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A B S T R A C T   

This study deals with the influence of the fiber concrete mesostructure on the size effect under compressive 
fatigue loading. For this purpose, three series of cylindrical specimens of steel fiber–reinforced concrete were 
fabricated. Before fatigue testing, all the cylinders were scanned and the main morphological, orientation, and 
distribution parameters of the pores and fibers were checked. The images reveal that, near the cylinders’ walls, 
the porosity is lower than that in the cores and is even lower for large sizes. Additionally, larger specimens are 
more vulnerable to compressive fatigue loading, resulting in a reduction in fatigue life.   

1. Introduction 

Fatigue may affect the service life of concrete structures subjected to 
repetitive loads, such as railway slab tracks [1] or towers for wind tur-
bines [2]. The addition of steel fibers can improve the capacity of con-
crete against fatigue [3], as they provide a distributed reinforcement in 
the concrete matrix. Fibers produce a bridging effect that can effectively 
control cracking by limiting the width of cracks and their propagation. 
Likewise, they provide significant resistance to bending and shear across 
developing cracks [4,5]. Therefore, steel-fiber reinforced concrete 
(SFRC) demonstrates a pseudo-ductile response, even in compression 
[6–8], increased residual strength (especially in tension), and enhanced 
energy dissipations capacities [9], relative to the brittle behavior of 
plain concrete mixtures. Fatigue tests to determine the response of fiber- 
reinforced concrete can be carried out under compressive [10], tensile 
[11], or flexural [12] loading conditions. 

Regarding compressive fatigue, steel fibers reduce the material 
sensitivity to low frequencies —below 1 Hz— which is especially rele-
vant for slender structures like towers for wind turbines [13,14]. Steel 
fibers increase the life of concrete under compressive fatigue, and there 
is an optimum fiber content —leading to the longest life— related to 
concrete mesostructure and fiber characteristics [15]. Similarly, fiber 
orientation and matrix porosity influence the concrete fatigue behavior 
as well [16–18]. In addition, unwanted stress gradients in compressive 

fatigue of SFRC significantly reduce the fatigue life [19], which suggests 
minimizing the loading eccentricity in compressive fatigue tests. Finally, 
experimental scatter in compressive fatigue results is large, so it is rec-
ommended to use a wide sample size [20], and to analyze the results 
with an appropriate statistical approach [14,21,22]. 

Size and shape of the tested specimens influence the concrete 
compressive strength [23,24]. Small specimens have higher strengths 
than larger ones. Following the same principle, a real-scale structure 
may exhibit an even smaller strength, thereby highlighting the impor-
tance of a correct assessment of its real value. The size effect has 
different causes. From a statistical point of view, the heterogeneity of 
concrete leads to a higher probability of larger specimens containing 
flaws that accelerate the failure of the material [25]. From a determin-
istic point of view, different mechanisms have been proposed. The 
explanation from the perspective of fracture mechanics is related to the 
different elastic energy stored in the deformed body of the specimen that 
is released in the propagation of a unit length of crack during the frac-
ture process. While the former depends on the volume of the specimen, 
the latter is determined by the specific fracture energy of the concrete, 
which is a constant material property [23]. In compression, another 
influencing mechanism is the effect of lateral confinement near the 
loading surfaces produced by the friction developed owing to the 
transversal expansion of the material [26]. In short specimens, the 
resistance is enhanced because the proportion of material positively 
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affected by the confinement is higher. Another aspect that needs to be 
highlighted is the boundary or wall effect, which is caused by the 
alteration of the material layer in contact with the wall of the mold or 
the formwork. This effect also induces variations in the results for 
different sizes [23] because the influence of that layer, with constant 
width, diminishes as the cross-sectional area increases. 

The size effect on concrete has been the topic of much research 
throughout the decades [23–32], but most of the studies have focused on 
static loading conditions. With respect to fatigue under cyclic loads, 
research is relatively scarce, and most studies treat flexural fatigue 
[33–37]. The size effect on the compressive fatigue of concrete has not 
received much attention. In a recent work by Ortega et al. [38], this 
topic was addressed by testing cubic specimens, whereas Taher and 
Fawzy [39] studied compressive fatigue by means of prismatic speci-
mens with the same cross-section and different heights. The geometry of 
the specimens used in the aforementioned studies is highlighted, as it 
also influences the obtained value of the compressive strength of con-
crete, as mentioned previously. In particular, the slenderness, which 
represents the relation between the height and the transverse dimension 
of the specimen, determines the extent of the zone free of hindered 
transversal strains. Cylindrical specimens used in the mechanical char-
acterization of concrete usually have a slenderness value of 2, which is 
double that of cubes. 

The present research aims to study the compressive fatigue in cyl-
inders of different sizes but with a fixed slenderness value. This is an 
extension of the study in [38], which dealt with cubes. Herein, cylinders 
of three different heights (150, 200, and 300 mm) with diameters equal 
to half of the corresponding height were tested. The material used for the 
specimens was fiber-reinforced concrete owing to its relevance in ap-
plications under fatigue loads. The fatigue behavior is studied by 
focusing, first, on the probabilistic trend of the number of cycles to 
failure and, second, on the evolution of compressive strain during the 
loading process. Furthermore, given the different sources of size effect 
explained earlier, the investigation presented in this article also places 
special emphasis on the study of the internal structure of the material to 
verify the influence of defects and inhomogeneities on the results ob-
tained for the specimens of different sizes. This addresses the statistical 
size effect and the influence of wall effects. Defects are considered in this 
study as pores in the concrete matrix. Another factor that may contribute 
to the heterogeneity of this type of concrete is the manner in which the 
fibers are distributed. 

Regarding porosity, relevant papers have been published about its 
influence on the strength, stiffness, or fatigue response of concrete, 
among other parameters [16,17,40–42]. However, to date, few studies 
have investigated the effects of porosity on the size effect [43,44]. This is 
partly because it is a strongly random and non-controllable parameter, 
which makes it difficult to study. Despite this obstacle, many effective 
techniques are currently available to study the porosity of concrete, 
among which computed tomography (CT) is one of the most important. 

CT is a non-destructive technique that is widely used to examine the 
microstructure of materials. This technology can create a three- 
dimensional image of a sample, in which each voxel has a gray level 
that is directly related to its density. Therefore, it is very useful when 
analyzing heterogeneous materials whose components have different 
densities. For concrete, CT is mainly used to analyze the distribution and 
orientation of fibers [18,45,46], as well as its porosity and crack patterns 
[16,47–49]. Some studies have applied CT to investigate the size effect 
in concrete [43,50–52]. Among them, the one by Różański et al. [43] 
stands out. In their study, micro-CT was used to analyze the porosity and 
pore size distribution in different sizes of samples of mortar and gypsum, 
which were then subjected to uniaxial compressive tests. However, for 
this case, the great potential of CT was not fully exploited, as it was only 
used to obtain the basic global parameters. 

In the present study, the CT technique was applied to analyze the 
shape and size of pores in the concrete matrix and the orientation of 
fibers. The specimens were scanned before fatigue testing using a CT 

device and three-dimensional images were processed to obtain the 
different parameters of individual pores and fibers. Afterward, the re-
sults were analyzed and correlated with the size of the specimens and 
their corresponding fatigue behaviors. 

