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ABSTRACT 

The paper focuses on the quantitative characterization of a concrete containing polymer fibers 

and pores. Computed tomography (CT) characterization technique is used to provide input data 

for Finite Element Method (FEM) simulations and analytical modeling based on 

micromechanical homogenization via the compliance contribution tensor formalism. Effective 

elastic properties of reinforced concrete are obtained experimentally using compression testing, 

analytically in the framework of Non-Interaction approximation and numerically performing 

direct FEM simulations on specimen with reconstructed microstructure. It is shown that CT 

produces results suitable for implementation in numerical and analytical models. The results of 

analytical and numerical modeling are in a good agreement with experimental measurements 

providing maximum discrepancy of ~ 2.5%.  
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1. Introduction.  

In countries such as Italy, Greece, and Turkey, earthquakes may create large and diffuse 

damage to existing buildings, depending on the amplitude and frequency content of the earthquake. 

An innovative technology for vibration control and risk mitigation of reinforced concrete (RC) 

structures in this area consists in the use of fibre reinforced concrete (FRC) instead of plain 

concrete. Mechanical performances of FRC are largely improved with special references to 

dissipative properties under seismic loads [1,2]. In particular, synthetic fibres are expected to 

enhance the dynamic properties of concrete by improving the strength, ductility, and toughness of 

plain concrete, as well as its damping ratio (e.g. [3,4]). Since the concrete matrix is generally stiffer 

than the reinforcing synthetic fibers, their addition to the concrete mix may also reduce the elastic 

stiffness of FRC structures, thus lowering their fundamental natural frequencies.  

The overall properties of FRC strongly depend on the volume fraction of fibres added to the 

matrix, as well as on their distribution and orientation. To achieve the best FRC performance, the 

synthetic fibres should also display good chemical compatibility with cement matrix, thus 

possessing proper bond characteristics. However, due to their chemical inertia, polymeric 

materials usually display poor adhesion to the cement matrix [5]. In order to enhance the adhesion 

of synthetic fibres to the cement matrix, several approaches have been proposed such as giving a 

suitable shape to fibres that may increase the grip [4,6,7]. Recently, an innovative method of 

chemical nature (based on a nano-Silica surface treatment) has been proposed for improving the 

bonding of polypropylene (PP) fibres with the hydration products of the cement matrix [8,9]. The 

proposed treatment has generally a positive effect on the bending strength and other mechanical 

properties of FRC [10]. In particular, the relatively high tensile strength of synthetic fibres 

contributes to withstanding the crack initiation stress and resisting pull out force. This is due to the 

strong bond between the fibre and the cementitious matrix [9,11]. Moreover, due to the reduced 

elastic modulus, synthetic fibres may elongate under loading and transfer the load to different parts 

of the matrix. As a result, the load applied is distributed more evenly along the interface between 

fiber and matrix [12]. 

The main objective of the current study is to investigate the influence of discrete PP fibre 

addition on the mechanical properties of FRC by using the combined techniques of computed 

tomography (CT), FEM analysis, and micromechanical modelling, focusing on its effective elastic 

properties. PP draw-wired fibres of geometric length of 18 mm with diameter of 0.28 mm at a 

typical weight dosage of 0.25% were utilised. Static mechanical properties of FRC (i.e. stress vs 

strain curves, ultimate compressive strength, indirect tensile strength, modulus of rupture and 

modulus of elasticity) at the age of 28 days were also measured and results compared with that of 

reference concrete. 

Laboratory X-ray Computed Tomography (CT) is an increasingly widely used non-destructive 

testing technique in concrete research. It allows locating and even quantifying internal structures 

and defects in concrete (e.g., aggregates, pores, reinforcement) in 3D. Especially, in the case of 

complex structures like FRC, CT is a useful tool for the evaluation of spatial and orientation 

distribution of fibres [13–15]. Also the damage in concrete after and during (i.e., in-situ) 



mechanical tests can be estimated [16,17]. Additionally, 3D image date from tomography could 

be used as input for analytical [18] and numerical models [19], improving the prediction of 

mechanical behaviour of the concrete.  

The paper is organized as follows. Samples preparation is described in Section 2, mechanical 

testing results are summarized in Section 3. CT measurements are reported in Section 4, analytical 

and numerical modelling procedures are discussed in in Section 5. Finally, the main results 

obtained by the analyses are reported and discussed in Section 7. 

 

2. Specimens preparation and mechanical testing  

Fiber reinforced concrete (FRC) beam-like specimens 150 mm deep, 150 mm wide and 600 

mm long were cast and cured according to UNI 12390-1:2002 and UNI EN 12390-2:2002. The 

mix design adopted for the concrete mixture is given in Table 1. Cement and aggregates used for 

realizing samples accomplish regulations UNI EN 197-1:2011 and UNI EN 12620:2008, 

respectively. Note that only fine aggregates with size in the range 0÷4 mm have been used in the 

FRC samples. This avoids significant scale effects on small samples when subjected to mechanical 

tests (see Section 3). 

