtained from HFE from the

FIGURE 4 Four‐parameter Burr distribution [Colour figure can be viewed at wileyonlinelibrary.com]
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microcrack and the continuum. This energy bridging method is based on fracture mechanics and exploits the evolution

of the microstructural strain field as the driver of the damage evolution function. The constitutive response for UHPC is

modeled using a linear‐elastic cohesive law that linearly softens when the peak tensile strength is exceeded. Table 2

gives a summary of the key microcell parameters utilized in the calculation of the local response parameters.

A series of quasi static and dynamic laboratory experiments were conducted at the ERDC to investigate the macro-

scopic material behavior of the UHPC. Table 3 summarizes the types of mechanical property tests conducted at the

ERDC. The experiments consisted of hydrostatic compression, triaxial compression, unconfined direct pull, and uniaxial

load/constant volume tests. The quasi static results were documented by Williams et al43 and the dynamic unconfined

compressive strength, and the resulting dynamic increase factor, were characterized by Martin et al.44 The UHPC frac-

ture energy was obtained by Sherburn et al45 using the three‐point notched beam test developed by Hillerborg et al.46 A

mode I crack initiated at the notch and propagated through the beam, and the resulting fracture energy was determined

from the crack tip opening displacement (CTOD). From the physical test, macroscale constitutive parameters, ie, elastic

modulus, Poisson's ratio, peak tensile strength, and fracture energy, were identified and documented for use during the

numerical validation study.

The microscopic tensile strength of the UHPC was determined by conducting a series of local numerical microcell

calculations in order to calibrate the microstructural peak tensile stress to the overall average macroscopic value. For

each of the microcells illustrated in Figure 5, the average porosity of the cell was held constant while spatially varying

the pore locations and sizes. The pore sizes corresponding to each of the microcell sizes were based on a random sam-

pling of the 4P Burr distribution shown in Figure 4. Microcrack seeds were inserted at possible microcrack nucleation

FIGURE 5 UHPC microcell geometry with average area porosity of 3.4% corresponding to lmic = (A) 3.0, (B) 4.5, (C) 5.0, and (D) 6.5 mm

[Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Cohesive law parameters for the microcell calculations

Parameter Value

Young's modulus (MPa) 44 296

Poisson's ratio 0.2

Tensile strength (MPa) 22.7

Fracture energy (N/m) 35.0
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sites around each void in the microcell. A series of 25 random microcell geometries with randomly varying x and y pore

locations was generated for each microcell. The resulting microcell geometries were subjected to uniaxial tension, and a

sampling of the resulting Mode I cracked regions are shown in Figure 6A‐D. As the material undergoes deformation, the

microcracks develop, grow, and coalescence. Once the local strain exceeds the critical threshold, a microcrack begins to

grow, and the microcell begins losing its load carrying capacity.

For each of the microcell sizes, 25 microcell simulations were conducted to calculate the overall average response.

Figure 7A‐D shows the pre‐peak and post‐peak stress‐strain variation corresponding to the different lmic sizes for the

microcell simulation. Figure 8 shows the average homogenized stress and strain curves corresponding to each microcell

size without the variation. The post‐peak is very soft for tension and does not fail abruptly as seen with most brittle

materials. The material constituents in this particular UHPC allow for a softer response due to the varying constituent

sizes which spans multiple length scales. The small residual stress is expected for concrete under tension, and it also

portrays the correct trend which is the peak strength decreases for larger microcells and the residual stress decreases

as well. This strength reduction is due to the increased presence of flaws which are expected in larger microcell sizes.

The average damage and homogenized strain curves using energy bridging homogenization, as discussed in Section

3, are shown in Figure 9. Figures 8 and 9 display the influence of the size effect and mesh dependency due to the dam-

age law not scaling with the dimensions of the microcell size. This size effect is further demonstrated when the nominal

strength of each of the cell sizes is plotted against λ and fitted to the size effect law (Bazant,36) as shown in Figure 10.