The remainder of this paper is structured as follows. The material and 
experimental procedures are presented in Section 2. The results are 
described and discussed in Section 3, and finally, the conclusions are 
summarized in Section 4. 

2. Experimental program 

2.1. Materials 

For this research, 75 specimens divided into three series (resulting in 
25 specimens per series) were cast. All specimens were cylindrical, with 
three different sizes: 150 × 300 mm (diameter × height), 100 × 200 
mm, and 75 × 150 mm. The series were identified with the letters L 
(large), M (medium), and S (small). In all cases, the ratio of the height to 
the diameter was 2 (Fig. 1). 

The material used in this study is the same as that in [38]. It is a self- 
compacting concrete reinforced with steel fibers. The design target 
compressive strength was 30 MPa at 28 days of age (cubic specimens 
with a side of 100 mm) [53]. We followed the design methodology 
developed by De La Rosa et al. [54] and selected the following materials: 
type II Portland cement (CEM II/B-L 32.5 N), tap water, superplasticizer 
(MasterEase 5025, Master Builders), occluded air reducer (MasterCast 
212, Master Builders), limestone powder (Betocarb, Omya Clariana), a 
rounded feldspathic fine-aggregate, and a siliceous crushed coarse- 
aggregate. The particle sizes of the limestone filler and the fine aggre-
gate were measured by laser diffraction, obtaining an average particle 
size of 0.5 mm and 0.012 mm, respectively. The coarse aggregate was 
washed to eliminate the extra contribution of fines, and sieved to control 
its granulometry, obtaining a particle size range between 4 mm and 8 
mm. The steel fibers used are straight, with 13 mm in length and 0.20 
mm in diameter (Dramix OL 13/0.20, Bekaert), added in a content of 
0.3%. Table 1 lists the quantities used. 

Because of the necessary volume of concrete to be manufactured, a 
total of four batches were manufactured, following a rigorous control so 
that the manufacturing conditions were as similar as possible: humidity 
and environmental temperature control, initial drying of materials, 
manufacturing protocol, execution of tests in the fresh state, and 
placement in the concrete molds. The characterization of the behavior of 
the concrete in the fresh state was carried out using the slump flow test 
[55]. In no case were signs of segregation, bleeding, piling up of fibers, 

Fig. 1. Photograph of specimens belonging to series L, M, and S.  
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or bubbling observed in the execution of these tests. After 24 h, the 
specimens were removed from the molds and placed in a climatic 
chamber, maintaining constant conditions of humidity (97% ± 0.3%) 
and temperature (20 ◦C ± 0.5 ◦C) until reaching the test age, which was 
of 19 months in the average. We also made three small cylinders for 
controlling the properties in the hardened fiber concrete, to ensure that 
scatter among batches was small. All the cylinders were stored in a 
humid chamber at 20̊C and 96% relative humidity until the control tests 
when they were 10 months old. For these tests, we used a hydraulic 
machine brand Servosis, model MES-300. The loading rate was 0.3 MPa/ 
s. The hinge of this machine is quite large and does not rotate during the 
tests. The control tests yielded the following average (and standard 
deviation) compressive strength for the four batches: 32.7 ± 1.0 MPa, 
31.2 ± 0.4 MPa, 28.9 ± 0.3 MPa and 30.1 ± 1.6 MPa. The scatter for the 
strength of each batch is low and, likewise, taking all the results together 
as if they came from a single batch, we got strength of 30.7 ± 1.6 MPa, 
still with a low scatter. Therefore, the material throughout batches is 
considered homogeneous. Consequently, the cylinders for the mono-
tonic and cyclic tests of each size were selected randomly among 
batches. 

2.2. Testing procedure 

Of the 25 specimens for each series, 10 were subjected to a mono-
tonic compression test, following the European standard UNE-EN 
12390–3 (2020) [56], to determine the average compressive strength 
of the concrete (fcm) prior to the beginning of the fatigue tests (cylinders 
were 19 months old in average). For these monotonic tests we used self- 
designed individualized ball-and-socket joints, see Fig. 2, allowing 
rotation during the test to minimize loading eccentricity and its scatter. 
The actuator used was an MTS, model 201.7, with a load cell model 
661,31F-01, and the loading rate of the monotonic tests was 0.5 MPa/s. 

The remaining 15 specimens of each series were tested until failure 
under compressive fatigue loading at a frequency of 0.25 Hz, which is 
typical for wind turbines towers and facilitates fatigue testing for the big 
cylinders. Concrete fatigue life is usually shorter for frequencies below 1 
Hz, but Medeiros et al. [13] showed that steel fibers prolong the life and 
restore the number of resisted cycles to those obtained with 1 Hz or 
higher. In all cases, the maximum and minimum stresses were 85% and 
20%, respectively, of the average compressive strength of each size se-
ries, and we kept these values through the entire fatigue series since our 
objective was to study the effect of the size of the cylinder on the fatigue 
life and compare them with the results previously obtained in cubes of 
the same material with the same stress limits [38]. In these fatigue tests 
we also used the self-designed individualized ball-and-socket joints to 
minimize the effect of load eccentricity scatter during fatigue loading 
(see Fig. 2 for the cylinders prepared for fatigue testing) [19]. Three 
different ball-and-socket joints were used (one for each series), with 
their dimensions adapted to the corresponding specimen diameter. The 
spherical plain bearing increases the fatigue life and reduces the 
dispersion. The actuator and load cell were the same as in the monotonic 
tests to obtain the compressive strength. Typical broken specimens are 
shown in Fig. 3. 

The strain–time curves were recorded for some specimens (14 
specimens of series S, 9 specimens of series M, and 3 specimens of series 
L) throughout the test using three 50 mm long uniaxial strain gauges (1- 
LY41-50/120, HBK Naerum, Denmark). The strain gauges were glued in 
the longitudinal direction of the specimen, approximately at its center 
and 120◦ apart in the circumferential direction. Some of the gauges are 
visible in Figs. 2 and 3. The strain gauges were connected to an HBK 
QuantumX datalogger, which recorded the strain of the specimen 
throughout the fatigue test, as well as the load value applied at each 
point in time. The recording rate was 5 Hz. 

2.3. CT scanning and image post-processing 

Seven specimens each from series S and M were scanned using a GE 
Phoenix v|tome|x (General Electric, Boston, MA, USA) device before 
starting the fatigue test. The CT scan device was equipped with an X-ray 
tube of 300 kV/500 W, including software that provides sectional im-
ages of the specimens with a resolution of 2048 × 2048 pixels. The pixel 
size and spacing between consecutive slices were both 35 μm, so the 
voxel size (volumetric pixel) was 35 × 35 × 35 μm3. Note that this 
resolution is optimum for studying the mesoscale of the material but 
does not allow for resolving the microscale. Owing to the limitations of 
the CT scan device, it was unable to scan specimens from the L series. 

Table 1 
Mix proportion of concrete.  

