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Abstract: The present work proposes a concurrent two-scale (macro and mesoscale) approach for 
HSC, in which a linear elastic model with homogenized elastic properties is used for the macroscale 
and a three-phase material composed of coarse aggregate, mortar matrix and the interfacial transition 
zone (ITZ) with nonlinear behavior models are assumed for the mesoscopic level. The coarse 
aggregates are randomly generated from a certain grading curve and placed in the mesoscale 
subdomain, using the “take-and-place” method. The mesh fragmentation technique is employed, as 
proposed by Manzoli et al. [13]. This technique is based on the use of interface finite elements with 
high aspect ratio, which along with the employment of a constitutive tensile damage model is able to 
represent the crack initiation, propagation and coalescence, considering the individual behavior of 
each phase as well as their mutual interactions in the mesoscale HSC. The macroscopic and 
mesoscopic meshes are attached via coupling finite elements, which provide a rigid coupling between 
them. Dog-bone specimens and three-point bending tests with different aggregate size distributions 
are numerically simulated. The results showed that the proposed approach is a promising 
methodology and may be useful for modeling crack propagation in concretes with different strengths.  

 

1 INTRODUCTION 

The use of concretes which exceed 50 MPa 
becomes more common as it results in an 
increased performance mainly in terms of 
strength and durability. For a long time, 
researches on high strength concrete (HSC) were 
mainly focused on developing technologies that 
would grant an increased strength to it [1-2]. The 
main difference in the composition of HSC and 
the normal strength concrete (NSC) are the 
pozzolanic materials (such as fly ash and silica 
fume) added to the mix, granting additional 

strength by reacting with cement hydration 
products to create additional Calcium-Silicate-
Hydrate gel, the part of the paste responsible for 
concrete strength [3].  

In addition, to its superior and earlier 
compressive strength, the HSC also exhibits a 
particular fracture behaviour, as it has a less 
porous and more compact mortar matrix whose 
compressive and tensile strength might equate to 
the values of rock aggregates [4]. For that reason, 
nowadays it is observed that much research is 
focused on understanding the mechanical 
particularities of that composite material. For 
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example, experimental tests were performed 
evaluating the HSC fracture behavior under 
varied loading rates, made from varied rock 
compositions, with different aggregate size or 
volume of aggregates. Most of the authors agree 
that the impact of the coarse aggregate type on 
the strength of concrete is more significant in 
HSC [4-6]. 

At the mesoscopic level, the fracture behavior 
of HSC can differ significantly from the 
conventional strength concrete since the coarse 
aggregate may be the weakest phase of the 
composite. The fracture propagation, as opposed 
to what happens in the conventional concrete, 
might cut aggregate sections. Therefore, coarse 
aggregate type, size, and distribution can also 
affect all the macroscopic mechanical responses, 
such as the ultimate tensile strength and fracture 
energy [5-6]. 

For what concerns the HSC simulation, with 
the advance in computer resources, numeric 
models are now able to consider the internal 
structure of this heterogeneous material by 
differentiating aggregates, mortar, ITZs and even 
pores and weak inclusions [7-9]. By using such 
tools, one can expect more accurate insights on 
the material mechanical behaviour. Mesoscale 
models, in particular, have been successfully 
employed to represent the material structure in 
reduced scale experiments [7-11]. The results 
obtained from these studies indicate that a 
mesoscopic approach can be useful for studying 
the influence of the concrete internal structure on 
the macroscopic mechanical response. However, 
for larger scales it might not be viable to represent 
the entire domain in mesoscale. By dividing the 
domain in subdomains, different scales can be 
applied giving a better refinement to the most 
critical stresses areas. 

