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Spring parameters 

(a) Stress and strain 

σ*, σT*: Stress and stress at the maximum strain in history of 

the normal springs, respectively (N/mm2) 

ε*, εT*: Strain and maximum strain in history of the normal 

springs, respectively (-) 

εt
*: Strain at the tensile strength (𝑓𝑡𝑚

∗ , 𝑓𝑡𝑎
∗ , 𝑓𝑡,𝐼𝑇𝑍

∗ ) in the normal 

springs (-) 

𝑤𝑐𝑟
∗ : Crack width of the normal springs (mm) 

h*: Length of spring (mm) 

τ*, τT*: Shear stress and stress at the maximum shear strain in 

the history of the shear springs, respectively (N/mm2) 

γ*, γT*, γpl*: Shear strain, maximum shear strain in the history, 

and plastic shear strain of the shear springs, respectively (-) 

τf
*, γf

*: Shear strength (N/mm2) and strain at the shear strength 

(-) of the shear springs, respectively 

 

(b) Mortar and aggregate 

f*
tm, f*

ta: Tensile strength of normal springs for mortar and 

aggregate, respectively (N/mm2) 

𝐺𝑓𝑡𝑚
∗ , 𝐺𝑓𝑡𝑎

∗ : Fracture energy of normal springs for mortar and 

aggregate, respectively (N/mm) 

𝑐𝑚
∗  , 𝑐𝑎

∗  : Cohesion of shear springs of mortar and aggregate, 

respectively (N/mm2) 

𝐸𝑐𝑚
∗  , 𝐸𝑐𝑎

∗  : ooungss moduli of normal springs of mortar and 

aggregate, respectively (N/mm2) 

𝐺𝑚
∗  , 𝐺𝑎

∗ : Shear moduli of shear springs for mortar and 

aggregate, respectively (N/mm2) 

η*: Ratio of the shear modulus and ooungss modulus of springs 

(G*/𝐸𝑐
∗) (-) 

Spring parameters (continued) 

𝜎𝑏
∗ : Constant to determine the limit of the shear strength 

increase (N/mm2) 

φ*: Internal friction angle of the shear spring (degrees) 

K*: Softening slope of the shear spring (N/mm2) 

𝛽0
∗, χ*, 𝛽𝑚𝑎𝑥

∗ : Constants for the shear softening slope (K*) (-) 

𝛽𝑐𝑟
∗ : Shear reduction factor (with increasing crack width, shear 

stress is reduced) (-) 

κ*: Constant for 𝛽𝑐𝑟
∗  (-) 

 

(c) ITZ 

𝑓𝑡,𝐼𝑇𝑍
∗ : Tensile strength of the ITZ spring (for the RBSM spring 

parameter) (𝑓𝑡,𝐼𝑇𝑍
∗  = βITZ𝑓𝑡𝑚

∗ ) (N/mm2) 

𝐺𝑓𝑡,𝐼𝑇𝑍
∗  : Fracture energy of the ITZ spring (𝐺𝑓𝑡,𝐼𝑇𝑍

∗   = ηITZ 

𝐺𝑓𝑡𝑚
∗ ) (N/mm2) 

𝑐𝐼𝑇𝑍
∗ : Cohesion of the ITZ spring (𝑐𝐼𝑇𝑍

∗  = βITZ 𝑐𝑚
∗ ) (N/mm2) 

𝐸𝑐,𝐼𝑇𝑍
∗  , 𝐸𝑡,𝐼𝑇𝑍

∗  : ooungss modulus of the ITZ spring in 

compression (𝐸𝑐,𝐼𝑇𝑍
∗  = γITZ 𝐸𝑐𝑚

∗ ) and in tension (𝐸𝑡,𝐼𝑇𝑍
∗  = αITZ 

Ecm
*), respectively (N/mm2)  

𝐺𝐼𝑇𝑍
∗ : Shear modulus of the ITZ (𝐺𝐼𝑇𝑍

∗  = αITZ 𝐺𝑚
∗ ) (N/mm2) 

dITZ: thickness of the ITZ layer (mm) 

 

 

 

 14 

This section is based on previous research 22,23. The RBSM models a continuous material as an assembly of rigid particle elements 15 

interconnected by springs along their boundaries (Supplementary Figure 1). The strain of the springs was calculated by dividing the 16 

relative displacement between two adjacent elements by the initial distance between those elements (h* (= ℎ𝑖
∗+ℎ𝑗

∗) in Supplementary 17 

Figure 1(b)).  18 

In the model, each interface between two rigid particles was divided into several triangles formed by the barycenter and two 19 
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adjacent vertices of the surface, with each triangle having three individual springs: one for the normal force and two for the orthogonal 20 

tangential forces (Supplementary Figure 1(a)). Voronoi tessellation was applied51 for the random directional progression of cracks. 21 

 22 

  

