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Abstract: A series of uniaxial compression tests and simulations were conducted to evaluate the influences of single coarse 

aggregate (CA) size on the mechanical properties of concrete and their uncertainties. In this research, the specimens of pure 

mortar matrix and specimens with diameter 15 mm and 30 mm of single spherical steel aggregate were fabricated and tested by 

a material testing system. Based on experimental results, the mechanical parameters, including the elastic modulus, 

compressive strength, strain at the peak stress and absorbed strain energy were investigated. It was found that larger size of CA 

results in higher elastic modulus and compressive strength. Meanwhile, the strain at peak stress and absorbed strain energy of 

concrete are non-linear with the size of CA. And then, the mechanical properties were analyzed in the aspect of ITZ which is 

closely related to the size of CA. In addition, simulation results were presented to discuss the stress distribution of different 

size CA in specimen. In conclusion, the CA size has significant effect on the uncertainty of elastic modulus, strain at the peak 

stress and absorbed strain energy, but has little effect on the compressive strength. The findings from the current study will 

help gain the insights into the non-linear and uncertain mechanical behaviors of concrete. 
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1. Introduction 

Concrete, as one of the most widely used construction 

materials in the world, is a highly complex heterogeneous 

composite material with coarse aggregate (CA) embedded in 

mortar matrix and an interfacial transition zone (ITZ) in 

between. In most cases, ITZ behaves as a weak link 

separating the other two phases. The properties of the 

concrete are, thus, strongly related to the characteristics of 

CA, the performance of mortar matrix, and the characteristics 

of ITZ [1]. Aggregates generally occupy 70 to 80% of the 

volume of concrete and among which around 45% are CAs. 

The influence of aggregate on mechanical properties of 

concrete, such as stress-strain curves, elastic modulus, 

compressive strength, fracture behavior, softening response, 

has been well studied [1-8]. It was found that both physical 

and mechanical properties of the aggregate, such as size, 

shape, strength and surface texture, have significant effects 

on the mechanical performance of concrete. The compressive 

strength of conventional concrete is mainly affected by the 

water-cement ratio (w/c). Other factors such as the cement 

content, sand concentration, aggregate characteristics are also 

known to affect concrete strength in varying degrees. The 

effect of w/c ratio and cement paste volume on concrete 

behavior has been widely investigated for normal and high-

strength concretes [1, 6]. 

On the other hand, there are growing interests in 

investigating the dependency of mechanical properties of 

concrete on the aggregate characteristics as it plays an 

important role for the properties of ITZ. The ITZ, as the 

weakest component, has important effect on the properties of 

concrete [9-15]. Numerous studies have been carried out to 

assess the effect of aggregates shape (rounded or irregular), 

surface texture (smooth or rough), and size on the 

microstructures and mechanical properties of ITZ [16-21]. In 

general, the ITZ bond can be strengthened with rough surface 

texture and irregular aggregate shape. Depending on the 

aggregate type and size, the bond properties of ITZ may also 

be strengthened or weakened by mediating the interaction 

between cement paste and aggregate [16-17]. However, no 

information on the non-linear mechanical properties and their 

uncertainty to the properties of CA/ITZ is available. 
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It has been found that the thickness of transition zone is 

about 10 to 50 µm with the porosity [18-20]. The 

characteristics of ITZ depend on the surface roughness, type, 

size of aggregate and the w/c ratio. The porosity of ITZ could 

lead to the uncertainty of interfacial bond stress transition 

between the aggregates and matrix. Moreover, the initial 

micro-cracks which may present in concrete even before 

application of any load could also contribute to the uncertainty 

of the properties [5]. The main causes of the preliminary 

micro-cracks are the differences of elasticity modulus and 

shrinkage between the aggregate and the matrix [22]. These 

initial micro-cracks randomly distribute in the concrete with 

different sizes, shapes and directions. The randomness of 

initial damages in ITZ indicates that the mechanical 

performance of concrete has uncertainty with respect to the 

microstructure of porosity and initial micro-cracks [23-25]. 