Therefore, the present work proposes a 
concurrent two-scale (macro and mesoscale) 
approach for HSC, where the macroscopic and 
mesoscopic meshes are coupled via Coupling 
Finite Elements (CFEs) [12]. A linear elastic 
model with homogenized elastic properties is 
used for the macroscale whereas a three-phase 
material composed of coarse aggregate, mortar 
matrix and the interfacial transition zone (ITZ) 
with nonlinear behavior models are assumed for 
the mesoscopic level. The FEM analysis is 

preceded by a mesh fragmentation technique 
(MFT) [13] that places high-aspect ratio elements 
between regular elements in the mesoscopic 
region. The coarse aggregates are randomly 
generated from a grading curve and placed in the 
mesoscale subdomain, using the “take-and-
place” method [14]. Individual phase properties 
required for the mesoscale model are derived 
from homogenized properties using a mix theory 
for concrete [14]. The combination of such 
techniques should result in a model fit to evaluate 
the aggregate influence on HSC.  

2 TWO-SCALE MODELING  

2.1 Random aggregate generation  

In this work, the random generation of coarse 
aggregates is accomplished by the employment 
of “take-and-place” method [14]. The aggregate 
particles are represented by regular octagons 
placed in the mortar matrix with size varying 
within a range. The volume of particles with a 
given diameter interval (𝒅𝒎𝒊𝒏 < 𝒅𝒂 < 𝒅𝒎𝒂𝒙) 
can be obtained from the passing percentage in a 
grading curve or assumed from the theoretic 
Fuller curve, which is based on the best 
compaction distribution  [11,14].  

In this iterative method, the octagon shapes are 
inscribed in circles with a random radius within 
the range. Thus, each circle must be placed inside 
the matrix respecting a distance from the already 
placed octagons as well as from the geometry 
boundaries. Figure 1 illustrates the distance 
constraints for the random aggregate placing with 
respect to parameter λ.  
 

 
Figure 1: Random generation of coarse aggregates based 

on take-and-place method. 
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2.2 Mesh fragmentation technique 

The mesh fragmentation technique (MFT) 
proposed by Manzoli et al. [13] is based on the 
use of interface solid finite elements to represent 
the crack propagation potential paths. The MFT 
allows representing the crack initiation, 
propagation and coalescence, considering the 
individual behavior of each phase as well as their 
mutual interactions at the mesoscale level of 
HSC. This discrete approach is based on the 
insertion of pairs of triangular FEs with high 
aspect ratio between adjacent regular elements of 
a conventional FE mesh. 

The MFT has been successfully used to model 
the bond-slip behavior of reinforcing bars 
embedded in concrete, propagation of 3D cracks 
induced by shrinkage in drying soils and also 2D 
mesoscale modeling of concrete [11,13,15].  

In the particular case of HSC, where the 
cement paste has a high strength and the cracks 
might propagate through the aggregates, the mesh 
fragmentation technique also must be applied to 
the aggregate elements and not only to the matrix 
and ITZ as it was observed in the simulation of 
regular strength concrete [15]. 

 

 
Figure 2: Concrete mesh fragmentation with aggregate 

interface element (blue), matrix interface element (yellow) 
and ITZ element (pink). 

2.3 Coupling finite element 

The concurrent multiscale model adopted to 
represent the HSC results in a high refinement to 
the mesoscale region and a low refinement to the 
macroscale domain (homogeneous region of the 
specimen). Therefore, this simulation usually 
involves non-matching meshes, for which CFEs 
are employed in this work to ensure a rigid 
coupling between these initially independent 
meshes, as shown in Figure 3. 

 
Figure 3: Dog-bone specimen with coupling elements (in 

yellow) linking the macro (light grey) and mesoscale 
(dark grey) meshes. 

Proposed by Bitencourt et al. [12], the 
coupling technique is based on the use of CFEs, 
by ensuring the continuity of displacement and 
stress fields between independent (non-
matching) meshes. 