Supplementary Figure 1. Schematic of RBSM, showing a) the relationship between elements and springs, with the same number 23 

of springs on an interface as the number of face vertices, and b) the definition of spring length h* 24 

 25 

The constitutive laws originally developed for concrete52,53 were introduced to the mortar and aggregate springs, as shown in Fig. ?. The 26 

compressive behavior was completely elastic. The tensile behavior of the mortar and aggregate was linearly elastic until the stress reached 27 

the tensile strength, after which the mortar and aggregate softened according to a 1/4-model (Supplementary Figure 2(a))54. The skeleton 28 

curve in tension is given by 29 

 30 

𝜎∗ =

{
  
 

  
 

𝐸𝑐
∗𝜀∗

𝑓𝑡
∗ +

0.25𝑓𝑡
∗ − 𝑓𝑡

∗

𝜀𝑡𝑙
∗ − 𝜀𝑡

∗ (𝜀∗ − 𝜀𝑡
∗)

0.25𝑓𝑡
∗ +

−0.25𝑓𝑡
∗

𝜀𝑡𝑢
∗ − 𝜀𝑡𝑙

∗ (𝜀
∗ − 𝜀𝑡𝑙

∗ )

0

  

(𝜀∗ < 𝜀𝑡
∗)

(𝜀𝑡
∗ < 𝜀∗ < 𝜀𝑡𝑙

∗ )

(𝜀𝑡𝑙
∗ < 𝜀∗ < 𝜀𝑡𝑢

∗ )

(𝜀𝑡𝑢
∗ < 𝜀∗)

, (s1) 

 31 

where the tensile strength f*
tm (or f*

ta), fracture energy 𝐺𝑓𝑡𝑚
∗   (or 𝐺𝑓𝑡𝑎

∗  ), ooungss modulus 𝐸𝑐𝑚
∗   (or 𝐸𝑐𝑎

∗  ), and spring length h* are 32 

constants for the tension field; 𝜀𝑡
∗ = 𝑓𝑡

∗ 𝐸𝑐
∗⁄ , 𝜀𝑡𝑙

∗ = 0.75𝐺𝑓𝑡
∗ (𝑓𝑡

∗ ∙ ℎ∗) + 𝜀𝑡
∗⁄ , and 𝜀𝑡𝑢

∗ = 5.0𝐺𝑓𝑡
∗ (𝑓𝑡

∗ ∙ ℎ∗) + 𝜀𝑡
∗⁄ .  33 

The shear stress–strain skeleton curve of the tangential springs (Supplementary Figure 2(b)) is given by 34 

 35 

𝜏∗ = {
𝛽𝑐𝑟
∗ 𝐺∗𝛾∗

𝛽𝑐𝑟
∗ 𝑚𝑎𝑥(𝜏𝑓

∗ + 𝐾∗(𝛾∗ − 𝛾𝑓
∗), 0.1𝜏𝑓

∗)
 
(𝛾∗ ≤ 𝛾𝑓

∗)

(𝛾∗ > 𝛾𝑓
∗)

, (s2) 

 36 

where γ* is the shear strain; G* is the shear stiffness (𝐺𝑚
∗  or 𝐺𝑎

∗) (N/mm2); τf
* is the shear strength (Eq. (s4)) (N/mm2); K* is the softening 37 

slope; 𝛽𝑐𝑟
∗  is the shear reduction coefficient (Eq. (s5)), and 𝛾𝑓

∗ is the strain at 𝛽𝑐𝑟
∗ 𝜏𝑓

∗ (=𝜏𝑓
∗ 𝐺∗⁄ ). The shear stress increases linearly with 38 

shear stiffness G* until the shear strength 𝜏𝑓
∗ is reached. The softening slope K* varies with the stress of the normal spring (σ*), as shown 39 

in Supplementary Figure 2(c), and is given by 40 

 41 

𝐾∗ = min(𝛽0
∗ + 𝜒∗(𝜎∗/𝜎𝑏

∗), 𝛽𝑚𝑎𝑥
∗ ) ∙ 𝐺∗, (s3) 

 42 

where 𝛽0
∗, χ*, and 𝛽𝑚𝑎𝑥

∗  are constants defining K*. Following the Mohr–Coulomb criteria as shown in Supplementary Figure 2(d), 𝜏𝑓
∗ 43 

is given by 44 

 45 

Barycenter of interface Position of springs

Shear spring

Shear springNormal spring   

hi hj

h

Barycenter of 

element i
Barycenter of 

element j

(b)

* *

*



3 

 

𝜏𝑓
∗ = {

𝑐∗ − 𝜎∗  tan𝜑∗   (𝜎∗ > −𝜎𝑏
∗)

𝑐∗ + 𝜎𝑏
∗  tan𝜑∗   (𝜎∗ < −𝜎𝑏

∗)
, (s4) 