Polypropylene discrete draw-wired fibers were incorporated in the mixture at the mixing stage 

at a dosage of 2.5 kg/m3, that corresponds to a volume fraction of about 0.25%. The aspect ratio 

of fibers (i.e. the ratio of the length to equivalent diameter ratio) is 65. The main physical and 

mechanical properties of fibers are reported in Table 2. 

 

Table 1 Plain concrete composition used to realize the samples 

Cement Aggregates, kg/m3 Water Ratio w/c 

type kg/m3 0-2,mm 2-4,mm kg/m3 

0.56 

CEM II 42.5 R 315 1080 800 175 

 

Table 2. Properties of polypropylene fibers 

L, mm Diameter, mm  , kg/m3 
TS , MPa E ,GPa 

18 0.28 1000 300  2.2 

 

After a curing period of 28 days, beam-like 150 mm x 150 mm x 600 mm specimens have been 

sawed to small ones - 18 x 18 x 60 mm3 and 18 x 18 x 25 mm3 suitable for CT using 

electromechanical blade (see Figure 1). Specimens were sawed longitudinally, i.e., along the main 

direction of the beam highlighted in red in Figure 1. 

 



  

 

Figure 1. a) Prismatic 18 x 18 x 60 mm3 and b) 18 x 18 x 25 mm3 specimens obtained by cutting 150 x 150 x 600 

mm3 concrete specimens.  

 

In order to characterize the mechanical properties of FRC, another group of specimens has 

been prepared for compressive tests. The mechanical tests were performed according to the 

standard UNI EN 1015-11:2001 for cementitious mortars. Accordingly, the compression load was 

applied through a load cell at a load rate of 50 N/s. Four 18 x 18 x 25 mm3 specimens were 

subjected to compression until complete failure (Figure 2). In order to investigate the effect of 

fibers orientation, two specimens were tested by applying the load parallel (P1, P2) to the main 

axis of the beam-like specimen, whereas other two samples were subjected to a compressive load 

acting transversally (T1, T2) to it.  

   

  
Figure 2. Prismatic 18 x 18 x 25 mm samples a) before and b) after the compression test.  

 

a)

(main longitudinal direction)  

  

b)

a) b)



The stress-strain curves obtained in the compression test are shown in Figure 3. Note that in Fig.3 

the starting/reference point for displacement was shifted to account for the machine compliance. 

As expected, the ultimate strength along the direction parallel to the beam-like specimen (P), that 

equals 42 MPa, is greater than the strength in the transverse direction (T), which is of the order of 

35 MPa. Interestingly, the displacement at rupture (the so-called strain tolerance) is the same in all 

the cases. The slope of the / curves is almost the same for all the specimens in the range of the 

axial relative displacement up to 0.01. Making reference to such a range, the corresponding Young 

modulus turns out to be 1.7 MPa.  

 

 
Figure 3. Stress vs strain curves obtained by compression tests of 18 x 18 x 25 mm3 samples.  

 

3. Computed tomography. 

 The CT measurements were carried out by using a v|tome|x L 300 CT scanner from General 

Electric. During each scan, 3150 projections were acquired with the acquisition time of 2 sec for 

each projection. An acceleration voltage of 120 keV and a tube current of 115 µA were used 

throughout the experiments. A voxel size of around 17 µm was used. The typical resolution of 

laboratory CT very well suites investigations of the microstructure of inhomogeneous materials 

such as concrete or asphalt, which possess inhomogeneities of the order of 100 m (or larger). 

 Image analysis of the reconstructed volumes was performed using Amira ZIB Edition from 

the Konrad-Zuse-Zentrum Berlin [13]. Pores were segmented by global threshold. Due to low 

contrast between polymer fibers, matrix, and pores, identification of fibers was performed by 

tracing fibers by means of a template matching algorithm. This algorithm generates correlation 

and orientation fields by matching the reconstructed volume with a cylindrical template, which 

is defined by user. Additionally, the position of every point of a fiber, as well the fiber spatial and 

angular orientation, was extracted and used as input for numerical simulation. 

An example of a slice of the reconstructed volume data obtained by CT for prismatic sample 

in transversal direction is presented in Figure 4. Fibers could be distinguished from pores by means 



of their ellipsoidal cross section and higher gray value (Fig.4a). 3D rendering and equivalent 

diameter distribution histogram of pores are presented in Fig 4b and c, respectively. The volume 

fraction of pores was around 3.8%. The maximum pore diameter reached around 3 mm, however 

only a few pores with diameter more than 2 mm were found. The pore diameter distribution was 

used as input in FEM simulation. 