According to Bitencourt et al. [12] the global 
internal force vectors and stiffness matrix are 
obtained by Equations 1 and 2: 
 

𝑭௧ = 𝐴ୀଵ
ಈభ  (𝑭

௧)ஐଵ +  𝐴ୀଵ
ಈమ  (𝑭

௧)ஐଶ + 𝐴ୀଵ
  (𝑭

௧)   (1) 

𝑲 = 𝐴ୀଵ
ಈభ  (𝑲)ஐଵ + 𝐴ୀଵ

ಈమ  (𝑲)ஐଶ + 𝐴ୀଵ
  (𝑲)  (2) 

where 𝐴 is the finite element assembly operator, 
and Ωଵ, Ωଶ and 𝐶 are related to the subdomains 
from the macroscale region, mesoscale region, 
and the interaction between them. Details about 
the coupling FE technique can be found in 
Bitencourt et al. [12]. 

2.4 Constitutive damage model 

A tension damage model is used to describe 
the concrete cracking process. In this way, a 
damage variable, 𝑑, is used to degrade all the 
components of the effective stress tensor, 𝝈ഥ,  and 
obtain the current stress tensor, 𝝈, according to 
the tension stress component normal to the base 
of the interface element, 𝝈ഥ𝒏𝒏 , as described by 
Equation 3. 

 1 0

0
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The effective stress tensor is computed from 
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the current strain tensor, 𝜺, such as: 

:σ εC  (4) 

where 𝑪 is the fourth order elastic tensor. 
This damage model has been formulated in the 

framework of the implicit-explicit integration 
scheme (IMPL-EX), as proposed by 
Oliver et al. [16]. 
 

2.5 Parameters 

As a constitutive tensile damage model is 
employed to represent the crack propagation, two 
fracture parameters are necessary: tensile 
strength and fracture energy. Unfortunately, such 
values to be used at mesoscale are not often 
directly obtained from experimental results, but 
only for the concrete as a homogeneous material. 
Therefore, tensile strength and fracture energy for 
each phase of the concrete constituent materials 
and respective ITZs must be determined from the 
general known parameters and available data 
found in the literature. 

In order to obtain these parameters, some 
assumptions were made based on researches 
regarding high strength concrete behavior.  One 
significant consideration taken into account were 
that although the aggregate type has a high 
influence on the concrete compression strength, 
it impacts the flexural or tensile strength 
minimally [4,6]. Results regarding flexural 
strength of concrete indicate that the rock 
strength has very little influence compared to the 
cement matrix and the ITZ [4-6]. This is an 
encouraging data for the application of a tensile 
damage model because the response is not 
expected to be very sensitive to the rock strength, 
which is usually not tested for concrete 
production purposes. 

Therefore, estimated parameters based on 
literature average values for common aggregate 
should be acceptable for the simulation. 

For the elastic properties, once the 
homogeneous values are known and the 
aggregate can be assumed, the matrix elastic 
property (elastic modulus and Poisson’s ratio) 
can be estimated based on the rule of mixture, as 
proposed by Counto [22], which considers the 
concrete as a two-phase material (aggregate and 

matrix), using the following expression: 

𝟏

𝑬𝒉𝒐𝒎

=  
𝟏 − ඥ𝑽𝒂𝒈𝒈 

𝑬𝒎𝒂𝒕

+  
𝟏 

ቆ
𝟏 − ඥ𝑽𝒂𝒈𝒈

ඥ𝑽𝒂𝒈𝒈

ቇ 𝑬𝒎𝒂𝒕 + 𝑬𝒂𝒈𝒈

 
(5) 

 
where 𝐸 is the homogenized (effective) 
Young’s modulus or Poisson’s ratio. 𝐸௧ and 
𝐸 are the Young’s modulus or Poisson’s ratio 
of the matrix and aggregate, respectively. 𝑉 is 
the volume fraction of aggregate, expressed as a 
percentage. 