Component Content (kg/m3) 

Cement CEM II/B-L 32.5N 286 
Water 202 
Superplasticizer 2.86 
Air reducer 1.00 
Steel fiber 23.55 
Limestone filler d50(*) = 12 μm 195 
Feldspathic sand d50(*) = 0.5 mm 921 
Crushed siliceous coarse aggregate d50(*) = 7.4 mm 712  

(*) d50 is the average particle size. 

Fig. 2. Cylinders L, M, and S (left to right) with their individualized ball-and-socket joints prepared for the fatigue test.  
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The software included in the CT scan works with 16-bit images, so a 
gray value in a range varying from 0 to 65,535 is assigned to each voxel, 
where 0 denotes black and 65,535 means white. The value assigned 
depends on the linear attenuation coefficient μ of the material, which in 
turn depends on the density. Therefore, light gray voxels (high values) 
belong to more dense points (i.e., steel fibers), while dark gray voxels 
(low values) belong to less dense points (i.e., pores). The outcome of the 
scanning process is a matrix including the X, Y, and Z coordinates of the 
center of gravity of each voxel, and its gray value is obtained. More 
detailed information regarding CT can be found in [57–60]. 

Image post-processing was performed using the digital image pro-
cessing (DIP) software AVIZO (FEI Visualization Sciences Group, Hills-
boro, OR, USA). This tool enables the identification and isolation of 
individual pores and individual fibers in the specimens. First, the soft-
ware identifies the voxels belonging to pores, which are those whose 
gray value is under an inferior threshold value, and belonging to fiber, 
which are those whose gray value is above a superior threshold value. 
The histograms of the gray distribution of all specimens were analyzed 
with the aim of selecting a suitable threshold value. 

Subsequently, the DIP software merges the voxels in contact 
belonging to pores, creating groups that correspond to the pores in the 
concrete specimens. Similarly, this software merges the voxels in contact 
belonging to fibers. Figs. 4 and 5 show the pores and fibers identified and 
isolated in one specimen of each series. Finally, the data of each pore can 
be obtained: X, Y, and Z coordinates of the center of gravity, as well as its 
volume, surface, length, etc. The length of a pore is defined as the 

maximum distance between two voxels belonging to the same pore. In 
this study, only pores equal to or greater than 0.1 mm, that is, with more 
than 3 voxels in their largest direction, were considered. The remaining 
ones were discarded because their parameters could not be determined 
with sufficient accuracy. Regarding the fibers, only the orientation of 
each fiber was extracted. 

The results show the average values of the seven specimens of each 
series (see Subsection 3.3). In all cases, the variability between samples 
belonging to the same series was relatively low. 

3. Results and discussion 

By analyzing the information from the static and fatigue tests as well 
as from the CT scan device, useful data that can aid in understanding the 
correlation between the mesostructure of the concrete and its macro-
scopic response can be obtained. 

Table 2 presents the mean compressive strength results for each size, 
as well as their standard deviations. These mean values serve as a 
reference to determine the minimum and maximum stress of the loading 
cycles. 

Note that the average compressive strength of the reference S cyl-
inders is smaller than the average compressive strength of the control S 
cylinders. This strength difference may be due to a different maturation 
process of the two sets of specimens, a dissimilar testing process, or both. 

Curing conditions only could have favored that the reference S cyl-
inders yielded higher strengths due to the 9 additional months in a 

Fig. 3. (a) Some broken specimens belonging to series M and S. The picture also shows an intact L cylinder for size comparison. (b) Zoom of the bases of the 
foreground S and L broken cylinders. 

Fig. 4. Post-processing of CT images of an S series specimen and discretization of the components of interest: (a) pores and (b) fibers.  
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humid chamber. The difference in the loading rates is not high, but it 
also would have worked in the same direction. However, the boundary 
conditions of the reference tests led to getting lower strengths. We 
attribute this fact to using the individualized ball and socket joint along 
with the material being heterogeneous in cylinders due to the wall ef-
fect, which will be studied deeply in Section 3.4. Fig. 3b is a zoom of the 
top of the L and S tested cylinders in Fig. 3 of the paper. It shows that the 
crack patterns of the broken cylinders tend to form a conical crack at the 
top that penetrates inside the specimen and generates spalling of the 
cylindrical surfaces. In some cases, these walls protrude from the top 
base since the upper platen has the same diameter as the cylinder (see 
Fig. 3b). This hints that the material forming the tube around the 
specimen due to the wall effect resists more than the material inside the 
cylinder. This can explain that control tests, in which the platen impedes 
the tube wall to protrude and forces it to break along with the inner 
material, give more strength than the ones done with the individualized 
ball-and-socket joint. 

3.1. Static tests 

It is noteworthy that the average compressive strength increases by 
24% when the cylinder diameter increases twofold (from 75 mm for 
series S to 150 mm for series L), which cannot be attributed to experi-
mental scatter since we tested ten cubes for each size, the standard de-
viation is small, and the coefficient of variation is 13%, 10% and 2% for 
the S, M and L series, respectively. This strength increase is contrary to 
the well-known size effect, which would have predicted that the smaller 

specimen would be stronger. To gain insight into this interesting phe-
nomenon, we examined the mesostructure using the CT images, and the 
results are presented in Section 4. 

3.2. Fatigue tests 

Table 3 lists the fatigue life of each specimen. 
To compare the results obtained from the different series, a Weibull 

fitting [16–18] was performed on the fatigue data of Table 3. The results 
are depicted in Fig. 6, which reflects the probability of failure versus the 
logarithm of the number of cycles, N, obtained experimentally. In 
addition, for each series, we drew the curve fit corresponding to the two- 
parameter Weibull distribution. Moreover, we presented the results 
obtained in [38] on cubes of 40, 80, and 150 mm at the edge. 

The Weibull distribution, commonly used to model fatigue life, is 
based on the weakest link hypothesis [25]. This means that an element 
fails when its weakest point fails, assuming that the material is 
composed of small units connected in series. This approach seems 
reasonable for small and not very complex structural elements (e.g., 
linear elements under tension) but not for more complex structural el-
ements where there may be different “critical paths” of failure. 

Le, Bažant, and Bažant [61] proposed a different approach for larger 
and more complex structural members, where different failure 

Fig. 5. Post-processing of CT images of an M series specimen and discretization of the components of interest: (a) pores and (b) fibers.  

Table 2 
Compressive strength of specimens.  

Specimen fc (MPa) Specimen fc (MPa) Specimen fc (MPa) 

S-16  27.9 M-16  33.1 L-16  33.4 
S-17  21.3 M-17  24.5 L-17  33.2 
S-18  29.4 M-18  32.1 L-18  31.9 
S-19  26.7 M-19  26.6 L-19  32.0 
S-20  24.3 M-20  29.5 L-20  32.5 
S-21  22.3 M-21  31.3 L-21  32.8 
S-22  30.0 M-22  29.3 L-22  31.7 
S-23  31.5 M-23  27.1 L-23  32.4 
S-24  23.6 M-24  30.0 L-24  32.8 
S-25  26.5 M-25  26.2 L-25  32.0  

Average  26.3 Average  29.0 Average  32.5 
Std. Dev.  3.4 Std. Dev.  2.8 Std. Dev.  0.6  

Table 3 
Fatigue life of each specimen.  

