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INTRODUCTION  
 

oncrete is a widely diffused material due to its competitiveness and durability; unfortunately, it is also one of the 
most pollutant materials in the world: in fact, it is responsible for approximately 8% of global anthropogenic 
greenhouse gas emissions and 3% of global energy demand [1]. During the last decades, research has focused on 

reducing the environmental impact of concrete. Although it is impossible to reduce emissions to zero, many strategies can 
contribute. Reducing the total amount of binder means reducing the clinker content, which is the primary pollutant of 
concrete production [2]. Using foamed concrete effectively reduces the amount of binder on the mix design and provides 
thermal insulation to reduce the heating and cooling demand [2]. 
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Foamed or cellular concrete is a low-density concrete that contains a series of air voids produced by adding foam to the 
mortar mix [3]. Its properties, such as lightness, thermal and acoustic insulation, and fire resistance, have caught the 
attention of the construction sector to create economic and sustainable structures [4]. There are two primary ways of 
obtaining foamed concrete. The first involves adding a pre-formed foam or mix-forming agent into the cement mix. The 
second one, autoclaved aerated concrete (AAC), forms by mixing lime, sand, cement, water, and aluminum powder. The 
last one acts as an expansion agent due to its reaction with cement, forming microscopic hydrogen bubbles, making 
concrete grow up to five times its original volume, leaving empty voids after evaporation. AAC receives its name because 
it is steam-cured in a pressurized chamber or autoclave [4].  
This research will focus on the first type of lightweight concrete, which, unlike ACC, does not require autoclave curing 
and consumes less energy during production. As seen before, accomplishing this effect can result from adding a pre-
formed foam or a mix-forming agent. The former method, known as the dry foam method, produces a spume with water 
and a foaming agent by forcing pressurized air into the solution and creating bubbles, in general, of even size of less than 
1mm [5]. The latter, known as the wet foam method, consists of spraying a water/foaming agent solution over a fine 
mesh, which causes pressure to drop across the mix and allows suctioning air from the environment; this creates a 2-5mm 
bubble size, which is unsuitable for densities below 1100 kg/m³ [6]. Moreover, due to its stability and reachable density 
advantages, this research will utilize the dry foam method to develop the experiments. 
According to its density, cellular concrete can consent to various applications. Ultralightweight concrete, with a 200-600 
kg/m³ density, is mainly applied as thermal and acoustic insulation or fire protection due to its low mechanical 
performance. A 700-1100 kg/m³ density typically produces bricks, blocks, fillers, floor leveling mortars, and non-
structural elements. Higher densities such as 1200-1800 kg/m³ support higher loads and, therefore, can be applied to 
create precast or onsite structural elements and reduce the specific weight of components that require high strength [7]. 
Fiber addition to a cement paste improves flexural strength and reduces brittleness by adding a ductile or elastic 
component. Fiber reinforcements are classified by material into four categories: metallic, synthetic, glass, and natural 
fibers. Metallic steel fibers are not recommended to be applied on lightweight mixes because of their significant mass [8]. 
Synthetic fibers such as acrylic, aramid, carbon, polypropylene, polystyrene, nylon, and polyester are broadly researched 
and result in increased productivity of cellular concrete, contributing to avoiding fragile failures and increasing flexural 
strength. However, some researchers have found a non-significant reduction of compressive strength, limited to a few 
cases, when adding synthetic fibers to a concrete mix [4]. On the other hand, polymer fiber additions between 2-5% have 
shown significant improvements in flexural strength that go from 13-70% depending on the curing conditions [9]. Alkali-
resistant glass fibers can also help to strengthen foamed concrete. Analyses of glass fibers show higher compressive 
strength, flexural strength, and elastic modulus performance than polymeric ones [10]. 
Due to concrete’s sustainability issues, research has focused on reducing carbon emissions. For instance, natural fibers can 
reinforce foamed concrete and replace polymers or glass. These fibers, typically by-products, translate into low or zero 
CO2 emissions because they not only have a natural origin but are often the result of recycling or waste recovery 
processes. Overall, concrete reinforcement natural fibers are plant-derived and consist of hemicellulose, lignin, and pectin 
[11]. Henequen fibers, for example, have the potential to be widely introduced as a construction material since they have 
proven to increase the mechanical properties of concrete, mainly when submitted to an alkaline treatment, which 