Also, for HSC, the ITZ was found to present 
30% to 50% less tensile strength than the matrix 
[4-5]. Therefore, the homogeneous tensile 
strength of concrete was defined as the average 
value of the matrix, ITZ and aggregate tensile 
strength, as the following expressions:  

𝒇𝒊𝒕𝒛  ≅ 𝟎. 𝟕 × 𝒇𝒎𝒂𝒕 (6) 

𝒇𝒉𝒐𝒎 =  
𝒇𝒊𝒕𝒛 +  𝒇𝒎𝒂𝒕 +  𝒇𝒂𝒈𝒈 

𝟑
 

(7) 

where 𝑓௧௭, 𝑓௧ and 𝑓 are the ITZ, matrix and 
the aggregate tensile strength. 𝑓 is the 
homogenized (effective) tensile strength.  

The same expression can be used to obtain the 
respective fracture energies of each phase. 

3 RESULTS  

3.1 Dog-bone specimen 

In this example, a dog-bone specimen was 
tested in an attempt to perform a parametric 
analysis of the HSC in mesoscale, varying the 
aggregate tensile strength and the corresponding 
ITZ percentage to evaluate how it affects the 
response. First, using the previously described 
expressions, all the parameters were set for a 
concrete with the following homogenized 
properties: 65 MPa compressive strength, 4 MPa 
tensile strength, 46 GPa elastic modulus and 
0.122 N/mm fracture energy. The specimen has 
150mm of height, 100mm of width and 100mm 
of depth. In the middle of the specimen (neck 
zone), the cross-section width is reduced to 
60mm. 

The coarse aggregates are randomly generated 
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and placed one-by-one into the matrix, assuming 
the Fuller’s grading curve distribution, with a 
constant volume fraction of 35% and aggregate 
diameter size varies from 4mm to 8mm. The 
elastic and inelastic properties assigned to the 
aggregate were those related to the limestone, 
which is an average strength rock very used as an 
aggregate [17-19]. By assuming the aggregate 
properties and considering the ITZ strength and 
energy fracture as 70% of the matrix respective 
parameters, all the individual phases were set.  

Then, for the study purposed, only the 
aggregate tensile strength (𝑓) varied from 3 
MPa to 6MPa and every other parameter 
remained unchanged, as shown in Table 1. 

 

Table 1: Interface elements fracture properties. 
Phase 𝒇𝒕 (MPa) 𝑮𝒇 (N/mm) 

Aggregate - Aggregate 3.0 to 6.0 0.100 
Matrix - Matrix 5.9 0.158 

ITZ  4.1 0.111 
 

The results obtained are shown in Figures 4 to 
6. When the aggregate is much weaker than the 
matrix (𝑓 = 3 and 𝑓 = 4), the predominant 
crack tends to be very straight and crosses the 
aggregates, as shown in Figure 4(a-b). However, 
increasing the aggregate strength, the fracture 
becomes more diffuse, deviating from the 
aggregates, as illustrated in Figure 4(c-d).  

Additionally, when the aggregate is the 
strongest phase, it no longer impacts the 
response, as it can be observed by the similarity 
of curves in Figure 6. However, it is possible to 
note in the load-displacement curves illustrated in 
Figures 5 and 6 that the intermediate tensile 
strength values assumed for aggregates (𝑓 =

4 and 𝑓 = 5) can affect the peak-load of the 
structural responses. Thus, it is reasonable to state 
that in the case of HSC, where, in general, the 
matrix tensile strength is higher than the 
aggregate tensile strength, the aggregates are the 
weakest phase of the composite, since decreasing 
the aggregate tensile strength leads to a 
significant peak resistance reduction. 

 
Figure 4: Fracture in the dog-bone specimen with 

aggregate tensile strength equal to (a) 3 MPa; (b) 4 MPa; 
(c) 5 MPa; and (d) 6 MPa. 

 

 
Figure 5: Load x displacement curves for dog-bone 
specimen with different aggregate tensile strengths. 

 

 
Figure 6: Load x displacement curved for dog-bone 
specimen with different aggregate tensile strengths. 

