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Abstract. The amount of water is essential to explain the shrinkage process. It is determined by the 
water-cement ratio, but also by the moisture content. Water in hydrated cement paste occurs in various 
forms: chemically bound, interlayer, adsorbed, free water and water vapor. During cement hydration, 
the balance between various forms of water changes. For example, the amount of physically bound 
water diminishes, and the moisture content changes at similar environmental conditions. Moisture 
changes occur first in the larger pores and then in the smaller pores. The air pores are larger than the 
hydration pores (capillary pores, gel pores) and have a greater effect on strength and permeability 
properties, while the cement hydration pores have a greater effect on shrinkage. At early ages, when 
composite properties are not fully developed, higher shrinkage influences the development and 
propagation of cracks. These (micro)cracks represent weak points and affect durability. To reduce 
shrinkage and bridge the cracks, fibers are added to the cementitious composite. Depending on the type 
and geometry, the fibers can reduce shrinkage and bridge the cracks. To reduce the environmental 
impact of fiber production, the use of waste fibers in cementitious composites is proposed.  

The main objective of this study was to investigate the influence of alkali-resistant glass fibers from 
production waste on the development of the microstructure of cementitious composites, i.e., the influence 
on the total porosity. The pore content was determined on fresh cementitious composites after mixing, 
while the total porosity of the material was measured after 28 days using a mercury intrusion 
porosimeter. Results were complemented by X-ray computed microtomography (micro-CT). The 
influence of production waste fibers is presented as a function of length and fiber content. In addition 
to the reference mixture, results were also compared with mixtures containing factory-produced fibers. 
 

Keywords: Waste fibers; Air content; Total porosity; Mercury intrusion porosimeter; X-ray 
computed microtomography 
 

1 Introduction 
Cementitious materials with high performance have overcome the shortcomings of ordinary 
cementitious materials and further promoted their use. The main changes concern composition, 
additions and curing conditions. In this way, stronger and more durable materials are obtained, 
but with an amplification of certain negative aspects, such as shrinkage and resulting cracks, 
which were not previously present to this extent. This is due to the finer aggregate, better 
particle packing and lower porosity with higher density achieved with more binder and less 
water (Shi et al., 2015; Wang et al., 2015). However, regardless of the packing degree, hardened 
cementitious composites always contain pores that play an important role in their properties. 
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Some of these pores are desirable and are obtained with chemical additives according to the 
requirements, but others are unavoidable and are formed during the hydration process and 
mixing. In both cases, the shape of the pores, their size and distribution affect the macroscopic 
mechanical behavior and durability of the hardened material. In addition, the pores may be 
empty or partially and fully saturated, which also affects the microstructure and volume 
deformations. The most common classification of pores is by size: gel pores (1 – 10 nm), 
capillary pores (10 – 104 nm), entrained air pores (104 - 106 nm) and entrapped air pores (106 – 
5∙106 nm). Entrained and entrapped pores are larger and thus affect strength and permeability, 
while gel and capillary pores affect shrinkage (Yu et al., 2021).  

The hydration process in cementitious composites is characterized by the consumption of 
water, which leads to the formation of hydration products that gain strength by forming a rigid 
but porous structure. Fresh mortar under atmospheric pressure behaves like a dense suspension 
of inert aggregates and entrapped air bubbles embedded in a deformable matrix of cement paste 
(Craipeau et al., 2021). From the mixing to setting, volume changes occur and continue 
throughout the hydration. Shrinkage consists of hydration contraction, i.e., chemical shrinkage, 
and measured contraction i.e., autogenous, thermal, and drying shrinkage. Chemical shrinkage 
is a phenomenon that leads to the formation of pores during the hydration process due to the 
higher density of the hydration products compared to the raw materials (Wu et al., 2017). It is 
more pronounced in high properties materials due to the higher binder and lower water content. 
Such compositional changes result in microstructure densification and less influence of external 
curing, as it is difficult for the water to penetrate the central part. In such a structure, the self-
desiccation in the pores is increased. In other words, drying shrinkage is reduced, but 
autogenous shrinkage is emphasized, so it is necessary to develop techniques to reduce 
autogenous shrinkage at early age. In recent years, various techniques have been explored to 
reduce shrinkage, acting on the different shrinkage forces (Tran et al., 2021; Yang et al., 2019). 
One of these techniques is the use of fibers. Their effect on shrinkage is defined as internal 
curing or restraint, where the fibers can overcome tensile stresses before cracks occur (delayed 
cracking) and bridge the crack after it has occurred (reducing the size and width of the crack). 