Specimen N Specimen N Specimen N 

S-01 416 M-01 27 L-01 828 
S-02 6270 M-02 17 L-02 140 
S-03 22,429 M-03 242 L-03 212 
S-04 213 M-04 20 L-04 13 
S-05 922 M-05 16 L-05 6 
S-06 5675 M-06 1511 L-06 5 
S-07 7674 M-07 6 L-07 89 
S-08 4128 M-08 741 L-08 1953 
S-09 138 M-09 238 L-09 96 
S-10 3082 M-10 36 L-10 310 
S-11 22,259 M-11 238 L-11 407 
S-12 514 M-12 40 L-12 172 
S-13 3892 M-13 297 L-13 4 
S-14 2940 M-14 6 L-14 2 
S-15 1499 M-15 15 L-15 1612  

Average 5470 Average 230 Average 390 
Std. Dev. 7241 Std. Dev. 406 Std. Dev. 609  
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mechanisms exist, and which are interrelated by series and parallel 
connections. 

Fig. 6 shows that both series L and M exhibit similar behaviors. In 
contrast, the S series indicates a curve noticeably shifted to the right, 
which means that its fatigue life is clearly longer than those of the L and 
M series. As the x-axis is plotted in logarithmic scale, this difference is 
approximately two orders of magnitude. The behavior is analogous to 
that observed by Ortega et al. [38]. However, cylinders endure fewer 
cycles than cubes of the corresponding size. For instance, the log N at 
50% probability of failure for the large/medium cylinders is roughly 1.7, 
while for large/medium cubes is roughly 3.4. So, for these sizes, the shift 
in the x-axis is approximately two orders of magnitude. Small specimens 
behave differently since the shift is only of roughly one order of 
magnitude between cylinders and cubes for a 50% probability of failure. 
It should be emphasized that all cylinder and cube specimens in Fig. 6 
had the same material and all tests were run from 20% to 85% of the 
compressive strength of the corresponding series. The results show that 
the specimen size substantially influences the fatigue life. Likewise, the 
shape of the specimen considerably affects the fatigue behavior, with 
cylinders being more conservative than cubes. 

The Weibull fitting curve has the following mathematical expression 
(eq. (1)): 

F(log(N)) = 1 − e
−

(
log(N)

λ

)β

(1) 

Here, β and λ are the shape and scale coefficients, respectively. The 
values of these coefficients for the different series are listed in Table 4. 

The coefficient β is related to the sharpness of the curve and, 

consequently, to the dispersion of the results. In particular, the higher 
the coefficient β, the steeper the curve, and therefore, the less the data 
scattering. The L series shows the highest dispersion of the results, 
whereas the S series has the lowest variation. 

The coefficient λ is related to the position of the curve along the 
abscissa, that is, the fatigue life. The higher the coefficient λ, the farther 
the curve location to the right, and therefore, the longer the fatigue life. 
Series S shows a significantly higher λ value than the other two series, 
which have very similar values. This means that the fatigue lives of se-
ries L and M are very similar, while that of series S is clearly higher. The 
results indicate that the specimen size substantially influences the fa-
tigue life of the element. 

From the information provided by the strain gauges, the fatigue 
creep curve of each specimen, which represents the evolution of the 
maximum strain with the cycles, was obtained (Fig. 7). The strain cor-
responds to the average value of the strain measured by each of the three 
uniaxial strain gauges arranged on the specimen. 

All curves have the same trends. Initially, they show a significant 
increase in deformation (primary strain). Then, the strains of the spec-
imens display a linear behavior with the cycles (secondary strain) up to a 
point where the strains increase very rapidly until rupture (tertiary 
strain). 

The slope of the fatigue creep curve in its central zone is the sec-
ondary strain rate per cycle. This is a very interesting parameter 
because, according to Sparks and Menzies [62], it is directly related to 
the fatigue life. According to numerous published works [13,15,63], this 
parameter depends only on the concrete matrix. 

Table 5 lists the secondary strain rates for each specimen measured 
in the second stretch of the strain-number of cycles curve, roughly be-
tween 20% and 80% of the fatigue life. As said before, in this study, not 
all specimens from the three series were instrumented; the strain–time 
curves were recorded on 14 specimens of series S, 9 specimens of series 
M, and 3 specimens of series L. 

Fig. 8 illustrates the correlation between the secondary strain rate 
and fatigue life for each series. 

As exhibited in Fig. 8, the secondary strain rate is strongly affected by 
the specimen size. For the S series specimens, the increase in 

Fig. 6. Weibull fitting of fatigue life in all series of cylinders in this research compared with the three series of cubes in [38]. All specimens were made of the same 
material and all fatigue tests were run from 20% to 85% of the compressive strength of the corresponding series. 

Table 4 
Coefficients β and λ of the Weibull fitting, with their corresponding goodness 
coefficient (R2).  

Series β λ R2 

L  1.42  2.27  0.94 
M  2.28  2.04  0.94 
S  4.85  3.65  0.98  
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deformation that occurs at each loading cycle (dε/dN) is small, whereas 
for the M and L series specimens, this value is clearly higher. It can also 
be observed that all points in the graph are aligned along the same 
straight line, regardless of the series. The S series indicates smaller 
values of the secondary strain rate and longer fatigue life, so they are in 
the lower right part of the graph. In contrast, the M and L series display a 
larger value of secondary strain rate and a shorter fatigue life, so they are 
located in the upper right part of the graph. The correlation obtained is 
good, given that the line of fit presents a value of R2 = 0.968. 

It is evident that the relationship between the secondary strain rate 
and fatigue life is not affected by the size effect. Therefore, it is an 
intrinsic material relationship. This result agrees with that obtained by 
Ortega et al. [38] for cubic specimens. Other studies have also shown 
that this relationship does not depend on either the test frequency or 
fiber content in the case of fiber-reinforced concretes [14,15,64]. 

A phenomenon observed by Ortega et al. [38] for cubic specimens 

was the development of the maturation of the concrete, and its corre-
sponding strengthening, thanks to the compressive fatigue loading. This 
autogenous self-healing due to fatigue loading can be explained by the 
new hydration reactions of cement particles when pore water moves 
through the network of microcracks that fatigue loading creates. This 
was confirmed by the reduction of pore volume in the range of 0.01–0.1 
µm, which is analogous to the densification due to maturation in the 
same concrete kept in a humid chamber, which also showed strength-
ening. In the current experimental campaign over cylinders made of the 
same concrete that in [38], no further analyses were performed to verify 
the existence of fatigue maturation. Nevertheless, it is logical to assume 
that this phenomenon may also contribute to extend the life of small 
cylinders, as this fatigue maturation seemed to have more effect in 
smaller specimens in the case of the cubes. 

3.3. Study of the mesostructure 

Among the information that can be obtained from the CT scan, only 
that which is relevant to this study is presented for both the fibers and 
pores. In particular, using the data of the pores, the following informa-
tion was extracted: the cumulative pore volume curves and porosity 
curves, sphericity and shape factors, and pore orientations. In addition, 
the fiber orientations were investigated. Note that the resolution of the 
CT scanner used in this research does not allow for observing the 
microstructure of the material. 