 
The next parameters analyzed were the ITZ 

tensile strength (𝑓ூ்) and fracture energy 
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(𝐺ூ்
), respectively, which are described as a 

percentage of the matrix tensile strength (𝑓௧) 
and fracture energy (𝐺௧

),  keeping the other 

properties constant, 𝑓ூ் and 𝐺ூ்
 are varied 

from 50% to 80% of the matrix properties as 
shown in Table 2. 

Figure 7 illustrates the deformed configuration 
of the dog-bone simulated. It is possible to note 
that the ITZ can also influence the fracture 
pattern. In the cases where the ITZ is relatively 
stronger, it facilitates the fracture process through 
aggregates.  When it is much weaker than the 
matrix, the fracture tends to become more 
inclined.  That condition can indirectly affect the 
fracture energy, which is by definition the energy 
required to fracture one unity of area. That might 
explain why the curve with 50% of the matrix 
strength in Figure 8 seems more ductile than the 
curve for 80% strength shown in Figure 9. 

 

Table 2: Interface elements fracture properties. 

 

 
Figure 7: Fracture in the dog-bone specimen with ITZ 

tensile strength calculated as (a) 50%; (b) 60%; (c) 70%; 
and (d) 80% of the matrix strength. 

On the other hand, when the ITZ tensile 
strength assumes between 60% and 70% of the 
matrix tensile strength, the response seems to be 
more stable. In fact, the ITZ influence appears to 
be more complex, justifying all the researches 
ongoing on this subject.  

 

 
Figure 8: Load x displacement curve with ITZ tensile 

strength calculated as 50% and 60% of the matrix 
strength. 

 
Figure 9: Load x displacement curve with ITZ tensile 

strength calculated as 70% and 80% of the matrix 
strength. 

3.2 Three-point bending beams 

In this second example, the HSC beams 
experimentally tested by Siregar et al. [20] are 
numerical simulated, employing the concurrent 
multiscale model proposed. 

3.2.1 Description of the beams experimentally 
tested by Siregar et al. [20] 

The experimental evaluation of the aggregate 
grading influence in HSC was performed by 
Siregar et al. [20] in notched beams with 850mm 
length, 800mm mid span, 100x100mm of cross-
sectional area and 3mm notch, as shown in Figure 
10. The crack mouth opening displacement 
(CMOD) and deflection were measured by the 
authors [20]. 

Phase 𝒇𝒕 (MPa) 𝑮𝒇 (N/mm) 
Aggregate - Aggregate 4.0 0.100 

Matrix - Matrix 5.9 0.144 

ITZ 

2.95  0.079 
3.54 0.095 
4.20 0.111 
4.72 0.1264 



Luis A. G. Bitencourt Jr., Marcela Gimenes, Eduardo A. Rodrigues and Osvaldo L. Manzoli. 

 7

 
Figure 10: Notched concrete beam experimentally tested 

by Siregar et al. [20]. 
 

Three different coarse aggregate grading and 
two water to binder ratio were used in the 
production of the concrete. The coarse aggregates 
used was within the range of 5mm to 16mm.  The 
grading A has the minimum average aggregate 
diameter (𝐴), while grading B has the maximum 
𝐴, as can be observed in Figure 11. 

 

 
Figure 11: Coarse aggregate grading curves (adapted 

from Siregar et al. [20]). 
 
The two different water/binder ratios are 

referred to as Mixes 1 and 2. The first total w/b 
ratio is 0.2 and the second is 0.3. Therefore, both 
mixes result in high strength concretes, but Mix 1 
has a higher compressive strength (fୡ୩) than Mix 
2. Table 3 displays the properties of hardened 
concrete for all w/b and grading tested. 
 