The different lmic sizes for the microcells were based off the pore sizes determined from the micro‐CT analyses. Analyses

presented in this paper reflect pore sizes that the micro‐CT could detect. Due to limitations with the micro‐CT, it is hard

TABLE 3 Summary of mechanical test performed on UHPC known as Cor‐Tuf

Mechanical test

Hydrostatic compression, triaxial compression, unconfined compression, direct pull, and uniaxial strain Williams et al43

Dynamic unconfined compressive strength Martin et al44

Fracture energy Sherburn et al45

FIGURE 6 Principal strain cracks of spatially random generated pore location and size with average area porosity of 3.4% corresponding to

lmic = (A) 3.0, (B) 4.5, (C) 5.0, and (D) 6.5 mm [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 7 Homogenized stress‐strain

curves and averaged homogenized stress‐

strain curves with average area porosity of

3.4% corresponding to lmic = (A) 3.0, (B)

4.5, (C) 5.0, and (D) 6.5 mm [Colour figure

can be viewed at wileyonlinelibrary.com]

FIGURE 8 Average homogenized stress‐strain corresponding to each of the different microcells [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 9 Average reference damage and homogenized strain corresponding to each of the different microcells [Colour figure can be

viewed at wileyonlinelibrary.com]
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to detect voids smaller than a certain size voxel. Hence, lmic corresponding to 3.0, 4.5, 5.0, and 6.5‐mm range was chosen

to illustrate the size effect in the UHPC.

Incorporating SDEL into the formulation addresses the size effect issues discussed by Bazant,36 Ren et al,31 and Lin

et al.35 The identification of the optimal set of constants s
* that satisfy the nonlinear optimization problem posed in Sec-

tion 3.2 is given in Table 4.

Employing SDEL within this framework allows for a more efficient and general damage scaling law. Figure 11 shows

the comparison between SDEL optimal set of constants and the averaged damage evolution functions of the four differ-

ent microcell geometries. SDEL captures the size effect and minimizes mesh sensitive behavior. The SDEL also captures

crack initiation well but starts to deviate and over approximates the rate at which the crack grows. The microcell dam-

age curves are highly nonlinear in nature, and future investigations will focus on limiting the rate at which the damage

grows within the sigmoid. It is important to remember that the microcell damage evolution function is valid for the spe-

cific particle spacing it modeled. The SDEL allows for different microcell geometries and sizes to be considered without

FIGURE 10 Nominal strength of simulated results fitted with size effect law [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 4 Optimized constants for the SDEL model

Parameter Value

a 1.0

A 0.0002

v 120.5

κ 4.1e6

FIGURE 11 Average damage and homogenized strain corresponding to each of the different microcell sizes for the microcell calculations

and SDEL [Colour figure can be viewed at wileyonlinelibrary.com]
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sacrificing the computational time of re‐computing different damage evolution functions for a specific microcell. The

SDEL provides a significant computational advantage and geometric flexibility compared with not incorporating a char-

acteristic length scale. It is also worth noting that the SDEL model makes no attempt to perfectly match the post‐peak

residual strength. The SDEL model is an initial attempt to incorporate the overall size effects from the microcell

calculations.

As discussed in Section 3.1, it is well documented in the literature that neglecting to incorporate a characteristic

length scale into the damage evolution law will lead to a highly local model. Incorporating a length scale into the for-

mulation alleviates this issue as the particle spacing is refined. The corresponding averaged homogenized stress‐strain

curves for each of the different microcells as calculated in Section 3 as compared with using SDEL are shown in

Figure 12. As lmic changes for the subsequent microcells, the size effect is correctly captured. The SDEL was imple-

mented into the macroscale continuum code that will aid in modeling the progressive damage of the macroscale

problem.

5.3 | Ballistic experiments

To validate numerical penetration modeling at the continuum scale, a series of macroscopic ballistic experiments must

be performed. The UHPC targets varied slightly in depth and thickness, but the overall diameter and geometry were

constant. The diameter and average thickness were 406.4 and 31.75 mm, respectively.

A spherical projectile was chosen for this study, and its average mass was 9.071 g and was 12.7 mm in diameter. The

projectile was made of S2 tool‐steel with a density of 7850 kg/m3 and a tensile yield stress of 2000 MPa. The projectile

and concrete panel dimensions and geometry are illustrated in Figure 13.

The UHPC targets were housed in a custom‐built frame to allow for ease of access when setting up the targets and

transitioning between shots. The impact side of the steel frame has two main lips that provide lateral and horizontal

support for the cylindrical targets to sit on; these are indicated in Figure 14 by points A and B. Bolts and washers are

loosely fasten to the outer steel plate face frame to allow for a snug fit in the out‐of‐plane direction. The frame and front

plate steel face were designed to minimize edge effects during the ballistic experiments.

The ERDC ballistic facility (or fragment simulation facility) is shown in Figure 15. The firing apparatus used is a

Mann Barrel system with electronic remote firing solenoid. The Mann Barrel is a heavy‐walled test barrel that is fitted

and mounted on rings that are concentric with the bore and allows for easy of firing. Because the S2 tool‐steel is spher-

ical and has a fairly regular geometry, a smoothbore barrel without a sabot was sufficient for this set of ballistic exper-

iments. Two high‐speed Kirana cameras were oriented on the exit face of the panel to capture the sequence of ballistic

events. In order to measure impact velocities, four infrared photoelectric velocity screens located down range were con-

nected to two chronographs to accurately measure the impact velocity. As the projectile passes through the first chro-

nograph, the light screen is triggered, and the first and third chronographs provide the first velocity measurement.