3.3.1. Cumulative pore volume and porosity curves 
Two different types of curves are commonly used to analyze the pore 

size distribution. First is the cumulative pore volume curve, which re-
lates the length of each pore to the relative pore volume up to that 
length. Thus, the relative pore volume, defined as the ratio between the 
volume of pores considered (Vp) and the total volume of pores of the 
specimen (Vp,tot), is displayed on the ordinate (eq. (2)). 

Fig. 7. Fatigue creep curves: (a) S series, (b) M series, and (c) L series.  

Table 5 
Secondary strain rate in specimens of each series.  

Specimen dε/dN Specimen dε/dN Specimen dε/dN 

S-01 4.40E-06 M-01 3.26E-05 L-07 9.10E-06 
S-02 3.14E-07 M-02 7.26E-05 L-09 5.93E-06 
S-03 7.03E-08 M-03 4.06E-06 L-11 2.23E-06 
S-04 2.69E-06 M-04 6.38E-05   
S-05 1.47E-06 M-05 2.84E-05   
S-06 4.52E-07 M-07 1.92E-04   
S-07 1.08E-07 M-11 6.01E-06   
S-08 4.56E-07 M-13 3.33E-06   
S-10 2.08E-07 M-14 8.80E-05   
S-11 1.21E-07     
S-12 2.44E-06     
S-13 3.30E-07     
S-14 2.45E-07     
S-15 8.58E-07      
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Vp,rel =
Vp

Vp,tot
(2) 

Second is the porosity curve, which relates the length of each pore to 
the porosity up to that length. Therefore, the porosity, which is the ratio 
between the volume of pores considered (Vp) and the volume of the 
specimen (Vs), is displayed on the ordinate (eq. (3)). 

p =
Vp

Vs
(3) 

Figs. 9 and 10 illustrate the cumulative pore volume and porosity 
curves, respectively. Both series S and M are plotted on the graphs. 

The cumulative pore volume curves reveal that both series have 
slightly different behaviors. The curves of the S series are slightly more 
inclined than those of the M series. This indicates that the M series 

Fig. 8. Correlation between the secondary strain rate and fatigue life.  

Fig. 9. Cumulative pore volume curves of series S and M.  
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specimens have larger pores. This result is corroborated by the porosity 
curves (Fig. 10), where it can be seen that the curves of all specimens are 
similar and no trend can be observed, except that, in general, the curves 
of the M series specimens are located further to the right. This means 
that the M series specimens have larger pores. 

From the cumulative pore size curves, the “maximum pore size” 
(Tmax,pore), which is defined as the length at which 90% of the total pore 
volume is less than or equal to it, can be obtained. Additionally, one can 
define the characteristic porosity (pch), which is the total relative vol-
ume of pores whose length is less than or equal to the maximum pore 
size [60,65]. Table 6 provides the results for both parameters. The 
values in brackets correspond to standard deviations. 

The table shows results in accordance with the results described 
above. The maximum pore size of the S series specimens is lower than 
that of the M series. On the other hand, the characteristic porosity is 
practically identical in both cases. 

Both series show very similar porosity, being the difference in the 
pore size distribution. The S series has smaller pore sizes, while the M 
series has larger pores. Therefore, the size of the specimen determines 
the maximum pore size that can be accommodated. 

This is apparently a size effect of a statistical nature, such that the 
larger the specimen, the greater the probability of hosting a larger 
number of larger pores. However, it is important to highlight it, because 
this effect causes, de facto, a variation in the mesostructure of the con-
crete that has consequences on the mechanical response, as shown 
below. 

For each of the specimens of both series, it is possible to obtain their 
Tmax,pore and fatigue life. Fig. 11 shows the correlation between both 
parameters. 

Based on Fig. 11, there is a clear correlation between the maximum 

pore size and fatigue life, such that the larger the Tmax,pore, the shorter 
the fatigue life. The correlation is strong, given that the line of fit has a 
value of R2 = 0.809. The results indicate that larger pores influence the 
fatigue response. Microcracking under compressive fatigue loading 
starts mainly in the larger pores, which are the most vulnerable. The M 
series specimens, which have larger pores (reflected by their higher 
Tmax,pore values), are more vulnerable to compressive fatigue and have a 
shorter fatigue life. In contrast, the S series specimens, which have 
smaller pores, are less vulnerable to compressive cycles and have a 
longer fatigue life. 

Note that large pores are also more vulnerable to monotonic loading. 
Thus, we should not have obtained an inverse but a regular size effect on 
the compressive strength of the cylinders, which corresponds to the 
initial distribution, for N = 1, following the expression by Saucedo et al. 
[14]. A plausible justification for this abnormal behavior can be ob-
tained from the analysis of the wall effect, which is presented below. 
Additionally, it should be noted that the inverse size effect in monotonic 
loading may occur after the longer life of the S series cylinders because 
their absolute cyclic stress levels are lower than those of the M and L 
specimens. 

A comparison of the results obtained by Ortega et al. [38] regarding 
fatigue maturation with those found in this study (in particular, the 
results indicated in Fig. 6) reveals that compressive fatigue loading 
generates opposite effects acting on different scales. Cyclic loading in 
compression causes the formation and growth of cracks, which progress 
and aggregate until the specimen collapses. These cracks arise mainly in 
larger pores and thus influence the fatigue life. Furthermore, compres-
sive fatigue loading produces progressive densification of the matrix on 
a micrometric scale. This phenomenon seems dominant in small speci-
mens, at least in cubes [38] and likely in cylinders, and thus influences 
the observed size effect on fatigue. 

3.3.2. Sphericity and shape factors 
The sphericity and shape coefficients of the specimens were deter-

mined. The sphericity coefficient is defined as the quotient between the 
volume of the pore and the product of its outer area by its length, while 
the shape coefficient is the quotient between the volume of the pore and 

Fig. 10. Porosity curves of series S and M.  

Table 6 
Maximum pore size and characteristic porosity for series S and M.  

Parameter S series M series 

Tmax,pore (mm) 5.1 [1.1] 6.4 [0.6] 
pch (mm3/mm3) 0.020 [0.004] 0.021 [0.004]  
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the volume of the circumscribed sphere [60]. 
Figs. 12 and 13 show a comparison of the values of the sphericity and 

shape factors, respectively, for series S and M. 
The results show that, in general, the pores tend to be elongated and 

not rounded, as might be expected a priori. As for the sphericity coef-
ficient, the most frequent value is between 0.125 and 0.130, that is, 
between 75% and 78% of the value corresponding to a perfect sphere 

(which is 0.167). 
The shape coefficient exhibits a behavior similar to that of the 

sphericity coefficient. The pores have an elongated shape. The most 
frequent value is between 0.350 and 0.375, that is, between 35% and 
37.5% of the value corresponding to a perfect sphere. 

Table 7 lists the positions of the center of gravity of the sphericity 
coefficient and the shape coefficient for each series. The values in 

Fig. 11. Correlation between maximum pore size and fatigue life for series S and M.  