Fibers can be used variously, but their impact on the composite is largely determined by the 
type and geometry. In addition to factory-produced fibers, waste fibers are increasingly being 
used due to favorable environmental and economic opportunities. One such valuable waste is 
alkali resistant glass fibers obtained during the manufacture of technical textiles. This type of 
waste is classified as clean waste i.e., waste that does not reach the end user but is separated at 
the factory for disposal. This material is not exposed to high temperatures and pressures, but 
only to the weaving machine, and it is considered that the mechanical properties do not 
deteriorate significantly, but surface scratches occur.  

In order to explain the influence of waste glass fibers on the shrinkage properties of mortars, 
it is necessary to determine their influence on the microstructure i.e., the distribution and size 
of the pores. In this paper, the pore content was determined on fresh cementitious composites 
immediately after mixing, while the total porosity of the material was measured after 28 days 
using a mercury intrusion porosimeter (MIP) complemented by X-ray computed 
microtomography (micro-CT). The effect of alkali resistant glass production waste fibers (wGF) 
is shown as a function of length and fiber content. In addition to the reference mix (REF) 
without fibers, the results were also compared with mixes containing factory-made alkali 
resistant glass fibers (fGF). 
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2 Materials and Methods 
Cement CEM I 52.5 N, aggregates, water, and superplasticizer Master Glenium® ACE 430 
were used for the mortars tested. The aggregate consisted of the following fractions: limestone 
filler 0.005/ 0.125 mm, quartz sand 0/ 1.0 mm and dolomite fractions 0.1/ 0.6 mm, 0.6/ 1.25 
mm and 1.25/ 2.0 mm. The water/ binder ratio was kept constant at 0.4, while the 
superplasticizer was increased depending on the amount of fibers. The superplasticizer used is 
a second generation polycarboxylic ether polymer-based admixture with high early strength 
gains. In this work, alkali-resistant waste glass fibers and factory- made glass fibers with the 
properties given in Table 1 were used. Alkali-resistant waste glass fibers are free of impurities 
and do not require cleaning, but preparation in the form of cutting with knives at 5 and 10 mm 
spacing was necessary. A total of five mixtures were prepared with the designation wGF and 
fGF for waste or factory- made glass fibers respectively, and a number indicating the length (5 
or 10 and 6 or 12) followed by a number indicating the volume fraction of the fibers used (0.2 
and 0.6 %V).  

Table 1. Alkali resistant glass fibre properties. 
Fibre ID Trade name Density [g/cm3] Diameter [µm] Surface coating [%] 

wGF CEM-FIL® 5325, 1200 
Owens Corning 2.68 14 - 24 ~ 1.0 

fGF Schwarzwälder 
Textil-Werke 2.68 14 0.8 

All powdered materials were first mixed with fibers in the dry state to improve dispersion 
using a professional shaker, subjected to high-frequency vibrations for 3 to 5 minutes, 
depending on the fiber content. During the mixing process, superplasticizer and water were 
added first followed by the dry mix. For the reference mix, the total mixing time was 4.5 
minutes, of which 1 minute was mixed at the first speed, then a 1.5-minute break, followed by 
2 minutes of mixing at the second speed. The same procedure was followed for the other mixes, 
with the only difference being that the initial mixing at the first speed was extended to 2 minutes 
due to insufficient dispersion of the fiber in the wGF10-6 mix.  