The second and fourth chronographs provide the second velocity measurement. Linear interpolation can be used to

FIGURE 12 Average homogenized stress and strain corresponding to each of the different microcell sizes for the microcell calculations

and stress‐strain approximation using SDEL [Colour figure can be viewed at wileyonlinelibrary.com]
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determine the impact velocity because the velocity at the point of impact is based on known distances relative to the

positioning of the chronograph screen.

Normal impact experiments were conducted on the UHPC targets. A series of varying impact velocity tests were con-

ducted to determine the corresponding residual velocity of the perforation event. Seven different impact velocities were

chosen to explore different velocity regimes and to understand the perforation response of the UHPC for this particular

FIGURE 13 Spherical projectile (12.7‐

mm diameter) and the UHPC panel

(406.4‐mm diameter) [Colour figure can

be viewed at wileyonlinelibrary.com]

FIGURE 14 The impact face and the

exit face of the UHPC targets placed in

steel fixture [Colour figure can be viewed

at wileyonlinelibrary.com]

FIGURE 15 The experimental setup in the ERDC Fragmentation Simulation Facility [Colour figure can be viewed at wileyonlinelibrary.

com]
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thickness. Different velocities were achieved by augmenting the amount of gunpowder loading onto each projectile. All

of the ballistic experiments resulted in complete perforation of the target.

After impacting the UHPC panels, the projectiles did not endure significant plastic deformation. Mass loss was due to

abrasion of the projectile as it was in contact with the UHPC target. For a particular impact velocity of 817 m/s, the ini-

tial spherical projectile mass was 9.071 g and after impact was 8.164 g. Minor striations on the surface of the S2 tool‐steel

were evident and are shown in Figure 16. The impact side of the projectile into the concrete is clearly shown, and the

back hemisphere of the projectile is nearly untouched. Most of the projectiles shot within the selected velocity regime

were not recovered, but the few experienced similar minor striations on the impact side.

Figure 17 shows the UHPC subjected to an impact velocity of 817 m/s. This image is a snapshot of the damage expe-

rienced on the impact and exit side of the UHPC panel. Because the concrete panel is rather thin, the projectile does not

experience the tunneling phase; instead, a shear cone failure is witnessed on the exit side of the target.

FIGURE 16 Projectile before (left) and

after impact (right) the UHPC panel. The

impact velocity of the spherical projectile

was 817 m/s [Colour figure can be viewed

at wileyonlinelibrary.com]

FIGURE 17 Post experimental impact

face and exit face of the UHPC panel. The

impact velocity for this experiment was

817 m/s [Colour figure can be viewed at

wileyonlinelibrary.com]

TABLE 5 Experimental impact and residual velocities of spherical projectile perforating the UHPC targets

Target Thickness, mm Target Mass, kg Impact Velocity, m/s Residual Velocity, m/s

32.31 10.71 610 53

31.80 10.54 613 72

29.14 9.66 689 170

31.55 10.46 817 236

31.10 10.31 903 330

29.29 9.71 992 456

30.28 10.04 1112 556
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A summary of the ballistic experiments is shown in Table 5; the thickness and weight of each target are reported in

the table along with the impact and residual velocities. The following section will model the range of impact velocities

performed in the experiments using the SDEL model.

5.4 | Continuum analysis

The numerical simulations conducted in this study were based on hierarchical multiscale modeling in which microcell

simulations simulating the fracture of the porous UHPC matrix microstructure are conducted a priori. The damage vs

homogenized strain response from the MIDM energy bridging produces a general SDEL that can be employed in the

penetration numerical analysis conducted at the continuum level.

The continuum analyses were performed utilizing NMAP, which is a three‐dimensional RKPM‐based code (Chi

et al47). NMAP naturally models large deformations that include material fragmentation of the experiments described

in the previous section because the RKPM framework has no need for ad hoc failure models such as element erosion

that are necessary for the finite element method to model perforation (Guan et al48 and Yreux and Chen49). For this

class of problems, naturally stabilized nodal integration (Hillman and Chen,50) is introduced to reduce spatial instabil-

ities that govern the effects of debris and fragmentation experienced in these dynamic events. Quasi‐linear kernels on

the support are proposed by Yreux and Chen,49 to ensure the stability of the model.