Fig. 12. Comparison between the average values for sphericity factors of series S and M. Note that the sphericity factor of a sphere is 0.167 (red vertical line in the 
plot). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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brackets correspond to standard deviations. 
Both the shape coefficient and sphericity coefficient reveal that the 

two series have very similar behaviors. However, series S shows slightly 
larger values, indicating that its pores tend to be slightly more rounded. 
This is consistent with the results depicted in the previous figures, 
because the smaller pores tend to be more rounded, while the larger 
pores tend to have more irregular shapes, as they adapt to the gap be-
tween the solid components of the cementitious matrix. Series S has a 
higher percentage of small pores, whereas series M has slightly larger 
pores. 

Comparing the data presented in Table 7, it is evident that the S 
series specimens have smaller and less elongated pores, while those of 
the M series have slightly larger and less rounded pores. However, 
because the difference between the specimens is small, correlations 
between the pore shape and other morphological and/or response pa-
rameters under fatigue loading cannot be observed. 

3.3.3. Fiber orientations 
The fiber orientations were determined. In this study, given the cy-

lindrical geometry of the specimens, their orientations were perfectly 
defined using two angles (Fig. 14):  

1. Gamma angle (γ), which is the angle formed by the fiber with the 
vertical axis. In other words, γ is the angle that the fiber makes with 
the load axis during the test. This is an important angle when the load 
is applied along this axis. 

2. Radial angle (ρ), which is the angle between the horizontal projec-
tion of the fiber and the radial axis. The radial axis is defined as the 

axis joining the center of gravity of the fiber with the center of the 
cross-section. 

Alternatively, the circumferential angle, which is complementary to 
the radial angle, can be defined. 

Figs. 15 and 16 display the histograms of the fiber orientation dis-
tributions for series S and M, according to both the gamma and radial 
angles, respectively. 

Based on the information from the figures, it is possible to determine 
the efficiency indices, which are defined according to the following 
expressions [60,66] (eqs. (4) and (5)): 

Fig. 13. Comparison between the average values for shape factors of series S and M. Note that the shape factor of a sphere is 1.000 (red vertical line in the plot). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 7 
Mean values and standard deviations of the sphericity and shape factors for 
series S and M.  

Series Sphericity factor Shape factor 

S 0.127 [0.002] 0.427 [0.026] 
M 0.124 [0.002] 0.390 [0.013]  

Fig. 14. Definition of angle γ and radial angle ρ. Here, the X-axis is the radial 
axis, whereas the Z-axis is the loading direction. 
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eγ =
∑n

i=0
ficos2γi (4)  

eρ =
∑n

i=0
ficos2ρi (5) 

where γi and ρi are the average values of each angular range, fi is the 

frequency related to each angular range, and n is the number of ranges of 
the histogram. 

The efficiency index takes values between 0 and 1, where 1 denotes 
that the fibers are perfectly oriented with the reference axis while 
0 means that the fibers are arranged perpendicular to it. Table 8 presents 
the results of this study. The values in brackets correspond to the stan-
dard deviations. 

Fig. 15. Comparison of histograms of average fiber orientations according to angle γ for series S and M.  

Fig. 16. Comparison of histograms of average fiber orientations according to radial angle ρ for series S and M.  
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Fig. 15 indicates that most of the fibers form an angle close to 90◦

with the vertical axis, that is, the fibers are oriented substantially along 
the horizontal plane. In addition, the efficiency index eγ exhibits a small 
value. For both series, the efficiency index eγ is very similar, which 
means that there is no difference between the two sizes. Similarly, 
Fig. 16 shows that most of the fibers tend to form an angle close to 90◦. 
Consequently, the efficiency index eρ is less than 0.5. This behavior is 
observed in both series, although it is slightly more pronounced in the S 
series. 

The fiber orientation is partially influenced by the wall effect, such 
that the fibers closer to the edge tend to be oriented parallel to it (i.e., in 
a circumferential direction). In the interior of the specimen, the fibers 
tend to be oriented randomly. In this study, the size of the region 
affected by the edge effect does not depend on the diameter of the 
specimen but on the length of the fiber. For the S series specimens, the 
edge effect influences a higher percentage of the cross-section and, thus, 
a higher percentage of the fibers. However, for the M series specimens, 
the edge effect is smaller. 

3.3.4. Pore orientations 
We compared the pore orientations of the different series of speci-

mens. Because the pores, as mentioned in the previous sections, are not 
perfectly spherical, a main direction can be established. 

As had been done for the fiber orientation, the pore orientation was 
perfectly defined using two angles:  

1. Gamma angle (γ), which is the angle that the pore forms with the 
vertical axis, that is, with the load axis during the test. It is an 
important angle when the load is applied along this axis.  

2. Radial angle (ρ), which is the angle that the horizontal projection of 
the pore creates with the radial axis. The radial axis is defined as the 
axis joining the center of gravity of the pore with the center of the 
section. 

Figs. 17 and 18 illustrate the histograms of the pore orientation 
distribution for series S and M, according to both the gamma and radial 
angles, respectively. 

Table 9 lists the efficiency indices of the different specimens ac-
cording to the two angles studied. The values in brackets correspond to 
the standard deviations. 

Fig. 17 indicates that most of the pores form an angle between 70◦

and 90◦ with the vertical axis, , the pores are oriented sensibly along the 
horizontal plane. In addition, the efficiency index eγ shows a low value. 
The fundamental difference between the two series is that the S series 
shows that there are some pores with an orientation between 20◦ and 
40◦ with respect to the vertical axis, which are not visible in the M series. 

This means that the value of eγ for the S series is somewhat higher 
than for the M series. 

On the other hand, Fig. 18 shows how the relative frequency in-
creases as we move away from the 0◦ value, both to the right and to the 
left. Consequently, the efficiency index eρ is clearly lower than 0.5. This 
behavior is observed in both series, although it is slightly more pro-
nounced in the S series. 

Analogous to the fibers, the orientation of the pores is conditioned by 
the wall effect, so that the pores closest to the edge tend to orient 
themselves in a circumferential direction, i.e. parallel to the edge. 

In the interior of the specimen, the pores tend to orient themselves 
randomly. The size of the annulus affected by the edge effect, for this 
purpose, does not depend on the diameter of the specimen, but on some 
intrinsic parameter of the material. In the case of the S series specimens, 
the edge effect affects a higher percentage of the cross-section and, by 
extension, a higher percentage of the pores. However, for the M series 

Table 8 
Efficiency indices of fiber orientation according to the gamma and radial angles 
for series S and M.  

Efficiency index S series M series 

eγ 0.19 [0.02] 0.20 [0.04] 
eρ 0.41 [0.02] 0.43 [0.02]  

Fig. 17. Comparison of histograms of average pore orientations according to angle γ for series S and M.  
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specimens, the edge effect is smaller. 
The pore and fiber orientation patterns are very similar. This means 

that, at least in part, the pore orientation is conditioned by the fiber 
orientation. 

3.4. Study of the variation of the mesostructure between the material close 
to the walls and in the interior of the specimens 

As indicated above, the reverse size effect observed in the static tests 
may be because the specimens show a different mesostructure in the 
portion of the material in contact with the molds during the batching 
process and the portion which is far enough from the walls. Moreover, 
this difference is also size-dependent. 

For this purpose, an in-depth study focused on how the meso-
structure of the specimens varies between the inner and the outer sec-
tions is performed. In particular, the study will focus on the pores. 