encourages a better fiber-matrix interaction [12]. 
Although there is a vast database on plant-based fibers, scientists started to drive their interest toward animal fibers. Pig 
hair, for example, applied to regular mortar, shows higher tensile strength than other natural fibers and is an effective 
crack control mechanism, particularly for plastic shrinkage cracking [13]. 
Sheep shearing once a year is essential to maintain the animal’s health and hygiene; hence, sheep wool is considered 
renewable. Unfortunately, nearly 75% of the wool produced in Europe, which amounts to 150 million tons per year, is not 
serviceable in the textile industry and must be sterilized at 130ºC and disposed of as special waste [14]. Therefore, sheep 
wool has caught the attention of the construction sector to be employed as a sustainable and economical building material. 
It is mainly applied as thermal insulation inside walls or partitions to improve the energy efficiency of buildings [15]. 
In the last decade, studies on applying sheep wool as a fiber reinforcement for concrete have revealed encouraging results. 
The performed tests have used several techniques to treat the fibers and improve their characteristics, including non-
treated, water-rinsed, neutral detergent-washed, salt water-dipped, and plasma-treated fibers. Adding sheep wool fibers to 
mortar or concrete generally increases flexural strength, fracture toughness, and tensile strength, but compressive strength 
sometimes diminishes [16]. 
Regarding the treatments found in previous works, washing the fibers improves adhesion with concrete and, therefore, 
improves mechanical performance [17]. Dipping sheep wool fibers in salt water increases their surface tension, therefore 
improving adhesion to the cement matrix, causing the concrete to withstand more compressive and flexural strength [17]. 
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The addition of plasma-treated wool fibers increases flexural strength 5% more than the addition of non-treated fibers; 
however, fracture toughness increments by 300% in both cases [18]. 
The fiber content rate and the fiber length affect the mechanical properties. For example, some researchers show that a 
SWF content between 2-3% is optimal, but when applying treated fibers, this trend is reduced to 0.5-1% to achieve a 
similar resistance capacity [19]. Furthermore, other experimental works show better performances when varying fiber 
length. For example, short 1mm fibers act only as a filler, and longer fibers of about 20mm create agglomeration. More 
desirable results were conceivable using a mid-length value of 6mm with up to a 13% fiber content [17]. 
Tests on adding sheep wool fibers as concrete reinforcement have yet to include its application to foamed concrete. 
Therefore, this research paper will focus on designing and characterizing the mechanical properties of ultra-lightweight 
concrete with sheep wool fibers (SWF) submitted to different treatments and variations in fiber content and length. This 
research highlights how including SWF can improve fresh-state stability and mechanical properties (compressive and 
flexural strength) of ultralightweight foamed concrete while increasing its sustainability by incorporating residuary natural 
fibers. In addition, it compares several fiber categories that can improve foam concretes' properties to determine the most 
performant fiber treatment, length, and content. 
The selected treatments had a specific motivation for their application in SWF. For example, NaClTF gave promising 
results on SWF in the studies by Alyousef et al. and Gadgihalli et al., where it was proven that treating SWF with salt 
increases the surface tension of the fiber, improving its adhesion to concrete [20]. Alternatively, SWF were treated with 
lime because in [21] it has been proved that the employment of Ca(OH)2 into the foam (not onto the fibers, novelty 
proposed in this research) results in improvement of the microstructure of foamed concrete due to a finer and more 
homogeneous pore structure. Furthermore, Castillo-Lara et al. proved that treating henequen with sodium hydroxide 
contributes to the material toughness and a better fiber-matrix interaction due to the alkalinity of the treatment [22]; 
therefore, this research employs an alkaline treatment to study its performance as a treatment for animal fibers. 
Additionally, a methodology yet to be investigated in other works is proposed, consisting of treating natural fibers with a 
mixture of water and foaming surfactant to use the fibers as a foam stabilizer. The mixtures presented here are 
characterized by stability and good mechanical properties, even compared to other research in the relevant literature on 
foamed concretes at about the same density, compared to which the present ones are also characterized by a lower 
environmental impact due to the use of natural fibers. Furthermore, these results will be employed in a forthcoming study 
to analyze the effects of SWF on the mechanical properties and durability of ultralightweight foamed concretes as their 
density varies. 
 