A series uniaxial compression tests were conducted in this 

study to investigate the effect of CA size on the mechanical 

properties and the uncertain behaviors of concrete. To 

achieve the objectives, the three-phase concrete was 

simplified by using a mortar matrix with a single relatively 

rigid, nonporous and smooth surface aggregate to highlight 

the effect of CA size. Single spherical steel aggregates with 

different sizes are adopted for different types of specimens to 

obtain the insights into the non-linear and uncertain 

mechanical behaviors of concrete. 

2. Experimental Procedures 

2.1. Materials and Mix Proportions 

Ordinary Portland cement is used for the manufacture of 

concrete. The mortar matrix is prepared with natural river 

sands (maximum size 4 mm) and tap water. The mix 

proportions of this specific mortar matrix are given in Table 

1. Spherical steel balls with diameters of 15 mm and 30 mm, 

which will be placed into the mortar matrix, are used to 

mimic CA in the same nominal size, as shown in Figure 1. 

Table 1. Mix proportions of mortar matrix. 

Ingredients kg/m3 

Sand 1300 

Cement 650 

Water 210 

2.2. Preparation of Specimens 

The cylindrical specimens with a diameter of 90 mm and a 

height of 45 mm are made by using PVC moulds, as shown 

in Figure 1. All specimens were covered with wet cloth under 

room temperature after casting. After 24 hours, the 

specimens were demoulded and put into incubator at 

temperature of 20.0� and 90% of relative humidity until 28 

days before testing. The compressive strength of mortar 

matrix prepared for tests is 49 MPa, which is obtained by the 

testing of cubic specimens with size of 70 mm. In this 

research, the specimens of pure mortar matrix and specimens 

with diameter 15 mm and 30 mm of single spherical steel 

aggregate are prepared for comparative study. The single 

spherical steel aggregate is placed in the center of cylindrical 

mortar matrix, as shown in Figure 1. Both ends of the cylindrical 

specimens are polished with alumina to a surface roughness of 

less than 0.5 mm. The specimens are specifically designed to 

investigate the effect of CA size with only one single spherical 

steel aggregate embedded in the center of the mortar matrix. 

Such design can eliminate the effects from other aggregate’s 

characteristics, such as the shape, surface texture, mineral 

character, quantity and grading. Such experiments can relatively 

provide the insights into the dependency of concrete mechanical 

properties on the size of CA. 

 

Figure 1. Spherical steel balls and PVC moulds. 

 

Figure 2. Uniaxial compression of a specimen. 

2.3. Testing Method 

The specimens were tested by a material testing system 

(MTS) with a maximum loading capacity of 2000 KN, as 

shown in Figure 2. A constant displacement rate of 0.2 

mm/min was applied for the uniaxial compression loading on 

the specimens to get the stress-strain relationship of the 

concrete. The axial compression and the vertical deformation 

were automatically collected by MTS and were validated by 

displacement sensor, in which the preloading is applied on 

the cylindrical specimen to eliminate the influence of contact. 

3. Experimental Results and Discussions 

3.1. Experimental Results 

The stress-strain curve of each individual test and the 

averaged value are all shown in Figures 3 (a-c). In Figure 3, 

stress is obtained by applied force divided by cross sectional 

area of cylindrical specimen, and strain is obtained by axial 

displacement divided by height of specimen. The repetitive 

tests of 4, 9 and 5 for specimens with diameters 0 mm, 15 

mm and 30 mm of CA were separately used to validate the 

reliability of experimental results. It should be noted that 

more tests were conducted for specimens with 15 mm CA, 
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due to its larger variations of the stress-strain curves than 

those with diameters 0 mm and 30 mm of CA. Figure 3 (d) 

compares the mean curves of the stress-strain relationship 

obtained from different specimens. It can be found from 

Figure 3 that the non-linear relationship is observed between 

the stress and the strain, and the size of single spherical CA is 

sensitive to the stress-strain curves. 

 

(a) Without CA 

 

(b) With 15 mm CA 

 

(c) With 30 mm CA 

 

(d) Mean curves of different specimens 

Figure 3. Stress-strain curves under uniaxial compression. 

Table 2. Mechanical parameters of different specimens. 