Firstly, once the centroids of all the pores of the specimen are known, 
a circumferential test is carried out on them [60]. In short, the 
circumferential test consists of determining, for each of the pores, its 
distance from the vertical axis of the specimen and, from this data, 
drawing the histogram of the distribution of this parameter. Fig. 19 
shows the results obtained. The abscissa axis is the distance to the ver-
tical axis of the cylinder relative to its radius, while the ordinate axis 
represents the volume of pores within each range in the x-axis divided by 
the volume of pores in the specimen (actually, in Fig. 19 the values refer 
to the average of a series of specimens). For instance, the average vol-
ume of pores in the M cylinders between 0.40 R and 0.45 R (R being the 
radius of the cylinder) divided by the volume of pores in the M cylinders 

is roughly 0.04. The theoretical curve is the one corresponding to a 
uniform pore distribution. 

Fig. 19 shows how that the pore content is reduced at the outer tube. 
The wall effect in the S cylinders starts roughly at 0.175 R from the wall 
(R being the radius of the cylinder), the thickness of the tube being 
approximately 6.6 mm, whereas in the M cylinders, it starts at 0.125 R, 
resulting in a thickness of about 6.2 mm. Thus, we notice some wall 
effects roughly at 6 mm to 7 mm of the wall in two different sizes, i.e., 
the thickness of the layer affected by the wall effect does not depend on 
the size but likely on the fiber length, which is the same for the two sizes 
(13 mm). Moreover, this indicates that, in the case of the S series, 32% of 
the total section of the specimen belongs to the outer tube, while for the 
M series, this percentage is reduced to 24% (and to 16% for the L cyl-
inders for a constant 6.5 mm-thick layer). 

Second, the basic parameters of the porosity of the outer tube were 
compared with the average value of the entire specimen. As mentioned 
before, in the case of the S series, the outer tube has a thickness of 0.15d, 
whereas for the M series, the outer tube has a thickness of 0.075d. 

The parameters to be analyzed are as follows:  

1. Maximum pore size (Tmax,pore), which corresponds to the pore length 
associated with an aggregate volume of 90% of the total.  

2. Characteristic pore volume (Vch), which corresponds to 90% of the 
total volume, that is, the one associated with the maximum pore size.  

3. Characteristic porosity (pch), which is the ratio of the pore volume to 
the volume of the specimen (or tube).  

4. Characteristic pore number (Npores), which is the number of pores 
containing 90% of the total volume.  

5. Characteristic pore density (pd), which is the ratio of the number of 
pores to the volume of the test tube (or tube).  

6. Average pore volume (PVm), which is the ratio of the characteristic 
pore volume to the characteristic pore number. 

Tables 10 to 15 present the results of the aforementioned parameters 
for both series S and M and for the entire specimen and outer tube. 

Tables 10–15 display some interesting results. In both series, the 
characteristic porosity of the tube is lower than that of the entire 

Fig. 18. Comparison of histograms of average pore orientations according to radial angle ρ for series S and M.  

Table 9 
Efficiency indices of pore orientation according to the gamma and radial angles 
for series S and M.  

Efficiency index S series M series 

eγ 0.28 [0.02] 0.19 [0.02] 
eρ 0.30 [0.02] 0.33 [0.01]  
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specimen. Similarly, in both series, the characteristic pore density is 
lower than the average. 

The ratio between the characteristic pore volume of the tube pores 

and the characteristic pore volume of the whole specimen in the S series 
is higher than that in the M series (0.79 vs. 0.70). However, the ratio 
between the characteristic density of the tube pores and the 

Fig. 19. Average values in the circumferential test.  

Table 10 
Main pore-related parameters for the S series cylinders (the entire specimen).  

Specimen Tmax,pore 

(mm) 
Vch 

(mm3) 
pch 

(%) 
Npores pd 

(mm− 3) 
PVm 

(mm3) 

S-02 3.69 16,819 2.54 89,098 0.1345 0.1888 
S-03 6.43 12,512 1.89 29,176 0.0440 0.4288 
S-04 5.06 15,748 2.38 42,374 0.0639 0.3716 
S-05 6.28 13,347 2.01 37,642 0.0568 0.3546 
S-08 3.74 9201 1.39 31,638 0.0477 0.2908 
S-12 4.54 12,539 1.89 46,780 0.0706 0.2680 
S-15 5.57 12,700 1.92 22,212 0.0335 0.5717  

μ 5.05 13,267 2.00 42,703 0.0644 0.3535 
σ 1.12 2474 0.37 22,061 0.0333 0.1238 
CV (%) 22 19 19 52 52 35  

Table 11 
Main pore-related parameters for the S series cylinders (the outer tube).  

Specimen Tmax,pore 

(mm) 
Vch 

(mm3) 
pch 

(%) 
Npores pd 

(mm− 3) 
PVm 

(mm3) 

S-02 2.94 3050 1.66 20,185  0.1098 0.1511 
S-03 11.71 3024 1.64 6912  0.0376 0.4375 
S-04 11.14 3329 1.81 9139  0.0497 0.3642 
S-05 12.49 3490 1.90 8791  0.0478 0.3970 
S-08 3.47 1969 1.07 7429  0.0404 0.2650 
S-12 6.16 3063 1.67 11,208  0.0609 0.2733 
S-15 5.03 2328 1.27 4649  0.0253 0.5008  

μ 7.56 2893 1.57 9759  0.0531 0.3413 
σ 4.10 546 0.30 5029  0.0273 0.1190 
CV (%) 54 19 19 52  0.52 35  

Table 12 
Comparison between the entire specimen and the outer tube for the S series 
cylinders.  

Specimen pch,outer_tube / pch,entire_specimen pd,outer_tube / pd,entire_specimen 

S-02 0.65 0.82 
S-03 0.87 0.85 
S-04 0.76 0.78 
S-05 0.94 0.84 
S-08 0.77 0.85 
S-12 0.88 0.86 
S-15 0.66 0.75  

μ 0.79 0.82 
σ 0.11 0.04 
CV (%) 14 5  

Table 13 
Main pore-related parameters for the M series cylinders (the entire specimen).  

Specimen Tmax,pore 

(mm) 
Vch 

(mm3) 
pch 

(%) 
Npores pd 

(mm− 3) 
PVm 

(mm3) 

M-01 5.86 22,806 1.45 68,052 0.0433 0.3351 
M-02 5.87 40,360 2.57 104,993 0.0668 0.3844 
M-03 7.00 41,743 2.66 107,228 0.0683 0.3893 
S-04 6.20 30,073 1.91 87,819 0.0559 0.3424 
S-05 7.30 29,289 1.86 74,790 0.0476 0.3916 
S-13 5.86 35,078 2.23 122,299 0.0779 0.2868 
S-14 7.00 35,187 2.24 103,921 0.0662 0.3386  

μ 6.44 33,505 2.13 95,586 0.0609 0.3526 
σ 0.64 6636 0.42 19,399 0.0124 0.0383 
CV (%) 10 20 20 20 20 11  
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characteristic density of the pores of the entire specimen in the S series is 
lower than that in the M series (0.82 vs. 0.86). When the average pore 
sizes were compared, it was observed that, in the S series, the average 
pore size of the outer tube is almost equal to that of the entire specimen. 
However, in the M series, the average pore size in the outer tube is 
clearly smaller than that of the entire specimen. The results show that 
the outer tube of the M series specimens has a proportionally lower 
porosity than that of the S series specimens, and it has smaller pores. 
This lower percentage of pores for the outer tube of the M series can lead 
to a higher strength for the outer tube, thereby increasing the 
compressive strength of the specimen. In contrast, in the S series spec-
imens, the porosity parameters of the outer tube are more similar to 
those of the entire specimen, so the outer tube does not provide extra 
mechanical strength. This fact justifies the inverse size effect observed 
for the compressive strength given in Table 2. In other words, cylinders 
of different sizes contain non-identical internal mesostructure distribu-
tions. This distinction can be attributed to the wall effect during casting. 
In contrast, the cubic specimens cut from prisms maintained the same 
internal mesostructure for cubes of different sizes, as shown in a recent 
study by Ortega et al. [38]. 