 
MATERIALS AND METHODS 
 

he research tested ultralightweight foamed concrete reinforced with sheep wool fibers (SWF) in its fresh and 
hardened states. 
Each concrete mix follows the same ratios to be comparable when performing the experiments. The studied 

mortar mixes, made with type CEM I 52.5 R cement, have a water/cement (w/c) ratio of 0.33. The pre-formed foam 
employed was made with a protein foaming agent dissolved in water at a concentration of 5%; its characteristics are 
reported in Tab. 1. The generated foam had a density of 80 ± 5 g/l, and its quantities varied according to the expected 
density. 
 

Nature Appearance Specific weight pH 

Protein foaming agent Brown liquid 1.15 ± 0.02 g/ml 6. 75 ± 0.75 
 

Table 1: Characteristics of foaming agent (all data comes from product’s datasheet). 
 
The experimental study comprised a set of 33 foamed concrete specimens and was carried out on ultralightweight foamed 
concrete characterized by a target density of 300 kg/m³. 
The best-performing fiber treatment selection process comprised developing six series of three 40x40x160mm specimens 
each, with a fiber length of 12 mm and a fiber content of 5 kg/m³, equivalent to 0.4% in volume. The first admixture, 
produced as a reference, did not include fibers (NF); the second included non-treated fibers (NTF); the remaining four are 
salt-treated fibers (NaClTF), lime-treated fibers (LTF), sodium hydroxide-treated fibers (NaOHTF), and surfactant-treated 
fibers (STF). 
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The type of treatment can already be identified in Tab. 2 from the sample denomination. Tab. 2 shows the amounts of 
cement, water, viscosity-enhancing additive (VEA), superplasticizer (SP), SWF, and foam employed on each admixture 
and the fresh-state density (FSD) reached. 
 

MIX Cement Water VEA SP SWF Foam FSD 

ID [kg/m³] [kg/m³] [kg/m³] [kg/m³] [kg/m³] [kg/m³] [kg/m³] 

NF 194.38 64.15 29.16 1.94 - 108.84 398.50 

NTF 205.48 67.81 30.82 2.05 5.00 114.58 425.00 

NaClTF 202.70 66.89 30.41 2.03 5.00 113.24 420.60 

LTF 195.65 64.57 29.35 1.96 5.00 108.70 405.00 

NaOHTF 194.81 64.29 29.22 1.95 5.00 108.64 403.00 

STF 200.00 66.00 30.00 2.00 5.00 100.00 403.00 
  

Table 2: Admixtures for fiber treatment selection: fiber length 12 mm, fiber content 5 kg/m³. 
 
The fiber treatments used in this study follow specific procedures for each component employed. Tab. 3 shows the 
procedures followed to treat each type of fiber. All fibers were machine-washed in tap water at 30°C and air-dried for one 
week before treatment. 
 

Series Treatment process 

NTF Machine washed in tap water at 30ºC and air-dried for one week. 

NaClTF Immersed for 72h in a 35g/L salt-water solution, rinsed with tap water, and oven-dried at 30ºC for 72h. 

LTF Immersed in a 1% lime-water solution for 2h and oven-dried at 30ºC for 72h. 

NaOHTF Immersed for 1h in a 2% NaOH-water solution, rinsed with tap water, and oven-dried at 30ºC for 72h. 

STF Immersed for 72h in a 3% surfactant-water solution and oven-dried at 30ºC for 72h. 
 

Table 3: Fiber treatment procedures. 
 

 
 

Figure 1: 16x microscope SWF image: NTF (a), NaClTF (b), LTF (c), NaOHTF (d), and STF (e). 
  