Mechanical parameters 
Pure mortar matrix With 15 mm CA With 30 mm CA 

Mean value Standard deviation Mean value Standard deviation Mean value Standard deviation 

Elastic modulus (GPa) 23.39 0.0087 24.88 0.0357 27.17 0.0174 

Compressive strength (MPa) 89.94 5.4205 93.14 5.5708 97.54 6.0829 

Strain at the peak stress 0.0130 0.0007 0.0117 0.0010 0.0125 0.0007 

Absorbed strain energy (MJ) 0.5916 0.0388 0.5216 0.0608 0.6703 0.0576 

 

Mechanical parameters of the concrete with different CA 

size are extracted from the stress-strain curves, including 

elastic modulus, compressive strength, strain at the peak 

stress and absorbed strain energy, as presented in Table 2. 

The elastic modulus is obtained by the secant slope of stress-

strain curves at the 40% stress of the compressive strength. 

The strain energy is obtained by the integration of the stress-

strain curves up to the peak stress, which denotes the 

absorbed strain energy of different types of the specimens 

before ultimate strength (damage) under uniaxial 

compression of concrete. The units of elastic modulus, 

compressive strength and strain energy are GPa, MPa and 

MJ, respectively. The volume fraction of CA is 0, 0.0062 and 

0.0494 for specimens of pure mortar matrix, 15 mm CA and 

30 mm CA, separately. Figure 4 shows relationship between 

mean values of mechanical parameters and the volume 

fraction of CA. It can be observed that concrete with the 

larger volume fraction of CA shows higher elastic modulus 

and compressive strength when a single spherical steel CA 

placed in the center of the cylindrical specimen. There are 

monotonic relationship between elastic modulus, 

compressive strength and volume fraction of CA. However, 

the strain at the peak stress and the absorbed strain energy are 

not monotonic with the size of CA. Comparing to the 

specimens with 0 mm and 30 mm CA, their failure strains 

and corresponding strain energy of specimens with 15 mm 

CA are smaller. 
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(a) Elastic modulus 

 

(b) Compressive strength 

 

(c) Strain at the peak stress 

 

(d) Absorbed strain energy 

Figure 4. Relationship between mean values of mechanical parameters and 

volume fraction of CA. 

3.2. Analysis of Mechanical Properties and Its Non-linear 

Performance 

The mechanical performance of concrete is integrated 

results of mortar matrix, CA and ITZ. In section 2, only 

effect of a single CA size on ITZ and subsequently on 

mechanical performance of concrete were studied under 

uniaxial compression. The specimens were prepared with the 

same mortar matrix, and the only variable is the size of CA 

which resulted in varied volume fractions of CA and varied 

ITZ between mortar matrix and CA. 

Figure 4 (a) shows that the volume fraction of CA has a 

significant effect on the elastic modulus. According to the 

classical theory in mechanics composite material, this can be 

attributed to the significantly higher elastic modulus of 

spherical steel aggregate than the mortar matrix. The elastic 

modulus of concrete can thus increase with the volume 

fraction of CA. On the other hand, the bond strength of ITZ 

has stronger effects on the tensile stress of concrete but plays 

little role on the compressive stress [21]. Compressive stress 

of concrete will increase with elastic modulus at the same 

strain level. The compressive strength, therefore, is also 

increased with the volume fraction of CA, as shown in Figure 

4 (b). Figure 4 (c) shows that strains at the peak stress (i.e. 

strain at compressive strength) of specimens with 15 mm CA 

and 30 mm CA are smaller than that of pure mortar matrix. 

Due to the ITZ constitutes the weakest link between CA and 

mortar matrix, under uniaxial compression, the lateral 

splitting tensile stresses can be created with the failure of 

ITZ. This is because the mortar matrix tends to flow around 

CA when interfacial force reaches to an ultimate load of ITZ, 

and the tensile strength is significantly smaller than the 

compressive strength for ITZ and mortar matrix [21]. 