The effect of the heterogeneities on fatigue is likely to be similar to 
the one observed on the monotonic strength because it is the limit 
behavior of fatigue when N tends to 1 [14]. However, cylinders of the S 
series endure more cycles than those of the M and L series, which may be 
due to other counteracting factors such as the statistical distribution of 
large pores or fatigue-induced maturation. In addition, as the range of 
the cyclic loads is proportional to the compressive strength for each 
series, the maximum and minimum absolute stress levels are higher for 
taller sizes, which may be another cause of the observed fatigue size 
effect. 

4. Conclusions 

The aim of this study is to analyze the influence of the concrete 

mesostructure on the size effect under compressive fatigue loading. For 
this purpose, an experimental study was carried out on cylindrical 
specimens of three different sizes made of steel fiber–reinforced con-
crete. The specimens were subjected to cyclic uniaxial compressive tests, 
and their deformations were monitored. The specimens were previously 
scanned by CT, and after post-processing the images, the individual 
parameters of the pores (length, volume, etc.) were obtained, as well as 
the orientation of the fibers. Based on the investigation, some interesting 
correlations between the mesostructure of the concrete and the size ef-
fect on fatigue were established. 

The main conclusions are given below:  

• The specimen size has a clear influence on the fatigue strength. 
Smaller specimens (S series) have a longer fatigue life than the rest 
(M and L series), with a difference of two orders of magnitude. 
Therefore, there is a size effect associated with fatigue life. This 
concurs with recent results on cubes made of the same fiber concrete 
[38], although cubes have longer lives than cylinders. The two sets of 
results, all specimens being of the same material and obtained with 
the same fatigue range, cover seven orders of magnitude in terms of 
fatigue life (only three for the average values), which indicates the 
importance of assessing the influence of each factor (size and shape 
of the specimens, mesostructure, fatigue-induced maturation, etc.) 
on the fatigue life.  

• The specimen size also influences the quasi-static compressive 
strength but in the opposite direction. This inverse size effect in 
monotonic compression was verified by the decrease in porosity 
close to the cylindrical surfaces with size. In fact, the cylinders have 
an outer tube (whose thickness depends on the fiber length and 
cylinder size) in which the porosity is lower than that in the core of 
the cylinders. 

• The relationship between the secondary strain rate (dε/dN) and fa-
tigue life is not affected by the size effect. Therefore, this relationship 
is intrinsic to the material. Other research works also prove that this 
relationship does not depend on the test frequency and fiber content 
in the case of fiber-reinforced concrete.  

• Smaller specimens have smaller and less elongated pores, whereas 
larger specimens have somewhat larger and less rounded pores. 
However, the differences are small, and it is not possible to establish 
correlations between the pore shape and response under fatigue 
loading.  

• The fatigue size effect depends on several phenomena, which in turn 
are determined by the material mesostructure and size of the 
specimen.  

o The cumulative pore size curves and porosity curves reveal that the 
cylinder size influences the pore morphology because larger speci-
mens have larger pores. A well-known mechanism of concrete failure 
in compression is microcrack propagation from the pores. Larger 
pores are more prone to this failure, being more vulnerable to cyclic 
compressive loading, which results in a shorter fatigue life. These 
large and weak pores in taller cylinders should also lead to a con-
ventional statistical size effect in static compression. However, the 
wall effect seems to be the dominant factor that leads to the static 
inverse size effect.  

o The inverse size effect in static compression may have a twofold 
influence on fatigue behavior. On the one hand, the absolute mini-
mum and maximum loads in each cycle are smaller for small cylin-
ders, which may support the finding that they have longer lives. On 
the other hand, larger cylinders should resist more cycles owing to 
their higher static strength. Nevertheless, such an effect is counter-
acted by other factors that also depend on the size.  

o It is likely that, as in the cubes in [38], fatigue maturation may occur, 
especially in the small specimens. This may also support the finding 
that the small specimens resist more cycles. 

The results of this study reveal that the size effect on fiber-reinforced 

Table 14 
Main pore-related parameters for the M series cylinders (the outer tube).  

Specimen Tmax,pore 

(mm) 
Vch 

(mm3) 
pch 

(%) 
Npores pd 

(mm− 3) 
PVm 

(mm3) 

M-01 8.48 1420 0.63 4494 0.0198 0.3159 
M-02 4.52 3580 1.58 13,190 0.0582 0.2714 
M-03 18.04 4376 1.93 14,117 0.0622 0.3100 
S-04 6.65 3172 1.40 12,450 0.0549 0.2548 
S-05 10.58 2096 0.92 5724 0.0252 0.3662 
S-13 9.65 4944 2.18 21,478 0.0947 0.2302 
S-14 18.68 4667 2.06 16,035 0.0707 0.2911  

μ 10.94 3465 1.53 12,498 0.0551 0.2914 
σ 5.44 1330 0.59 5862 0.0259 0.0448 
CV (%) 50 38 38 47 47 15  

Table 15 
Comparison between the entire specimen and the outer tube for the M series 
cylinders.  

Specimen pch,outer_tube / pch,entire_specimen pd,outer_tube / pd,entire_specimen 

M-01 0.43 0.46 
M-02 0.61 0.87 
M-03 0.73 0.91 
S-04 0.73 0.98 
S-05 0.50 0.53 
S-13 0.98 1.22 
S-14 0.92 1.07  

μ 0.70 0.86 
σ 0.20 0.28 
CV (%) 29 32  
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concrete cylinders loaded in compressive fatigue is partially due to the 
mesostructure of the concrete and, more particularly, to the distribution 
and size of the pores. However, further investigations on the several 
causes of the size effect of this material, especially on the effect of the 
geometry of the specimen on the fatigue behavior, are still necessary. 
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[45] Skarżyński Ł, Suchorzewski J. Mechanical and fracture properties of concrete 
reinforced with recycled and industrial steel fibers using Digital Image Correlation 
technique and X-ray micro computed tomography. Constr Build Mater 2018;183: 
283–99. 

[46] Gao J, Sha A, Wang Z, Hu L, Yun D, Liu Z, et al. Characterization of carbon fiber 
distribution in cement-based composites by Computed Tomography. Constr Build 
Mater 2018;177:134–47. 
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