 
 

Figure 2: 35x microscope SWF image: NTF (a), NaClTF (b), LTF (c), NaOHTF (d), and STF (e). 
 



 
 
 

A. Bravo et alii, Fracture and Structural Integrity, 71 (2025) 317-329; DOI: 10.3221/IGF-ESIS.71.23 
 

321 
 
 

Fig. 1 and Fig. 2 show the effects each treatment had on SWF. NTF (a) shows the original state of the fibers after being 
washed. NaClTF (b) present. LTF (c) presents a roughly crystallized coating covering the fibers, giving them a white color 
due to the attachment of lime particles to the fibers. NaOHTF (d) shows fiber degradation; in this case, the fibers became 
rough, fragile, and lost volume due to the acquired frizzy aspect. Finally, STF (e) absorbed the foaming surfactant, 
assimilating its characteristic brown color and a more opaque and rougher surface. 
The best-performing fiber length and content selection process comprised developing five series of three 40x40x160mm 
specimens each, with NTF. The studied fiber lengths were 6, 12, and 20mm, while the target fiber contents were 5, 10, 
and 15 kg/m³ (these values are equivalent to a percentage in volume of 0.4, 0.8, and 1.2 % respectively). Therefore, the 
fiber length study applied a fiber content of 5 kg/m³, while the fiber content study applied a 12mm fiber length. Tab. 4 
shows the characteristics of each admixture employed in this selection process. The sample's denomination already 
identifies length (6, 12, 20 mm) and fiber content (5, 10, 15 kg/m³). 
 

MIX Cement Water VEA SP SWF Foam FSD 

ID [kg/m³] [kg/m³] [kg/m³] [kg/m³] [kg/m³] [kg/m³] [kg/m³] 

6mm-5 189.87 62.66 28.48 1.90 5.00 105.18 392.84 

12mm-5* 203.62 67.19 30.54 2.04 5.00 113.55 422.03 

20mm-5 196.94 64.99 29.54 1.97 5.00 110.16 408.52 

12mm-10 187.50 61.88 28.13 1.88 10.00 104.03 392.78 

12mm-15 178.22 58.81 26.73 1.78 15.00 99.01 382.10 

* Admixture employed in both fiber length and fiber content studies. 
  

Table 4: Admixtures for fiber length and fiber content selection. 
 
The first steps for producing the mixtures listed in Tab. 2 and Tab. 4 correspond to the procedure reported in [23]. 
Moreover, the fibers were applied after the foam to avoid agglomeration during the mixing phase. In particular, the 
appropriate amount of fibers was added after mixing the foam. Then, high-speed mixing (3000 rpm) was performed for a 
couple of seconds to achieve dispersion of the fibers in the mixture while avoiding clumping. 
The described process was performed using a vertical mixer at 3000 rpm. High mixing intensities reduce pore dimensions 
in foamed concrete, contributing to its mechanical strength [24]. Moreover, high-speed mixed foamed concrete’s tiny and 
homogenously distributed bubbles result in better performance of the concrete mix [25]. 
After completing each mixture, the JGJ/T 341–2014 test method was used to assess the workability [21]. In addition, 
three 40 mm x 40 mm x 160 mm prismatic specimens were cast to perform the 28-day mechanical tests, compressive and 
flexural strength. The 28-day curing occurred in air condition at room temperature of 20±3ºC and relative humidity of 
60±5%. 
 

 
 

Figure 3: Sample positioning for flexural strength tests. 
 



 
 
 

A. Bravo et alii, Fracture and Structural Integrity, 71 (2025) 317-329; DOI: 10.3221/IGF-ESIS.71.23 
 

322 
 
 

TESTING CONDITIONS 
 

he workability of the cementitious conglomerates was carried out according to the JGJ/T 341–2014 standard [21]. 
The slump was measured for each admixture after the material from an 80mm height and diameter cylinder 
stabilized. 

The flexural strength tests were conducted according to the UNI EN 196-1 standard, with a force control of 50N/s.  
For the compressive strength tests, the force control mode was used according to the UNI EN 196-1 standard; unlike it, a 
force control equal to 100 N/s was applied. Given the characteristics and specifications of the material under analysis, 
very low compressive strengths were expected. 
 