In general, the larger size of CA, the larger thickness of 

ITZ is formed [21]. And the larger thickness of ITZ, the 

larger amount of microcracks and voids are presented in the 

ITZ [18]. Thus the bond strength of ITZ may decrease with 

the increasing of CA size. An interesting phenomenon is that 

strain at the peak stress of specimens with 30 mm CA is 

larger than that of specimens with 15 mm CA, as shown in 

Figure 4 (c), where bond strength of specimens with 30 mm 

CA is smaller than that of specimens with 15 mm CA. The 

surface area of CA is � � 4��� for a single spherical steel 

aggregate, where r is radius of spherical CA. The larger size 

of CA, the larger surface area of ITZ can be obtained for 

specimens. The relationship between the ultimate load �	 of 

interaction in ITZ and the radius r of CA can be expressed by 

�	 �∝ �� 
�
��� ∝ ������                          (1) 

where � 
�
�� is the bond strength of ITZ, ���� is the surface 

area of ITZ, ∝  is the symbol that denotes the positive 

relationship. It indicates that the ultimate load is proportional 

to bond strength and surface area of ITZ. However, the bond 

strength � is monotonically decreasing with the size of CA, 

and the surface area A is monotonically increasing with the 

diameter of CA. Figure 3 (d) shows that the ultimate load of 
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failure for specimens with 15 mm CA is smaller than that of 

specimens with 30 mm CA, where ultimate load is the 

applied force at the peak stress and can be obtained by stress 

multiply by cross sectional area of cylindrical specimen. The 

ultimate load should be proportional to the maximum force 

of interaction in ITZ, due to the ITZ constitutes the weakest 

link between CA and mortar matrix. The less ultimate load, 

the maximum force of interaction in ITZ will be smaller. 

Moreover, the surface area A of 15 mm CA is also smaller 

than that of 30 mm CA, the force of interaction in ITZ could 

be decreased when the surface area A is decreased and the 

value of bond strength � is increased. Then, the smaller the 

maximum force of interaction in ITZ, the smaller strain at the 

peak stress will be obtained, as shown in Figure 4 (c). Herein, 

we should note that the strain at the peak stress is the 

engineering strain of specimens, which is not the true strain 

of ITZ under uniaxial compression. The non-monotonic 

relationship between interaction of ITZ and size of CA 

indicates that the failure of concrete can be significantly 

influenced by the size of CA. Furthermore, the smaller strain 

at the peak stress of specimens with 15 mm CA, the smaller 

absorbed strain energy is obtained compared to other types of 

specimens. 

3.3. Uncertain Behavior of Mechanical Parameters 

For the above-mentioned specimens, the single spherical 

steel CA used is a homogeneous medium, whose mechanical 

uncertainty is quite limited. Therefore, the uncertain 

behaviors of these specimens are mainly induced by the 

properties of mortar matrix and ITZ, whose microstructures 

are complex comparing to the medium of CA. The uncertain 

factors in mortar matrix are caused by the stochastic 

distribution of fine aggregates and pores structure. The 

uncertain properties of ITZ are results of the porosity and 

initial micro-cracks. The stress-strain curves in Figure 3 

show that the uncertain behaviors of different specimens are 

affected by the size of CA and the level of uncertainty has 

non-linear response to the CA size. The area of uncertain 

interval of stress-strain curves in Figure 3 is 0.1736, 0.4678 

and 0.1727 for specimens with CA diameters of 0 mm, 15 

mm and 30 mm, separately, which is obtained by computing 

the area of uncertain interval up to the strain of 0.02. The 

area of uncertain interval of specimens with 15 mm CA is 

larger than those of 0 mm and 30 mm CA. 

The uncertain behavior of concrete under uniaxial 

compression can be further summarized by using the 

mechanical parameters of elastic modulus, compressive 

strength, strain at the peak stress and absorbed strain energy. 

The uncertainty of these mechanical parameters is evaluated 

by the coefficient of variation, which is given by 

� � �������/����                                (2) 

and 

������� � �∑ �� ! ����"�# $� /�% ! 1�       (3) 

where ������� is the standard sample variance, ���� is the 

mean value of mechanical parameters, xi and n is the 

measured results and number of specimens for tests, 

respectively. 