 46 

where c* is the cohesion (𝑐𝑚
∗  or 𝑐𝑎

∗) (N/mm2); φ* is the angle of internal friction (degrees); σ* is the stress of the normal spring (N/mm2), 47 

and 𝜎𝑏
∗ is a constant used to determine the limit of the increase in shear strength. The decrease in shear transfer due to the crack in the 48 

normal spring is denoted as 𝛽𝑐𝑟
∗ , as shown in Supplementary Figure 2(e), and is given by 49 

𝛽𝑐𝑟
∗ = min (

𝜀𝑡
∗

𝜀∗
exp {

𝜅∗

𝜀𝑡𝑢
∗ (𝜀

∗ − 𝜀𝑡
∗)} , 1.0), (s5) 

 50 

where ε* is the strain of the normal spring; 𝜀𝑡
∗ is the cracking strain; 𝜀𝑡𝑢

∗  is the strain after complete softening (Supplementary Figure 51 

2(a)), and κ* is a constant. Before cracks occur in the corresponding normal spring, 𝛽𝑐𝑟
∗  is 1.0. 52 

 53 

 54 

Supplementary Figure 2. Constitutive laws of the mortar and aggregate: (a) tensile model of normal spring; (b) shear spring 55 

model; (c) softening coefficient of shear spring; (d) Mohr–Coulomb criteria for shear spring; (e) shear reduction coefficient. 𝑬𝒄
∗ 56 

is 𝑬𝒄𝒎
∗  for mortar and 𝑬𝒄𝒂

∗  for aggregate. Similarly for 𝒇𝒕
∗, 𝑮𝒇𝒕

∗ , G*, and c*, the subscripts m and a denote mortar and aggregate, 57 

respectively. (after 52) 58 

 59 

Supplementary Figure 3 shows the cyclic behaviors of the normal and shear springs. In the normal spring, the unloading stiffness 60 

is the same as 𝐸𝑐
∗; the reloading stiffnesses 𝐸𝑐,𝑟𝑒

∗  are expressed as 61 
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𝐸𝑟𝑒
∗ =

(𝜎𝑇∗−𝜎∗)

(𝜀𝑇∗−𝜀∗)
, (s6) 

where σ* and ε* are the current stress and strain (ε* > 0), respectively. Under shear, the unloading and reloading stiffness are the same as 62 

the shear modulus (G* in Eq. (s2)). The reloading shear stress 𝜏𝑟𝑒
∗  (see Paths 5 and 6 in Supplementary Figure 3(b)) is given by  63 

𝜏𝑟𝑒
∗ =

{
 
 

 
 
−𝛽𝑐𝑟

∗ 𝑚𝑎𝑥(𝜏𝑓
∗ + 𝐾∗(|𝛾∗| − 𝛾𝑓

∗), 0.1𝜏𝑓
∗)

𝛽𝑐𝑟
∗ 𝑚𝑎𝑥{(𝛾∗ − 𝛾𝑝𝑙(−)∗)𝐺∗, −|𝜏𝑇∗|}

0
𝛽𝑐𝑟
∗ 𝑚𝑖𝑛{(𝛾∗ − 𝛾𝑝𝑙(+)∗)𝐺∗, |𝜏𝑇∗|}

𝛽𝑐𝑟
∗ 𝑚𝑎𝑥(𝜏𝑓

∗ +𝐾∗(𝛾∗ − 𝛾𝑓
∗), 0.1𝜏𝑓

∗)

   

(|𝛾𝑇∗| < |𝛾∗|, 0 > 𝛾∗)

(−|𝛾𝑇∗| < 𝛾∗ < 𝛾𝑝𝑙(−)∗)

(𝛾𝑝𝑙(−)∗ < 𝛾∗ < 𝛾𝑝𝑙(+)∗)

(𝛾𝑝𝑙(+)∗ < 𝛾∗ < 𝛾𝑇∗)

(|𝛾𝑇∗| < |𝛾∗|, 0 < 𝛾∗)

, where (s7) 

𝛾𝑇∗ = 𝑚𝑎𝑥(|𝛾𝑇(−)∗|, 𝛾𝑇(+)∗), (s8) 

and 64 

 65 

where γT* is the absolute total shear strain (the historical maximum strain in absolute value); γT(+)* and γT(–)* are the total shear strains in 66 

positive and negative directions, respectively; γpl(+)* and γpl(-)* are the positive and negative plastic strains, respectively; τT(+)* and τT(–)* 67 

are the stresses on the skeleton curve at γT(+)* and γT(–)* (Supplementary Figure 2(b)), respectively. ±𝛽𝑐𝑟
∗ 𝑚𝑎𝑥(𝜏𝑓