 
RESULTS AND DISCUSSIONS 
 
Fresh state: Workability 

fter the mixing process, workability was assessed using the JGJ/T 341–2014 test protocol. Fig. 4 presents the 
outcomes of slump tests conducted for each admixture. Additionally, each figure reports the error bars, providing 
a visual representation of the dispersion inherent in the experimental data, thus offering insights into the 

variability of the results. 
 
 

 
 

Figure 4. Slump test: a) fiber treatment selection 12mm length and 5kg/m³ content b) fiber length and fiber content selection NTF. 
 
In Fig. 4a, it is evident that the incorporation of fibers yields a notable reduction in slump by an average of 15%. Notably, 
adding NaOHTF to the admixture demonstrates a slump decrement of 4.5%, a value slightly below the average observed 
for the other fiber treatments. This reduction can be attributed to the degradation induced in the fibers by the Sodium 
Hydroxide treatment, resulting in shortened lengths and increased brittleness (Fig. 1 and Fig. 2). These alterations 
adversely impact the mixture's workability, emphasizing the complex relationship between fiber treatment techniques and 
their subsequent impact on concrete properties. 
In addition, the fiber length study (Fig. 4b) shows that longer fibers translate into a lower slump value. Specifically, the 
inclusion of 12mm fibers results in an 18% decrease in slump compared to the admixture without fibers, while 20mm 
fibers lead to a 22.4% reduction. In contrast, the addition of 6mm fibers only shows a 3% reduction in the slump value. 
Moreover, the slump tests for fiber content (Fig. 4b) indicate that as the fiber content increases, there is a corresponding 
decrease in the slump of 18%, 36.5%, and 69.2% in the admixtures with 5, 10, and 15 kg/m³ fiber content, respectively. 
However, it is essential to note that higher fiber contents lead to agglomerations (view Fig. 5) during the mixing process, 
affecting the workability and homogeneity of the cementitious matrix. Therefore, using a fiber content as high as that of 
admixture 12mm-15 for future applications is not advisable. 
 
Mechanical properties: Flexural Strength 
The incorporation of fibers into a cementitious matrix typically enhances the flexural strength of concrete, largely due to 
the mechanical properties of the fibers. Notably, sheep wool fibers exhibit a tensile strength of about 390 MPa [3] and an 
elastic modulus ranging from 1 to 4 GPa, comparable to that of synthetic plastic fibers [16]. This similarity suggests that 
wool fibers could provide a viable, more sustainable alternative for reinforcing concrete while maintaining performance 
characteristics associated with conventional plastic fiber reinforcements. 

T 
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The flexural strength (σ_f) is reported in Fig. 6 and Fig. 7 in relation to the dry density of the specimens. Additionally, 
both figures include the error bars to indicate the dispersion of the experimental findings. It is important to mention that 
all tested specimens' dry density falls within the range of 270 ± 30 kg/m³. 
 

 
 

Figure 5: Foamed concrete mix with homogeneous fiber distribution (a) and foamed concrete mix with fiber agglomeration (b). 
 

 
 

Figure 6: Effect of wool fiber treatment on the flexural strength of ultralightweight foamed concrete. 
 