Immediately after mixing, the properties were tested in the fresh state: density, temperature, 
air content, and consistency. Samples for hardened state properties testing were stored under 
laboratory conditions for 24 hours and then in a humid chamber for up to 28 days. The age of 
28 days was chosen because no relevant change in pore morphology was expected thereafter. 
The cylinder specimens with a diameter of 8 mm to be further tested were drilled from prisms 
of 4 x 4 x 16 cm. Hydration was stopped by immersing the specimens in isopropanol for 7 days 
followed by vacuum drying for another 7 days. Specimens were then tested or stored in a 
nitrogen chamber to prevent carbonation. 

Mercury intrusion porosimetry (MIP) was tested using AutoPore IV 9500 Micromeritics. 
The size of the pores that can be detected ranges from 2 nm to 1 mm. When interpreting the 
results, it should be taken into account that this method can only detect connected pores that 
can be reached with mercury under pressure. The MIP was performed on two samples and the 
mean values were shown. The mass of the test samples was approx. 1.45 g.  

A microXCT-400 X-ray computed microtomograph (XRadia, Zeiss) was used. The device 
is designed for tomographic imaging of various inorganic and biological samples. It can be used 
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for analysis of both homogeneous and inhomogeneous materials. After the cylindrical specimen 
is placed and attached to the stand, which rotates 360°, the parameters used to image the 
specimens are set. The parameters used for recording specimens are: 40x magnification, source 
voltage 80 kV, power 10 W, exposure time 10 s. In this case, the distance from the X-ray source 
is 40 mm and the distance from the detector is 300 mm. The sample rotates 360° around its axis, 
and during the rotation of the sample, a total of 1801 images were acquired, which means that 
the device acquired an image every 0.33°. The minimum voxel size was 7.95. 

3 Results and Discussion 

3.1 Fresh state properties 
The properties in the fresh state are given in Table 2, together with the amount of superplasticizer 
required to obtain values of the same category for plastic consistency, from 140 to 200 mm. 
The higher superplasticizer requirement, i.e. lower consistency values, with increase in fiber 
content was also found in previous work on concrete mixes (Ahmad et al., 2022; Blazy et al., 
2022) and mortar mixes (Małek et al., 2021).  
From the results, it can be seen that the density values using fGF differ only insignificantly 
from those of the reference mix (up to ± 0.5 %), while the influence of wGF becomes more 
evident with increasing fiber content. The values are 2.85 % and 7.91 % lower for 5 mm and 
10 mm fibers, respectively. A higher proportion of wGF resulted in a reduction in the amount 
of aggregate and an increase in mixing time, as well as more entrapped air leading to the 
changes in density (da Silva & Lordsleem, 2021). 
Air content values obtained with wGF are higher than those obtained with REF and fGF 
mixtures. Same trend in results was also observed in the literature for glass and other fibers 
(González et al., 2020; Małek et al., 2021). In the case of steel fibers, this is explained by the 
ability of the fibers to trap and retain more pores during preparation and because the fibers 
increase the stiffness of the mixture in a fresh state, leading to the retention of a larger number 
of larger pores (González et al., 2020; Mínguez et al., 2019). Higher values may also be caused 
by prolonged mixing time, i.e., more entrapped air. 

Table 2. Fresh state properties for glass fibre reinforced mortars. 

Mix ID REF fGF 
6 – 2 

wGF 
5 - 2 

fGF 
12 - 6 

wGF 
10 - 6 

Consistency [mm] 185/190 198/200 186/186 185/185 188/188 
Density [g/dm3] 2199 2209 2137 2189 2025 
Air content [%] 5.40 6.00 8.50 6.50 12.00 
SP [% mc] 0.40 0.42 0.46 0.42 0.62 

 

3.2 Hardened state properties 
The properties in the hardened state are presented below. The compressive strength was tested 
on the prisms after 28 days to confirm the properties of the high strength mortar, 50 – 100 MPa. 
The obtained values are shown in Table 3, representing the average strength value measured on 
3 samples. The obtained results show a positive influence of both waste and factory-made fibers. 
The greater the amount and length of fibers, the greater the increase in strength in favor of 
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factory-made fibers. This may also be related to a higher proportion of pores in wGF mixes, 
resulting in lower compressive strength. Although the compressive strength values with waste 
fibers are lower compared to factory- made fibers, -9.5 % and -14 % for wGF5-2 and wGF10-
6 respectively, the mixtures still meet the criterion for high strength category. 