The concrete model for this study employs the AFC model (Adley et al37). A brief general description of the AFC

model is provided, but the full description and the formulation are omitted for brevity. The AFC model governing

the simulation of concrete penetration by projectiles is based on a three‐invariant plasticity model. The model simulates

hydrostatic crushing, material yielding, and damage among other irreversible thermodynamic processes. The hydro-

static behavior is defined by three different portions, ie, linear elastic, hydrostatic crushing, and linear locking. The

low pressure region is governed by the linear‐elastic portion where the bulk response is defined by the initial crushing

pressure and volumetric strain. The hydrostatic crushing is the nonlinear region due to voids collapsing and crushing,

which is approximated by a third‐order polynomial. Lastly, in the locking region, the material is considered fully den-

sified, and a linear bulk modulus governs the higher pressure volumetric response. The AFC model has been applied to

several investigations involving the simulation of projectiles into cementitious materials. For a more in‐depth discus-

sion, the details of the model can be found in the literature (Adley et al,37 Sherburn et al,26,27 Nordendale et al,22 Chan-

dler et al51).

A brief description of the links between the AFC model and SDEL is summarized below. The AFC failure surface of

the UHPC is described as the deviatoric response that is dependent on the pressure, strain rate, and damage. The failure

surface in compression is described as

S
comp
Y ¼ C1 − C2 þ C1 − C2ð Þd−ð Þe−AnP þ C4P

� �

1þ C3 ln _εnð Þð Þ (33)

where C1, C2, C3, C4, and An are constants greater than zero, P is the pressure, and a positive sign convention denotes

compression. d− is the compressive scalar damage term that goes from 0.0 to 1.0, and _εn is a normalized strain rate. The

normalized strain rate is defined by

_εn ¼
_ε

_ε0
(34)

where _ε0 is a reference strain rate. The reference strain rate for this material was chosen to be 0.0001 s−1. The tensile

failure surface is defined as

Stensy ¼ C1 − C2 þ C1 − C2ð Þd−ð Þð Þ 1þ C3 ln _εnð Þð Þ
Tmax 1 − dþ

� �

þ P

Tmax 1 − dþ
� � (35)

where Tmax is the maximum allowable tensile pressure. The compressive scalar damage, d−, is defined by

d− ¼ ∑
εpc

PD1
þ

μpc

1:5C9


 �

(36)
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where D1 is a material constant, and εpc and μpc are the plastic strain increment under compression and volumetric

strain increment under compression, respectively.

To approximate the HFE within the microcell, a modified sigmoid was fit to the nonlinear damage evolution form

using the optimal set of constants s
*described in Table 4. The tensile scalar damage, d+, is represented by the SDEL ref-

erenced in Section 3.1:

dþλ e¯ ¼
1

1þ ve−λχe¯−e¯i
; 0 ≤ dþ ≤ 1: (37)

Table 6 summarizes the constants used in the AFC model for the continuum analysis in this study.

Figure 18 shows the geometry and the numerical model setup for the validation study of the ballistic experiments for

the UHPC material subjected to a S2 tool‐steel projectile with varying initial velocities. The particle spacing of the con-

crete panel is radially biased with the maximum spacing near the boundary of the target and a nearly uniform microcell

FIGURE 18 Geometry and discretization of spherical projectile impacting the UHPC panel [Colour figure can be viewed at

wileyonlinelibrary.com]

TABLE 6 AFC constants used for the UHPC

Parameter Value

Density (kg/m3) 2555.7

Shear modulus (MPa) 18 457.0

C1 (MPa)—failure surface constant 957.8

C2 (MPa)—failure surface constant 888.2

C3—failure surface constant 0.01

C4—failure surface constant 0.001

C5 (MPa)—failure surface constant 792.88

C6 (MPa)—pressure where crushing begins 172.37

C7—volumetric strain at crushing 0.00781

C8 (MPa)—locking modulus 45 039.0

C9—volumetric strain at locking 0.10094

K1 (MPa)—hydrostatic compression constant 7919.2

K2 (MPa)—hydrostatic compression constant −29 206.0

K3 (MPa)—hydrostatic compression constant 187 100.0

D1 (MPa−1)—damage constant 0.000406

AN (MPa−1)—failure surface constant 0.002329

Tmax (MPa)—maximum allowable tensile pressure 6.89
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spacing in the zone of the penetration event. Figure 19 displays a detailed view of the biased particle spacing. Because

the target is cylindrical, ensuring that the damage law scales with particle spacing to avoid size effect and mesh sensitive

results is alleviated through SDEL. Near the center of the target, a 3.0‐mm particle spacing is used to discretize the

region and radially outward approaches a spacing of 4.5 mm. All of the continuum simulations were full 3D and there-

fore had no symmetry planes.