Fig. 6 illustrates the impact of fiber treatment on the flexural strength of fiber-reinforced ultra-lightweight foamed 
concrete. It was observed that adding wool fibers enhances the flexural behavior of ultralightweight foamed concrete. 
When considering only fiber-reinforced specimens, it is noticed that as the density increases, so does the flexural strength, 
except for samples from the NaOHTF and NaClTF admixtures. Despite having a higher density than STF, these samples 
exhibit lower flexural strength. 
The concrete samples containing STF demonstrated the highest average flexural strength, exhibiting a 61% increase 
compared to those without fibers. This improvement can be attributed to the microstructure resulting from the enhanced 
stability of the system. The target density is achieved with a reduced amount of foam in the mix design (Tab. 2) due to the 
presence of surfactant molecules on the surface of the fibers. 
The admixtures treated with salt and sodium hydroxide increased 45% and 50%, respectively. Despite the limited elasticity 
of the fibers, the NaOHTF achieved the second-highest average flexural strength. LTF mixtures followed with a 33% 
improvement from the original non-fiber reference mix. In addition, the NTF admixtures demonstrated the lowest 
increase rate of 22%, which may be attributed to the lower density of these specimens, falling within an acceptable range. 
As shown in Fig. 7, the flexural behavior of the samples reinforced with SWF exhibited a more ductile nature than those 
without fibers. However, it was noted that the NaOHTF samples did not demonstrate a significant improvement. This 
could be attributed to the treatment, causing damage to the fibers, consequently degrading their elasticity. Notably, the 
wool fibers became excessively stiff and brittle after the NaOH treatment. Furthermore, Fig. 7 illustrates that the 
specimens with NTF exhibit the lowest post-peak decrement, resulting in the highest residual strengths.  
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Figure 7: Effect of wool fiber treatment on the flexural behavior of ultralightweight foamed concrete. 
 

 
 

Figure 8: Effect of wool fiber length on flexural strength (a); effect of wool fiber content on flexural strength (b). 
 
The fiber length and content study did not present significant dry density variations.; therefore, the analysis focuses on 
mechanical strength. Fig. 8a shows the impact of wool fiber length on the flexural strength of ultralightweight foamed 
concrete. This investigation, along with the analysis of the influence of fiber content shown in Fig. 8b, was conducted on 
untreated wool fibers. Furthermore, Fig. 8a also indicates that the actual dry densities of different series are closely related. 
Together with the flexural behavior described below, these results led to choosing 12 mm as the optimal length for wool 
fibers to be used in foamed concrete. 
Fig. 9 shows that mixes with 12 mm and 20 mm fibers show similar flexural behaviors. In comparison, the samples with 
6mm fibers have a more brittle behavior. The flexural strength is 13% higher in the 6 and 12 mm admixtures compared to 
the 20 mm admixture. It is noted that long fibers lead to challenges during the mixing phase, resulting in agglomerations 
and significant defects in the microstructure of the cementitious system. Additionally, Fig. 9 highlights a consistent 
qualitative behavior as expected in every fiber-reinforced sample. Specifically, it is noted that after achieving the maximum 
flexural strength, there is a contained decay until the fibers are entirely involved in the flexural strength. This involves a 
limited hardening phase followed by a more contained decay, with a significant increase in the ductility of the samples.  
Fig. 10 provides an overview of how varying fiber contents impact the flexural behavior of the ultralightweight foam 
concrete samples. The admixture 12mm-5 exhibits the most brittle behavior, reaching the maximum flexural strength 
within the first 0.5 mm. On the other hand, 12mm-10 admixtures reach the maximum flexural strength at around 2 mm, 
while 12mm-15 admixtures do so at around 5-7 mm. After attaining peak flexural strength, samples containing 5 kg/m³ of 
wool fibers display a residual flexural strength of 0.056 MPa. In contrast, the samples with 10 kg/m³ of wool fibers reach 
0.427 MPa, while those with 15 kg/m³ fiber content reach a residual flexural strength of 0.791 MPa. The previous results 
show that the mixtures with fibers are more ductile than NF, given that the latter did not achieve a residual flexural 
strength range. The improvement between 12mm-5 and 12mm-10 was 123.06%, while the one between 12mm-10 and 
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12mm-15 was 20.14%. It is evident that higher fiber content results in a more ductile material; however, the highest 
content led to agglomerations during the mixing process, rendering it not ideal. 
 

 
 

Figure 9: Effect of wool fiber length on the flexural behavior of ultralightweight foamed concrete. 
 
 

 
  

Figure 10: Effect of wool fiber content on the flexural behavior of ultralightweight foamed concrete. 
 