∗ + 𝐾∗(|𝛾∗| − 𝛾𝑓
∗), 0.1𝜏𝑓

∗) 68 

in Eq. (s7) indicates the skeleton curve in the shear (Eq. (s2)). 69 

 70 

 71 

Supplementary Figure 3. Hysteresis of stress–strain relationship for (a) the normal spring; (b) the shear spring under a 72 

constant normal stress of σ* (after 53) 73 

 74 

Supplementary Figure 4 shows the constitutive model of the ITZ and the interface between the mortar and coarse aggregate for 75 

the normal spring. A 1/4-scale softening model (similar to a mortar model) was used for the tension field. For the compressive field, the 76 

initial ooungss modulus (𝐸𝑐,𝐼𝑇𝑍
∗ ) was reduced until the strain was larger than −𝜀𝐼𝑇𝑍

∗ , and the ooungss modulus was set to the average of 77 

the two material stiffnesses weighted by ℎ𝑖
∗ and ℎ𝑗

∗, as shown in Supplementary Figure 2(b). 𝜀𝐼𝑇𝑍
∗  is given by 78 

 79 

𝜀𝐼𝑇𝑍
∗ = 𝑑𝐼𝑇𝑍 ℎ∗⁄ , (s11) 

𝛾𝑝𝑙(+)∗ = 𝛾𝑇(+)∗ − 𝜏𝑇(+)∗ 𝐺∗⁄  and (s9) 

𝛾𝑝𝑙(−)∗ = 𝛾𝑇(−)∗ − 𝜏𝑇(−)∗ 𝐺∗⁄ , (s10) 
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 80 

where dITZ denotes the effective thickness of the ITZ layer (mm). This ITZ behavior assumes that the ITZ is compacted in compression, 81 

and the coarse aggregate and mortar come into contact with a higher stiffness23. After the compressive strain exceeded −𝜀𝐼𝑇𝑍
∗ , the linear 82 

elastic model was implemented. 83 

In the shear field, the cohesion of the ITZ spring (𝑐𝐼𝑇𝑍
∗ ) was set as a constant scalar multiple of the mortar properties, as shown 84 

in Supplementary Figure 4(b). The other shear parameters (Supplementary Figure 2(c)–(e)) were the same as those for the mortar. The 85 

internal friction angle φ* of the ITZ was also set to the same as that of the mortar (37°), similar to previous experimental studies 86 

(approximately 35°) 59,60. 87 

Some ITZ properties (𝑓𝑡
∗ , 𝐺𝑓𝑡

∗  , 𝐸𝑐
∗ , G*, and c*, as shown in Supplementary Figure 2(a)–(c)) were set as constant multiple 88 

coefficients (αITZ, βITZ, γITZ, and ηITZ, as shown in Supplementary Figure 4) of the mortar properties. The coefficients were determined by 89 

fitting the experimental results (3.2 of 23). Next, we discuss the effects of these parameters on the results. The same unloading and 90 

reloading laws as those used for the mortar spring (Supplementary Figure 3) were applied to the ITZ normal and shear springs. The 91 

stress–strain curve of the ITZ in compression is always on the skeleton curve shown in Supplementary Figure 4(a).  92 

 93 

 94 

Supplementary Figure 4. Constitutive law of mortar–aggregate interface (ITZ):  95 

(a) tension and compression; (b) shear 96 

 97 

  98 
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2. Spring parameter input using macroscopic material properties 99 

Unlike the finite element method, the RBSM does not directly use the macroscopic material properties as parameters for spring 100 

constitutive models. Thus, the spring parameters were evaluated to reproduce several types of material tests; these calibration processes 101 

were necessary to reproduce realistic behavior 23,52,16. Based on the calibrations presented in reference 23, the parameters presented in 102 

Supplementary Table 1 were used. fcm,macro, fca,macro represent the macroscopic experimental compressive strengths of the mortar and 103 

aggregate, respectively (N/mm2); ftm,macro, fta,macro represent the macroscopic experimental splitting tensile strengths of the mortar and 104 

aggregate, respectively (N/mm2); Ecm,macro, Eca,macro represent the macroscopic experimental ooungss moduli of the mortar and aggregate, 105 

respectively (N/mm2); Gftm,macro, Gfta,macro represent the macroscopic experimental fracture energies of the mortar and aggregate, 106 

respectively (N/mm2). 107 

 108 

Supplementary Table 1. Relationships between spring parameters and macroscopic material properties  109 

(a) Normal spring 

 ooungss modulus  Tension field 

 𝐸𝑐
∗ 

(N/mm2) 

 ft
* 

(N/mm2) 

𝐺𝑓𝑡
∗  

(N/mm) Mortar 1.45Ecm,macro  1.0ftm,macro 0.5Gftm,macro 

Aggregate 1.45Eca,macro  1.0fta,macro 0.5Gfta,macro 

 110 

(b) Shear spring 

 Shear modulus  Failure criteria  Softening behavior 

 η*=G*/Ec
*  c* 

(N/mm2) 

φ*  

(degree) 

𝜎𝑏
∗ 

(N/mm2) 