Figure 5 gives the coefficients of variation of elastic 

modulus, compressive strength, strain at the peak stress and 

absorbed strain energy. It can be seen that the CA size has a 

significant effect on the uncertainty of elastic modulus, strain 

at the peak stress and absorbed strain energy. The 

coefficients of variation of specimens with 15 mm CA are 

remarkable larger than those of 0 mm and 30 mm CA, in 

which the uncertainty of single medium of mortar matrix is 

removed from the effect of ITZ between CA and mortar 

matrix. Moreover, Figure 6 shows the distribution of von 

Mises stresses obtained by simulations for specimens with 15 

mm and 30 mm CA under the same pressure. Where the 

material of mortar matrix is modeled by isotropic and 

homogeneous medium, the uncertain properties of mortar 

matrix and ITZ are not considered in Figure 6. Figure 6 is 

only used for discussion the stress distribution of different 

size CA in specimen. It can be seen that the von Mises 

stresses distributed in CA for specimen with 30 mm CA are 

larger than those of specimen with 15 mm CA. The ranges of 

von Mises stresses in CA are 454.67-570.21 MPa for 

specimen with 30 mm CA and 384.20-424.93 MPa for 

specimen with 15 mm CA. The comparison of the stress 

distribution in 15 and 30 mm CA indicates that, when the 

size of CA is larger, more strain energy can be absorbed by 

CA before the failure of specimens. Due to the homogeneity 

of the steel CA, the uncertain behaviors of specimens should 

decrease when most of the strain energy is absorbed by CA. 

Therefore, it can be concluded that the uncertainty of 

mechanical parameters, including elastic modulus, strain at 

the peak stress and absorbed strain energy, are increased with 

the size of CA at the beginning, which is facilitated by the 

uncertain properties of ITZ. After the uncertainty approaches 

to a maximum level, the uncertainty should decrease with the 

increase of the volume fraction of CA. Both the experimental 

results and the simulations indicate that the level of uncertain 

behaviors in concrete has a non-linear dependency on the CA 

size. 

 

Figure 5. Coefficient of variation of mechanical parameters. 
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On the other hand, it can also be found from Figure 5 that 

the CA size has little contribution to the uncertainty of 

compressive strength. As reported in reference [21], the 

intricate interaction of ITZ plays limited role on the 

compressive strength. Then the uncertain characteristic of 

ITZ for specimens with different CA size also has little effect 

on the uncertain behavior of compressive strength. This 

means that compressive strength is a reliable mechanical 

parameter for the design of concrete structures by changing 

the concrete mix proportions. 

 

(a) With 15 mm CA 

 

(b) With 30 mm CA 

Figure 6. Distribution of von Mises stresses for specimens with different size of CA. 

Figure 5 indicates that the CA size has significant effect on 

the uncertain behavior of strain at the peak stress but plays 

little role on the compressive strength, which is critical for 

the failure analysis of concrete material with specifically 

designed CA embedded. The compressive strength, in which 

the larger mean value can be obtained with a larger size of 

CA, cannot represent the significant effect of CA size on the 

uncertain behavior of mechanical parameters. The strain at 

the peak stress, in which the mean values of specimens with 

15 mm aggregate are smaller than those of others, can be 
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more appropriate for the analysis of failure problems of 

concrete comparing to compressive strength. 

4. Conclusions 

This study focuses on identifying the effect of CA size on 

non-linear mechanical parameters and its uncertain behavior 

of concrete under uniaxial compression loading. With the 

experimental study and numerical analysis, the following 

conclusions can be drawn. 

(1) The mechanical properties of the concrete, including 

stress-strain curves, elastic modulus, compressive 

strength, strain at the peak stress and absorbed strain 

energy, are strongly dependent on the size of CA. 

There are monotonic relationship between the elastic 

modulus, compressive strength and the size of CA. 

However, the strain at the peak stress and the absorbed 

strain energy are not monotonic with the size of CA. 

(2) The experimental results show that the CA size has 

significant effect on the uncertain behavior of elastic 

modulus, strain at the peak stress and absorbed strain 

energy, but has little effect on that of compressive 

strength. It indicates that compressive strength is a 

reliable mechanical parameter for the design of 

concrete structures. 

(3) Strain at the peak stress of concrete could be 

significantly influenced by the lateral splitting tensile 

stresses in ITZ under uniaxial compression. And the 

strain at the peak stress is more sensitive to the failure 

of concrete comparing to compressive strength. 
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