Mechanical properties: compressive strength 
The effect of fiber treatment on compressive strength values is reported in Fig. 11. The fibers treated with the foaming 
agent exhibited the highest average compressive strength, with a 44% improvement compared to those without fibers. 
They were followed by the mixes with fibers treated with salt and sodium hydroxide; the former presents a rise of 32% 
and the latter of 29%. LTF showed a 17% improvement compared to reference specimens (without fibers). In addition, 
NTF admixtures had the lowest compressive strength, decreasing by 11%. However, as for flexural strength, this could be 
ascribed to the fact that these specimens are characterized by the lowest density while falling within the acceptable range. 
Fig. 11 shows that as the density increases, so does the compressive strength, except for NaOHTF and NaClTF 
admixtures. Despite having a higher density than STF, these admixtures have a lower compressive performance, as 
previously noted for flexural strength. Consequently, these two types of fiber treatment were ruled out for future 
applications. 
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Figure 11: Effect of fiber treatment on compressive strength of foamed concrete with 5kg/m³ of 12mm fibers. 
 
The impact of fiber length on compressive strength values is depicted in Fig. 12a. The study focused on a 5 kg/m³ fiber 
content. Specimens with 12 mm fibers exhibit compressive strength values that are 16% higher than those with 6 mm 
fibers. It was found that 12 mm is the optimal fiber length for enhancing the compressive strength of fiber-reinforced 
foamed concrete; in fact, a further increase in fiber length (20mm) resulted in a 9% lower compressive strength. The 
lowest compressive strength associated with the shorter fiber length could be explained by taking into account the fact 
that the presence of longer fibers could better bond the cement matrix lightened by the presence of air bubbles, creating a 
beneficial bridge effect that results in a sort of confinement which gives rise to an improvement in compressive strength. 
Fig. 12b shows the highest compressive strength when the wool fiber content is 5 kg/m³. This can be attributed to fiber 
clumping at higher content levels (10-15 kg/m³), which leads to the formation of macro-voids and macro-defects. These 
voids and defects have a detrimental effect on the material's compressive strength. 
 

   

Figure 12: Effect of fiber length on compressive strength (a); effect of fiber content on compressive strength (b). 
 
 
MAIN OBSERVATIONS 
 

his research marks the beginning of a study on implementing SWF as a by-product in ultralightweight foamed 
concrete. It involves selecting the most advantageous fiber characteristics for further examination. 
Regarding the fiber treatment, the most performant results for flexural and compressive strength are obtained by 

the STF mix with an increment of 61% and 44%, respectively. These results are potentially attributed to the positive 
impact of the surfactant treatment on wool fibers in enhancing the stability of the lightweight cementitious system. 
Furthermore, the surfactant molecules adhering to the wool fibers may contribute to achieving higher stability in the 
cementitious system during the mixing phases, potentially explaining the reduced amount of foam needed to reach the 
desired density in this scenario. In particular, a lower foam content implies a reduced water content, as foam is 
approximately 95% water. Given that lower water content is known to positively impact the mechanical properties of 
cementitious matrices, this factor may also have contributed to the observed increase in compressive strength. 
Consequently, this fiber treatment was selected for further analysis. Additionally, NaClTF and NaOHTF yielded the 
second-highest mechanical properties. However, although they are still within acceptable limits, their density values were 
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the highest. Therefore, these fiber treatments are considered below average when considering the relationship between 
density and mechanical performance. On the other hand, admixtures containing STF surpassed this trend, while NTF and 
LTF tend to be slightly above the trendline.  Additionally, NaOHTF degraded during the treatment process, affecting the 
workability of the mix and its ductility. Therefore, these two types of treatment were not considered, suggesting that 
future studies should focus on STF, LTF, and NTF. 
Regarding fiber length, samples with 6 and 12mm fibers have a 13% higher flexural strength than those with 20mm fibers. 
At the same time, 6mm fiber mixes had the most brittleness and the highest slump values. When considering compressive 
strength, the 12mm fibers exhibit the best performance; increasing the fiber length improves the compressive strength up 
to a certain point in which the size becomes excessive, causing fiber agglomerations and a decrement in compressive 
strength due to the heterogeneity of the cement matrix. Consequently, the 12 mm length is deemed optimal for wool 
fibers in foamed concrete. This length strikes a perfect balance between the necessity to bind and confine the cellular 
microstructure of the cementitious system and the increasing mixing challenges associated with longer fiber lengths. 
Mixing problems, such as fiber agglomeration and the formation of defects like macro-voids in the microstructure, are 
emphasized with the highest fiber content studied, namely 15 kg/m³ of wool fiber. Consequently, this very high fiber 
content was deemed unsuitable. On the other hand, the mechanical properties exhibited different trends with 5 and 10 
kg/m³ fiber content admixtures. The former performed better in terms of compressive strength, while the latter excelled 
in flexural strength. Hence, both will be considered in a forthcoming study to evaluate their impact on the material's 
properties under different densities, and their effect on the microstructure through the analysis of the pore size 
distribution and homogeneity under different conditions. 
 