 𝛽0
∗ 𝛽𝑚𝑎𝑥

∗  χ* κ* 

Mortar 

0.35 

 0.14fcm,macro 

37 

0.55fcm,macro  
−0.05 

−0.025 
−0.0

1 
−0.3 

Aggregate (elastic)  0.14fca,macro 

0.55fca,macro 

 

(𝑓𝑐𝑎,𝑚𝑎𝑐𝑟𝑜  =40 MPa)  0.15fca,macro  

−0.10 

(𝑓𝑐𝑎,𝑚𝑎𝑐𝑟𝑜  =50 MPa)  0.16fca,macro  

(𝑓𝑐𝑎,𝑚𝑎𝑐𝑟𝑜  =100 MPa)  0.19fca,macro  

(𝑓𝑐𝑎,𝑚𝑎𝑐𝑟𝑜  =150 MPa)  0.22fca,macro  

(𝑓𝑐𝑎,𝑚𝑎𝑐𝑟𝑜  =200 MPa)  0.25fca,macro  

The superscript * indicates the spring parameters; the subscript ‘macros indicates macroscopic material properties. 111 

 112 

(c) ITZ parameters 113 

 𝛼𝐼𝑇𝑍 𝜂𝐼𝑇𝑍 𝛽𝐼𝑇𝑍 𝛾𝐼𝑇𝑍 𝑡𝐼𝑇𝑍 

0.5 0.5 0.8 0.1 0.001 mm 

 114 

 115 

116 
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3. Material properties 117 

3.1 Mortar 118 

The physical properties of the mortar are presented in Supplementary Table 2. To achieve a 100-MPa compressive strength, the 119 

ooungss modulus, tensile strength, and fracture energy of the mortar were based on the values obtained using Eqs. (s12) and (s13): Eq. 120 

(s12) was obtained by fitting 23 the data obtained in previous research 59,47,61. Eq. (s13) was obtained from the standards of the Japan 121 

Society for Civil Engineers61. 122 

 123 

𝐸𝑐𝑚,𝑚𝑎𝑐𝑟𝑜 = 0.22𝑓𝑐𝑚,𝑚𝑎𝑐𝑟𝑜 + 13.4 (s12) 

𝐺𝑓𝑡𝑚,𝑚𝑎𝑐𝑟𝑜 = 0.01 ∙ 𝑓𝑐𝑚,𝑚𝑎𝑐𝑟𝑜
1 3⁄ ∙ 𝑑𝑚𝑎𝑥

1 3⁄
 (s13) 

 124 

where 𝑑𝑚𝑎𝑥  is the maximum aggregate size in the concrete or mortar. The tensile strength of mortar 𝑓𝑡𝑚,𝑚𝑎𝑐𝑟𝑜 was obtained to 125 

reproduce the compressive strength of the cylindrical specimen. 126 

 127 

Supplementary Table 2. Macroscopic properties of the mortar 128 

 
𝐸𝑐𝑚,𝑚𝑎𝑐𝑟𝑜   

(N/mm2) 

𝑓𝑐𝑚,𝑚𝑎𝑐𝑟𝑜  

(N/mm2) 

𝑓𝑡𝑚,𝑚𝑎𝑐𝑟𝑜   

(N/mm2) 

𝐺𝑓𝑡𝑚,𝑚𝑎𝑐𝑟𝑜  

(N/mm) 

mortar 35,400 100 14.0 0.07941) 

 129 

For the calibration, three different meshes were made for a cylindrical specimen with a size of Ø75 × 150 mm3, using the Voronoi 130 

tessellation with different seeds of a random algorithm for a loading experiment. The typical size of each mesh was 3.0 mm. The 131 

calculation results are summarized in Supplementary Table 3. 132 

 133 

Supplementary Table 3. Comparison of macro and simulation results for compressive properties of mortar cylinder  134 

 Target property Calculation 

𝑓𝑐𝑚 (𝑚𝑎𝑐𝑟𝑜,𝑠𝑖𝑚) (N/mm2) 100.0 100.5 (0.27) 

𝐸𝑐𝑚 (𝑚𝑎𝑐𝑟𝑜,𝑠𝑖𝑚) (kN/mm2) 35.4 35.7 (0.02) 

Note: values with ( ) represent standard deviation. 135 

 136 

3.2 Aggregate 137 

Two experiments were conducted. One investigated the impact of the ooungss modulus of the coarse aggregate on the concrete 138 

compressive strength to understand how the stress distribution and resultant cracks occurred around the coarse aggregate. For calculation, 139 

the properties of the aggregates presented in Supplementary Table 4 were used. In reality, the strength of the aggregate is also altered. 140 