The NMAP model was developed for a S2 tool‐steel projectile and was discretized using 1933 nodes. For simplicity,

the spherical projectile was approximated as a rigid material because the experimental projectile had little plastic defor-

mation. The UHPC target contained approximately 150 000 nodes and used the AFC model parameters described in

Table 6. In order to validate the ballistic experimental results, the UHPC target was subjected to impact striking veloc-

ities that spanned the experimental ranges. The 31.75‐mm‐thick target had initial striking velocities that ranged from

FIGURE 19 Radially expanding particle spacing along with discretized microcell sizes 3.0 × 3.0 and 4.5 × 4.5 mm2 [Colour figure can be

viewed at wileyonlinelibrary.com]

FIGURE 20 NMAP damage contours

for the UHPC panel impacted by the

spherical projectile at 820 m/s [Colour

figure can be viewed at wileyonlinelibrary.

com]
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400 to 1200 m/s. A total of 81 continuum analyses were conducted on the 31.75‐mm‐thick target with an initial velocity

of 400 m/s and incremented by 10 m/s until the final impact velocity was achieved.

Figure 20 gives a snapshot of the steel projectile impacting the UHPC panel with an initial velocity of 820 m/s. The

damage contours agree reasonably with the analogous experiment displayed in Figure 17. The snapshot shown in

Figure 20 is taken when the projectile is exiting the back face of the panel. The ballistic experiments show the UHPC

panel segmenting into several pieces similar to what is observed in the NMAP calculations. As the projectile perforates

the concrete material, the back side of the concrete is loaded in tension, and similarly, a shear cone failure is observed.

The computed craters from the numerical simulations were not compared with the craters from the ballistic experi-

ments because the full cratering process takes much longer than the times used for the continuum simulations, hence

comparing general qualitative damage features and specific exit velocities was the focus of this study. Figure 21 shows

FIGURE 21 Experimental and NMAP residual velocities for the UHPC panel [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 7 Experimental velocity reductions and kinetic energy reductions

Nominal Target Thickness, mm Impact Velocity, m/s Residual Velocity, m/s Velocity Reduction, m/s KE Reduction, J

31.75 610 53 557 1555

31.75 613 72 541 1560

31.75 689 170 519 1877

31.75 817 236 581 2575

31.75 903 330 573 2974

31.75 992 456 536 3267

31.75 1112 556 556 3904

TABLE 8 Numerical velocity reductions and kinetic energy reductions. The % error columns are comparisons to the analogous experiment

Nominal Target

Thickness, mm

Impact

Velocity, m/s

Residual

Velocity, m/s

Velocity

Reduction, m/s

% Error (Velocity

Reduction)

KE

Reduction

(J)

% Error (KE

Reduction)

31.75 610 100 510 8% 1524 2%

31.75 610 100 510 6% 1524 2%

31.75 690 160 530 −2% 1896 −1%

31.75 820 271 549 6% 2521 2%

31.75 900 340 560 2% 2923 2%

31.75 990 413 577 −8% 3408 −4%

31.75 1110 505 605 −9% 4113 −5%
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that the NMAP calculations agree reasonably with the ballistic experiments. The numerical results closely follow the 
exit velocity up to 900 m/s (see Table 8) and start underpredicting the exit velocities greater than 1000 m/s.

Another useful way to compare the experimental data to the numerical results is by comparing velocity reduction 
and kinetic energy reduction. The experimental values are shown in Table 7, and the numerical values are shown in 
Table 8. The % error values in Table 8 are calculated by comparing the analogous experiment with the numerical result. 
The numerical results for the 31.75‐mm‐thick targets were either slightly above or slightly below the experimental result 
in line with the trend shown in Figure 21.

6 | CONCLUSIONS

A suite of static and dynamic physical experiments were conducted to characterize the UHPC material. The micro‐CT 
scans provided a statistical representative microstructure that included the pore characteristics of the concrete material. 
The experimental data from the micro‐CT characterization was used to produce a SDEL that is informed by microscale 
calculations. NMAP‐M calculations were performed to develop a SDEL that is implemented into the macroscale calcu-
lations. The generalized SDEL alleviates using a damage law for a particular microcell and allows for several different 
particle spacing's to capture the proper energy dissipation and mitigate size effect dependency. Results of ballistic exper-
iments at the continuum level are in reasonable agreement with NMAP‐continuum analysis.
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