 
Figure 4: a) 2D reconstructed slices from CT measurements b) 3D rendering of pores c) equivalent diameter pore 

distribution histogram. 

 

Traced fibers, obtained by the template matching algorithm and colored according to their 

angular orientation, are presented in Fig. 5a,b. The orientation of fibers was determined in 

spherical coordinates by angles θ and φ (see Fig. 5e).  

 
Figure 5. 3D visualization of fiber orientation distribution obtained by CT measurements for angle a)  and b) θ; 

orientation distribution histograms for c) θ and d) ; e) coordinate system 

 

5. Modeling.  

The spatial and angular distributions of fibers has been introduced into the FEM simulation 

and micromechanical modeling. It could seem that orientation distribution histograms (Fig. 5c, d) 

a) c)b)



show preferential orientation of fibers around 90° for φ angle (angle around the main longitudinal 

axis) and 40° for θ (tilt from the longitudinal axis). These histograms, however, show the product 

of appearance frequency with sin φ (see [14]). Taking into account the previous statement and in 

view of the limited statistics we can ,actually, assume an isotropic distribution of fibers with a 

good accuracy. 

 

5.1. FEM  

Numerical modeling of three-dimensional specimens presents significant challenges related to 

the conversion of the experimental data into a robust FE mesh, preserving accurate and realistic 

microstructure representation. In this paper, we consider a polypropylene fiber reinforced concrete 

block (with pores), which is 46.5 mm thick and has in-plane dimensions of 18x18mm. As an input 

to our procedure we have specimen dimensions, volume fraction of pores and their size distribution 

(Fig. 4c), microtomography data including number of fibers, location of control points associated 

with specific fibers (Fig. 5), and mechanical properties of the constituents. To prepare the 

necessary 3D mesh for the analysis, we begin by generating the surface mesh of the specimen in a 

custom MATLAB script as follows. First, we generate a fiber surface mesh using experimentally 

obtained radius, length, and fiber points. This is done by creating the profiles (circles) of the fiber 

cross section. Note that points are distributed non-uniformly, therefore, we generate an additional 

set of points, using interpolation, to have the desired mesh size and quality (Fig 6a). Since profiles 

are stored as ordered lists of point coordinates, they can be easily connected into triangular 

elements to produce a continuous FEA surface mesh of the fiber [20,21] (Fig 6a).  

Second, we generate pores with given size distribution and volume fraction inside the reference 

volume, where fibers are already present. To generate a microstructure containing multiple 

inhomogeneities of desired shapes and sizes for FEM, these inhomogeneities should be packed in 

a constrained volume without interpenetrations. This numerical task is non-trivial and requires a 

robust solution algorithm to detect and prevent penetration between inhomogeneities. In our paper, 

we use an algorithm based on the modified collective rearrangement method developed in [22,23], 

further modified for spherical pores of a distinct size [24]. As an input to the procedure, we specify 

the number of phases, shapes, and volume fraction inhomogeneities corresponding to each phase, 

type of distribution, and orientation. In our case, we have spherical pores and fibers that are of the 

non-ellipsoidal shape and, thus, we substitute them with circumscribing ellipsoid. Note, that in the 

algorithm fibers remain fixed and only spheres are subjected to the rearrangement. At the next 

stage, we generate spherical pores according to the input, and remove undesired collisions by 

finding each pair of potentially overlapping shapes using k-means tree algorithm [25] and 

calculating the shortest displacement vector to separate them [26]. Once we obtain all displacement 

vectors, we apply them at once, and repeat this iterative procedure until an interpenetration-free 

arrangement is obtained. We then replace ellipsoids with their original shape if it is necessary 

(Figure 6b). The prepared surface mesh is then placed inside the reference volume and this setup 

is auto meshed with tetrahedral 3D elements, using commercial software Marc/Mentat (Figure 7). 

 



 

 
Figure 6. (a) Surface mesh generation procedure for an individual fiber; (b) final structure containing fibers and 

spherical pores 

 

To determine the effective properties of the specimen we apply a set of six load cases: three 

uniaxial tension and three shear cases. The boundary conditions for each load case are applied in 

terms of displacements that correspond to the prescribed values of macroscopic strains 0
ε . Once 

the boundary conditions are prescribed, the FEA simulations are performed, and the resultant files 

are processed using a custom Python script to determine the overall compliance tensor. The script 

starts with calculating the average stress components within the volume for each load case: 
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Figure 7. FEM representation of (a) considered specimen; (b) internal mesh structure 

 

Given the average stress we then calculate the components of compliance tensors as follows: 
0( )eff

ijkl ij kl mm
S  = , (5.2) 

where 
0

kl  are prescribed components of strain. From the effective compliance, one can obtain 

engineering constants using Hooke’s law. In our simulations, fibers and concrete are assumed and 

have Young’s moduli of 2.2 GPa and 2 GPa, Poisson’s ratios of 0.2 and 0.1, correspondingly. The 

total number of randomly oriented spherical pores with given size distribution to cover the 

experimentally detected volume fraction of 3.8% is ~300, the number of fibers in composite is 61, 

the system contains approximately 6.2 million of elements. For the numerical analysis, we 

developed a robust algorithm for transferring experimental data to the accurate FEM models 

capturing the main features of the real structure. Table 3 presents the effective elastic constant 

obtained numerically (see below). 