In the subsequent analysis, the compressive strength of the aggregate was used as a parameter. The notation and corresponding physical 141 

properties of the aggregates are summarized in Supplementary Table 5. The tensile strength of the coarse aggregate (𝑓𝑡𝑎,𝑚𝑎𝑐𝑟𝑜) was 142 

calculated from the compressive strength (𝑓𝑐𝑎,𝑚𝑎𝑐𝑟𝑜) using the following equation62:  143 

 144 

𝑓𝑡𝑎,𝑚𝑎𝑐𝑟𝑜 = 0.06𝑓𝑐𝑎,𝑚𝑎𝑐𝑟𝑜  (s14) 145 

 146 
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For calibration of the spring parameters, the stress−strain curves obtained from the axial compressive loading test on the aggregate 147 

samples from reference 63 were reproduced by adjusting the parameters 𝑐𝑎
∗  and 𝛽0

∗. The specimen size was Ø25 × 50 mm3 and the 148 

typical element size was 2.4 mm, the same value used for the single-aggregate concrete specimen experiment and concrete 149 

compressive loading experiment. The obtained spring parameter rules shown in Supplementary Table 3 can reproduce the target 150 

macroscopic aggregate properties (Supplementary Table 5) and sudden drop in post-peak behavior, a typical characteristic of rocks in 151 

concrete course aggregates63. The calculated results are summarized in Supplementary Figure 5 152 

 153 

Supplementary Table 4. Coarse aggregate properties for numerical experiment on impact of Young’s modulus of coarse 154 

aggregate on concrete compressive strength 155 

 Notation of concrete 
𝐸𝑐𝑎,𝑚𝑎𝑐𝑟𝑜 

(N/mm2) 

𝑓𝑐𝑎,𝑚𝑎𝑐𝑟𝑜  

(N/mm2) 

𝑓𝑡𝑎,𝑚𝑎𝑐𝑟𝑜 

(N/mm2) 

Aggregate 

Eca = 0.01 10 

1000.0* 1000.0* 

Eca = 5 5000 

Eca = 15 15000 

Eca = 25 25000 

Eca = 35.4 35400 

Eca = 50 50000 

Eca = 70 70000 

Eca = 100 100000 

Eca = 250 250000 

Note: No fracture in aggregate was assumed in the target numerical experiment. 156 

 157 
Supplementary Table 5. Coarse aggregate properties for numerical experiment on impact of coarse aggregate properties on 158 

concrete compressive strength 159 
 160  

Compressive 

strength 

(MPa) 

ooung's 

modulus 

(GPa) 

Fracture 

energy 

(N/mm) 

Calculated 

compressive 

strength (MPa) 

Calculated ooung's 

modulus (GPa) 

Aggregate 

CA1-40 40 

100 0.022 

40.1 (0.11) 101.1 (0.17) 

Limestone 

CA1-50 50 50.7 (0.09) 101.2 (0.30) 

CA1-75 75 77.1 (0.31) 101.0 (0.15) 

CA1-100 100 100.0 (0.36) 101.0 (0.15) 

CA1-150 150 152.1 (0.68) 100.9 (0.19) 

CA1-250 250 251.5 (1.24) 100.5 (0.15) 

CA2-40 40 

70 0.030 

40.0 (0.18) 71.0 (0.13) 

Sandstone 

CA2-50 50 50.7 (0.23) 71.0 (0.21) 

CA2-75 75 76.7 (0.29) 70.9 (0.10) 

CA2-100 100 99.4 (0.33) 70.9 (0.10) 

CA2-150 150 151.2 (0.64) 70.8 (0.10) 

CA2-250 250 250.1 (1.19) 70.5 (0.11) 

CA3-40 40 

50 0.050 

40.1 (0.20) 50.8 (0.07) 

Granite 

CA3-50 50 50.9 (0.04) 50.8 (0.13) 

CA3-75 75 77.7 (0.34) 50.7 (0.07) 

CA3-100 100 101.1 (0.37) 50.8 (0.07) 

CA3-150 150 153.1 (0.67) 50.7 (0.08) 

CA3-250 250 253.0 (1.08) 50.5 (0.09) 

CA4-40 40 

35.4 0.063 

40.0 (0.22) 36.1 (0.07) 

Lightweight aggregate 

CA4-50 50 50.7 (0.28) 36.0 (0.10) 

CA4-75 75 76.9 (0.36) 36.0 (0.05) 

CA4-100 100 99.6 (0.20) 36.0 (0.06) 

CA4-150 150 151.5 (0.67) 36.0 (0.06) 

CA4-250 250 250.4 (1.02) 35.8 (0.06) 

CA5-40 40 15 0.150 39.9 (0.30) 15.4 (0.06) 



9 

 

CA5-50 50 50.3 (0.76) 15.4 (0.04) 

Lightweight  

aggregate 

CA5-75 75 76.8 (0.48) 15.5 (0.02) 

CA5-100 100 99.8 (0.45) 15.3 (0.02) 

CA5-150 150 151.3 (0.74) 15.3 (0.02) 