Table 3. Compressive strength values after 28 days on glass fiber reinforced cementitious materials. 

Mix ID REF fGF 
6 - 2 

wGF 
5 - 2 

fGF 
12 - 6 

wGF 
10 - 6 

Compressive strength [MPa] 58.4 ± 2.4 71.2 ± 1.3 64.4 ± 1.6 76.6 ± 2.0 65.9 ± 2.2 

Furthermore, the main parameters of pore morphology in all three types of mixtures were 
determined and discussed: porosity, pore-size distribution, pore shape and voids.  

As can be seen from Figure 1, the total pore volume is highest for the waste fiber mixes, then 
factory made fibers and lowest for the reference mix. It can also be seen that the intrusion and 
extrusion curves do not coincide indicating a significant amount of mercury retained in the pore 
system. The difference is least with the reference mix, while the value increases with the use of 
glass fibers, factory made and waste. Both fiber lengths in fGF mixes had similar and slightly 
lower values than both fiber lengths in wGF. It is very likely that the higher mercury retention 
is due to the presence of 'ink-bottle' pores with narrow openings (Klemm & Sikora, 2013; 
Scrivener et al., 2018). As mentioned earlier, the presence of fibers in the fresh state leads to 
retention of a higher number of larger pores. Further hydration favored the formation of 
hydration products on their surface, which in turn led to the enclosing of the pores. Overall, the 
use of glass fibers resulted in an increase in the percentage of smaller pores, ink bottle pores, 
and overall porosity, with little to no change in pore size greater than 2∙103 nm. 

  
Figure 1. Cumulative pore volume of glass fiber reinforced mortar after 28 days. 
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Figure 2. First derivatives for the cumulative curves after 28 days. 

Due to the high mercury retention, the percentage of small pores may be questionable. When 
penetrating the 'ink-bottle' pores, a high pressure had to be applied (higher than for an equivalent 
pore size according to Washburn's model), suggesting a higher percentage of smaller pores than 
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Differential pore size distribution curves with characteristic peaks are shown in Figure 2. 
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I remains unchanged as it represents the intrinsic nature of C-S-H, i.e., it is not affected by the 
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The spatial distribution of pore shape and size determined by CT was processed on cube 
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shown in Figure 3. All images show pores larger than 7∙104 nm, including macro- capillary 
pores and air pores (entrained and entrapped air). From the obtained images, it can be seen that 
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followed by the values from the mixtures with 5 mm and 10 mm long waste fibers and 6 mm 
and 12 mm long factory-made glass fibers, respectively. 

Table 4. Pore morphology properties determined using MIP. 

Mix ID REF fGF 
6 - 2 

wGF 
5 - 2 

fGF 
12 - 6 

wGF 
10 - 6 

Average pore diameter [nm] 19,42 22,87 23,31 19,74 25,67 

Porosity [%] 12,622 13,470 13,048 16,065 16,567 

 

REF 

 

fGF 

6 mm 12 mm 

  

wGF 

5 mm 10 mm 

  
Figure 3. XY plane visualization using µCT (X= 5501.4 µm, Y= 5501.4 µm). 

4 Conclusion 
Based on the tests performed, the following conclusion can be drawn: 
― Waste glass fibers, like factory-made fibers, decrease the consistency of the mixture i.e., a 

larger amount of superplasticizer is needed to achieve the same consistency values. 
― Waste glass fibers increase the air content of the mixture but contribute to an increase in 

compressive strength compared to the reference mixture without fibers. 
― Waste glass fibers increase the proportion of gel, capillary and entrained pores after 28 days 

compared to the reference mix without fibers. 
― Waste glass fibers decrease the proportion of pores larger than 7∙104 nm after 28 days 

compared to the reference mix without fibers. 
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