 

5.2. Micromechanical modeling.  

In this section, we use the concept of compliance contribution H-tensors of individual shapes 

to estimate the effective elastic properties of a material containing randomly oriented spherical 

pores, as well as fibers located and oriented according to the CT data.  Compliance contribution 

tensors have been first introduced in the context of pores and cracks by [27]. For the general case 

of ellipsoidal elastic inhomogeneities, these tensors were formally defined and calculated by 

[28,29]. Following these works, we consider a homogeneous elastic material (matrix), with 

compliance tensor 
0

S , containing an inhomogeneity, of volume 1V , of a different material with 

compliance tensor 
1

S . The compliance contribution tensor of the inhomogeneity is a fourth-rank 

tensor H  that gives the extra strain (per reference volume V ) due to its presence:  
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where 
0

kl  are remotely applied stresses that are assumed to be uniform within V  in the absence 

of the inhomogeneity. For a prolate spheroid (fiber) tensor H  has the following form (see book 

of [30] for details) 
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where ( ) ( ) ( )( ) **** GGGKGKG 3414232 000 +−+++=   and ** K,G  are given by  

 ( )1001 KKKKK* −= , ( )1001 GGGGG* −=            (5.4) 

0K  and 
1K  and 

0G  and 1G  are bulk and shear moduli of matrix and inhomogeneities, respectively 

and  01 2(1 ) = − . 

For a spherical pore  
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To calculate the overall elastic compliances, we neglect the interaction between the 

inhomogeneities (that gives reasonably accurate results for volume fraction up to 15-20%, [31]) 

and characterize the contribution of multiple fibers and pores to the effective elastic properties of 

the FRC, we sum up contribution from the pores with contribution from the fibers averaged over 

all possible orientations 
f

ijklH  which is characterized by two components, for example 

( )1122 1111 1122 1133 1313 3333

1
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30

f f f f f fH H H H H H= + + − +  

( )1111 1111 1133 1313 3333

1
16 8 16 6
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f f f f fH H H H H= + + +            (5.6) 

So that effective elastic compliances can be calculated as 

0eff p f

ijkl ijkl pores ijkl fibers ijklS S H H = + + , (5.7) 

Where pores  and fibers  are the volume fractions of pores and fibers. Results of the analytical 

calculation of the effective elastic compliances of FRC are presented in Table 3.  

 

 

 



7. Concluding remarks  

Analytical approach is based on the property contribution tensor formalism and utilizes Non-

Interaction approximation to find overall properties of the structure. Comparison of the effective 

properties obtained experimentally, analytically and numerically showed an absolute error of 

~2.5% for 3E , where lower script “3” specify direction corresponding to the main longitudinal axis. 

Results of micromechanical calculations and numerical modeling was compared and the 

discrepancy less than 1 % was identified. The agreement between experiments and simulations is 

therefore excellent. 

 

Table 3. Effective elastic properties of concrete reinforced with polypropylene fibers obtained using FEM 

 FEM Analytical Experimental 

1E ,GPa 1.8766 1.8653 1.9235 

2E ,GPa 1.8791 1.8653 1.9235 

3E ,GPa 1.8728 1.8653 1.9235 

12  0.1029 0.1067 - 

23  0.1028 0.1067 - 

13  0.1035 0.1067 - 

12G ,GPa 0.8861 0.8427 - 

23G ,GPa 0.8878 0.8427 - 

23G ,GPa 0.8850 0.8427 - 

 

We conclude that plugging a realistic microstructure description (fiber size, and orientation 

distributions, pore size distribution) into a customized finite element model produces extremely 

reliable predictions of the elastic properties of composite materials. Even more, realistic fiber 

orientation distributions and aspect ratios allow analytical (micromechanical) models to correctly 

predict such elastic properties. These models represent therefore a valuable tool for the engineer 

to tailor the concrete properties by knowing its microstructure in some detail. We also show that a 

detailed knowledge of the microstructure is a competitive quantitative advantage, when tailoring 

the mechanical properties of composite materials.  

Indeed, we predict the above procedure to be in future applicable to other inhomogeneous materials 

such as ceramic or metal matrix composites. 
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