CA5-250 250 250.1 (1.10) 15.3 (0.03) 

CA6-40 40 
5 0.250 

38.9 (0.33) 5.1 (0.03) Lightweight  

aggregate CA6-50 50 49.1 (0.28) 5.2 (0.01) 

Note: values with ( ) represent standard deviation. 161 

 162 

 IN 163 

 164 

(a)                      (b) 165 

Supplementary Figure 5. Stress–strain curve of (a) series of CA1 and CA2; (b) series of CA3, CA4, and CA5 166 

 167 

The properties of coarse concrete aggregates have been investigated in previous studies. However, studies on the 168 

relationships between the compressive strength and ooungss modulus of rock and mortar are limited. A summary 169 

based on references 29,30,31,32,33 is presented in Supplementary Figure 6. In the figure, there is significant scattering, 170 

especially for sandstone, a sedimentary rock that is used only when it is strong enough for concrete application. 171 

Limestone has lower compressive strength and the same ooungss modulus range as quartz schist and sandstone. 172 

Andesite has a lower ooungss modulus with a compressive stress range similar to that of sandstone. This 173 

characteristic makes andesite suitable for use in high-strength concrete because the ooungss modulus of mortar is 174 

similar. 175 
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 176 

Supplementary Figure 6. Relationships between compressive strength and Young’s modulus of mortar and concrete coarse 177 

aggregate rock. The data were obtained from 29-33. 178 

 179 

4. Meshes 180 

4.1 Single-aggregate specimen 181 

The specimen size was Ø45 × 65 mm3. A spherical aggregate with a diameter of 25 mm was placed at the center of 182 

the specimen. The specimens are shown in Supplementary Figure 7. The typical element sizes of the aggregate and 183 

mortar were 2.4 mm and 3.0 mm, respectively. Rigid plates were attached to both ends of the specimen, with a 184 

forced deformation of 25 𝜇𝜖/step. The connection between the elements on the ends and the rigid plates was made 185 

using springs with a stiffness that was the same as that of the mortar in the normal direction. The shear springs were 186 

reduced to 10-9 times to emulate the non friction condition. Three specimens were prepared to confirm 187 

reproducibility. 188 

 189 

 190 

 191 

Supplementary Figure 7. Single-aggregate cylindrical specimen mesh: (a) axonometric view; (b) aggregate view; (c) section 192 

view of specimen  193 

 194 

4.2 Concrete specimen 195 
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The compressive loading experiment was conducted using a specimen with a size of Ø75 × 150 mm3. An overview of the specimens is 196 

presented in Supplementary Figure 8. The volumetric ratio of the coarse aggregate was 33.8% and the maximum aggregate size was 20 197 

mm. The particle-size distribution of the aggregates satisfying Japanese industrial standard requirements (JISA5005:2020)28 is shown 198 

in Supplementary Figure 9. To consider the effect of aggregate alignment on the compressive strength, three specimens were prepared, 199 

and the average value was used. The typical element sizes of the aggregate and mortar were 2.4 mm and 3.0 mm, respectively. 200 

For compressive loading, rigid plates were attached on both ends of the specimen, with a forced deformation of 25 𝜇𝜖/step. The 201 

connection between the elements at the ends and the rigid plates was made using springs with a stiffness that was the same as that of 202 

the mortar in the normal and shear directions. 203 

 204 

Supplementary Figure 8. Concrete specimen mesh: (a) axonometric view; (b) aggregate alignment; (c) section view of specimen 205 

 206 

 207 

Supplementary Figure 9. Particle-size distribution of coarse aggregate in concrete specimen mesh 208 

 209 

 210 

5. Impact of interfacial transition zone (ITZ) parameters 211 

The effect of the ITZ on the physical properties of concrete is of great importance, and a research focus. Bleed water builds up beneath 212 

the aggregate particles; the resultant gap affects the compressive strength of the concrete40. In previous concrete studies, bleed water 213 

was generally created during specimen preparation; thus, the impact of bleed water was included. In one previous study, the 214 

compressive strength decreased as the maximum aggregate size increased2,3. A recent study showed an increase in the compressive 215 

strength with an increase in the maximum aggregate size4,5,6. This discrepancy can be attributed to the sample preparation. For high-216 
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strength concrete, the cement paste is generally viscous due to the superplasticizer, and the impact of the bleed-water gap on the 217 

compressive strength is dramatically reduced. Based on this experimental background, the impact of the ITZ on the results was 218 

studied. It is known that the ITZ thickness is increased when the aggregate size is large 39. In our model, a uniform ITZ with different 219 

aggregate particle sizes was assumed. Supplementary Figure 10(a) shows the effect of 𝑡𝐼𝑇𝑍 on fcc/fcm with different Eca/Ecm values, 220 

indicating that an increase in 𝑡𝐼𝑇𝑍 resulted in a slight decrease in fcc/fcm. However, there was no significant effect on the trend line. 221 