Table 3: Compressive strength and fracture energy of 
each type of concrete used for the experimental testing 

(adpated from Siregar et al [20]). 
Mix 𝒇𝒄𝒌 (MPa) 𝑮𝒇 (N/mm) 
A1 85.2 0.0938 
B1 97.6 0.1499 
C1       94.8 0.1267 
A2  68.2 0.0851 
B2 66.0 0.1465 
C2 68.4 0.1343 

3.2.2 Numerical analyses 

In this work, the beams experimentally tested 
by Siregar et al. [20] to study the influence of 
aggregate grading in HSC are numerically 
simulated employing the main ingredients of the 
concurrent multiscale approach proposed. 
Figure 12 illustrates the multiscale representation 
of the beam, in which only a region near the notch 
is represented in mesoscale. 

 
Figure 12: Notched concrete beam in mesoscale with 
CFE (in red) providing coupling between non-conform 

meshes. 
 

To verify the capacity of the model to capture 
the effect of using different grading curves, the 
parameters set to the aggregate, matrix and 
transition zone interface were the same for 
specimens made from the same mix (w/c ratio). 
Even though each specimen presented its own 
compressive strength and fracture energy (as 
shown in Table 3), the mean values for each mix 
were calculated. That means, specimens A1, B1 
and C1 were assigned the same 𝑓௧  and 𝐺 
parameters, so that the only difference would be 
the aggregate distribution inside the specimen. 
The same occurred with the specimens A2, B2 
and C2. 

As previously mentioned, the constitutive 
damage model is based on the material tensile 
strength (𝑓௧), so using the correlation provided by 
Brazilian Standard ABNT/NBR 6118 [21], the 
mean 𝑓௧ for mix 1 and 2 were calculated. Using 
the same considerations from the dog-bone 
specimen, the particular values for each 
interfacial material was calculated, as shown in 
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Table 4. 
 

Table 4: Interface elements fracture properties. 

 
Once the parameters have been set, the 

analysis proceeded to the mesoscale model 
generation illustrated in Figure 13, where there is 
a visible difference in the grading. As a 2D 
approach is adopted, 3 different models were 
generated for each grading in order to minimize 
the Influence of the distribution. The curves 
presented in the next figures are the mean 
responses obtained.   

The simulation for Mix 1 demonstrated that 
indeed, the granulometry has an impact in the 
high strength concrete mechanical behavior. The 
results in Figures 14 to 17 suggest that the best 
performance in terms of peak load was achieved 
by grading B, which has the maximum average 
particle diameter. The experimental results for 
deflection also present grading B as the best 
response, followed by grading C and A. The 
maximum peak load for the numerical and 
experimental analysis is very close, however, the 
experimental test seems to catch a bigger gap 
between the different grading. 

The numerical and experimental CMOD 
response curves illustrated in Figures 16 and 17 
are also in agreement, as grading C has a higher 
peak load than grading A in both cases. These 
results suggest that high strength concretes with 
greater average diameters are able to dissipate 
more energy than HSC with smaller average 
diameter. 
 
 

 
Figure 13: Mesoscale models for gradings A, B and C, 

respectively. 
 

 
Figure 14: Numerical load x deflection curves for 

specimens A1, B1 and C1. 
 

 
Figure 15: Experimental load x deflection curved for 

specimens A1, B1 and C1 (adpated from [20]). 
 
 
  

Mix 1 
Phase 𝒇𝒕 (MPa) 𝑮𝒇 (N/mm) 

Aggregate - Aggregate 4.0 0.100 
Matrix - Matrix 5.9 0.158 

ITZ  4.2 0.111 
Mix 2 

Aggregate - Aggregate 4.0 0.100 
Matrix - Matrix 4.7 0.140 

ITZ 3.3 0.100 
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Figure 16: Numerical load x CMOD curves for 

specimens A1, B1 and C1. 
 
 

 
Figure 17: Experimental load x CMOD curves for 

specimens A1, B1 and C1 (adapted from [20]). 
 
 

From the post-process results in Figure 18, it 
is possible to notice that in all cases the fractures 
propagated through the aggregate, which was 
also reported to happen in the experimental 
analysis. 