Supplementary Figure 10(b) shows the impact of the physical properties of the ITZ. The reduction coefficients 𝛼𝐼𝑇𝑍 and 𝜂𝐼𝑇𝑍 were 222 

chosen at two different levels, with ITZ properties the same as and significantly inferior to those of the mortar. The trends were similar, 223 

although the maximum fcc/fcm values were different. If the ITZ was weak, the compressive strength was lower. These results are 224 

consistent with those from previous studies 19,20. A peak near Eca/Ecm = 1.0 was confirmed when the ITZ properties were inferior to 225 

those of the mortar, even though the decreasing trend of fcc/fcm was moderate. 226 

Supplementary Figure 10(c) and (d) show the trend lines between Eca/Ecm and fcc/fcm with two different levels of 𝛽𝐼𝑇𝑍  and different 227 

volume contents of coarse aggregate. 𝛽𝐼𝑇𝑍  = 0.8 indicates that the ITZ properties were similar to those of the mortar; the impact of 228 

aggregate volume on fcc/fcm was confirmed. 𝛽𝐼𝑇𝑍  = 0.4 indicates that the ITZ properties were inferior to those of the mortar; the impact 229 

of aggregate volume on fcc/fcm was confirmed. This suggests that in previous studies, normal-strength concrete was affected by the 230 

bleed-water gap. 231 

Based on the calculation results, the selected ITZ parameters reasonably represented the characteristics of the prepared concrete 232 

specimens. In other words, even though the properties of the ITZ were altered, the overall trend observed in this study was not 233 

significantly affected. 234 

 235 
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(c) (d) 

Supplementary Figure 10. Studies on impact of ITZ parameters on obtained results: (a) Impact of nominal gap size ( 236 

𝒕𝑰𝑻𝒁) around aggregate; (b) Impact of 𝜶𝑰𝑻𝒁 and 𝜼𝑰𝑻𝒁; (c) Relationship between Eca/Ecm and fcc/fcm with 𝜷𝑰𝑻𝒁 = 0.8 and 237 

different aggregate contents; (d) Relationship between Eca/Ecm and fcc/fcm with 𝜷𝑰𝑻𝒁 = 0.4 and different aggregate contents 238 

 239 

6. Evaluation of calculated data 240 

The nondestructive aggregate case shows the envelope curves of the relationships between Eca/Ecm and fcc/fcm. The envelope is 241 

represented by the following equation: 242 

 243 

𝑓𝑐𝑐 𝑓𝑐𝑚⁄ = 𝑎1 − 𝑎2exp (−𝑎3 𝐸𝑐𝑎 𝐸𝑐𝑚⁄ 𝑎4)  (s15) 244 

 245 

where 𝑎1 = 0.98, 𝑎2 =0.68, 𝑎3 =0.75, and 𝑎4 =3.0. In the region where Eca/Ecm <1.0, fcc/fcm increased exponentially as Eca/Ecm 246 

increased. The fitting results are presented in Supplementary Figure 11(a).  247 

The calculation results for cases allowing aggregate fracture can be categorized in two regions, as shown in Supplementary Figure 248 

11(b). One is the region with fca/fcm ≧1.0. In this region (region (I)), the slope of fca/fcm against Eca/Ecm in the region with Eca/Ecm ≧1.0 249 

increases from zero. The other region (region (II)) has fca/fcm <1.0 and a constant slope. To reproduce this behavior, the calculated 250 

results at Eca/Ecm ≒ 2.83 were corrected and the curve was fitted (Supplementary Figure 11(c)). The trend can be represented by the 251 

following equation: 252 

 253 

𝑓𝑐𝑐 𝑓𝑐𝑚⁄ = 𝑏1 − 𝑏2exp (−𝑏3 𝑓𝑐𝑎 𝑓𝑐𝑚⁄ 𝑏4)  (s16) 254 

 255 

where 𝑏1 = 0.98, 𝑏2 =0.68, 𝑏3 =1.6, and 𝑏4 =1.5. Based on this curve, the slope in region (I) was obtained by connecting the 256 

intercept point on the o-axis (0, 1.04) (determined from the fitting results) to the point at Eca/Ecm = 2.83. In this case, the slope with 257 

fca/fcm =1.0 was -0.0678. In region (II), based on a slope of -0.0678 and the point at Eca/Ecm = 2.83 with a given fca/fcm, the decreasing 258 

lines were determined. The curves for each fca/fcm were calculated based on the envelope and decreasing line. 259 
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(a) (b) 

 

 

(c)  

Supplementary Figure 11. Process of mapping relationships between Eca/Ecm and fcc/fcm; (a) Envelope curve-fitting results for 261 

Eca/Ecm and fcc/fcm; (b) Region definition; (c) Fitting for calculated data at Eca/Ecm ≒ 2.83  262 

 263 
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