The cracking formation exhibited a very 
inclined path, as observed in the actual specimen 
by Siregar et. al (2017), which is pictured in 
Figure 19. The numeric model was able to 
represent it by assigning the aggregate and ITZ 
inferior tensile strength and energy fracture.   
 

 
Figure 18: Fracture process in specimens A1, B1 and C1, 

respectively. 
 

 
Figure 19: Crack path of specimen with 0.2 w/b ratio 

(Siregar et al. [20]). 
 

 
Figure 20: Numerical load x deflection curves for 

specimens A2, B2 and C2. 
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Figure 21: Experimental load x CMOD curves for 

specimens A2, B2 and C2 (adpated from [20]). 
 

The simulation for Mix 2 (Figures 20 to 23) 
resulted in a response similar to Mix 1, where 
grading B presented a slightly higher peak load 
and the residual force was close for all 
granulometries. A possible reason why the 
grading with bigger average aggregate diameter 
presented a higher peak load in both cases is 
because of the larger space between aggregates 
(the weakest phase), resulting in a fracture path 
with greater length. Besides the aggregate 
distribution, it was noticed that the change in the 
w/b ratio also affected the response, once for Mix 
2 grading A presented better response tan grading 
C, as opposed to what was observed in Mix 1. 

The w/b ratio sensitivity was also observed by 
Siregar et al. (2017) suggesting that a reduction 
in the coarser grain size in the mix is associated 
with lower fracture energy. 

However, compared to the previous analysis, 
the fracture inclination (Figure 24) was much 
smaller, which can be explained by the fact that 
the w/b ratio in Mix 2 was higher, therefore, 
aggregate, and matrix had closer strength, as 
shown in Table 4.  

 

 
Figure 22: Numerical load x CMOD curves for 

specimens A2, B2 and C2. 

 

 
Figure 23: Experimental load x CMOD curves for 

specimens A2, B2 and C2 (adpated from [20]). 
 

 
Figure 24: Fracture process in specimens A2, B2 and C2, 

respectively. 
 

4 CONCLUSIONS  

This paper analyzed the mechanical behavior 
of high strength concrete using a two-scale model 
based on the application of a mesh fragmentation 
technique. First, a sensitivity analysis of a dog-
bone specimen was performed and then the 
model was applied to simulate the experiment 
conducted by Siregar et al. [20] in notched 
beams. The main conclusions drawn from these 
analyses were:  
 The coupling finite element can be used to 

construct concurrent multiscale model for 
modeling HSC, by adopting homogeneous 
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material properties at macroscale domain, 
and three-phase material at mesoscopic 
domain. 

 Different responses were obtained for HSC 
made with different tensile strength 
aggregates. It was observed that decreasing 
the aggregate tensile strength leads to a 
significant peak resistance reduction. 

 The ITZ influence was of little significance in 
terms of peak resistance but it was noticeable 
in the post-process fracture path. The stronger 
the ITZ, the more straight the fracture. 

 As observed in experimental studies, for each 
w/b ratio, specimens were assigned the same 
elastic and inelastic parameters and still, the 
response was different, indicating sensitivity 
to aggregate distribution. 

 It was observed that the mix with higher 
strength (Mix 1) was slightly more sensitive 
to the grading than the other w/b ratio mix. It 
can be explained by the fact that the phases 
had greater disparity. 

 The fracture propagates through aggregates 
in almost all simulations, even in Mix 2, 
where the ITZs happened to be more 
weakened than the aggregates. That was only 
possible due to the fragmentation technique 
applied to all phases of the material at 
mesoscale.  

 By analyzing the post-process configuration, 
it is visible that in Mix 1, which has the 
stronger mortar, the fracture path tends to 
deviate more from the center of the notch due 
to the "search" for the weakest phase 
(aggregate). In mix 2 that behavior is much 
subtler.  
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