 
CONCLUSIONS 
 

his study investigated ultralightweight foamed concrete reinforced with sheep wool fibers. The fresh and hardened 
state properties were evaluated, and the following main conclusions can be drawn. 
 The incorporation of fibers in concrete admixtures significantly impacts the slump values and workability of 

the mixture. The study shows that the type of fiber treatment, fiber length, and fiber content all play crucial roles in 
determining the slump reduction and workability of the concrete. Longer fibers and higher fiber content lead to more 
substantial reductions in slump, but they also pose challenges such as agglomeration and reduced homogeneity during 
the mixing process. Therefore, it is essential to carefully consider the fiber treatment techniques, fiber length, and 
fiber content when designing concrete mixtures to achieve the desired properties without compromising workability. 

 The incorporation of sheep wool fibers in producing ultralightweight foamed concrete significantly improves its 
flexural and compressive strength. Treating the fibers with the foaming agent improved their performance by up to 
61% in flexural strength and 44% in compressive strength. 

 Adding sheep wool fibers to ultralightweight foamed concrete increases the material's elasticity, which is generally 
very brittle. This could increase durability and reduce the development of cracks. These effects will be studied in a 
forthcoming paper, analyzing how these samples react after a more extended period. 

 The optimal fiber content for ultralightweight foamed concrete is between 5 and 10 kg/m³. Higher fiber content 
levels led to fiber clumping, resulting in macro-voids and macro-defects, which negatively affected compressive 
strength. 

In conclusion, this study demonstrates the potential for using wool fibers to create ultralightweight foamed concrete. 
After considering factors such as slump, brittleness, flexural, and compressive strength, it was determined that a fiber 
length of 12mm, STF treatment, and a content of 5 kg/m³ are the optimal parameters for performance. A forthcoming 
study in this area will explore the long-term durability and performance of ultralightweight foamed concrete reinforced 
with sheep wool fibers, as well as a microstructure analysis. Further research and development in this area could lead to 
the widespread adoption of sustainable and high-performance concrete materials. 
 
 
FUNDING SOURCES 
 

he PhD work of Silvia Parmigiani is funded by the Italian Programma Operativo Nazionale (PON) “Ricerca e 
Innovazione” 2014-2020, Asse IV “Istruzione e ricerca per il recupero”, Azione IV.5 “Dottorati su tematiche 
green” DM 1061/2021. 

T 

T 



 
 
 

A. Bravo et alii, Fracture and Structural Integrity, 71 (2025) 317-329; DOI: 10.3221/IGF-ESIS.71.23 
 

328 
 
 

The work of Devid Falliano was carried out within the Ministerial Decree no. 1062/2021 and received funding from the 
FSE REACT-EU – PON Ricerca e Innovazione 2014-2020. 
 
 
ACKNOWLEDGEMENTS 
 

he authors would like to extend their sincere appreciation to Isoltech Srl for providing the foaming agent. Special 
thanks go to Dr. Andrea Bellotti, president of the company, for his insightful recommendations. The authors are 
also grateful to Master Builders Solutions for supplying the superplasticizer, with particular thanks to Dr. Sandro 

Moro for his invaluable guidance. Additionally, they wish to acknowledge Mr. Ernesto Gugliandolo for his support and 
valuable contributions throughout the research process. 
 
 
REFERENCES 
 
[1] Aldridge, D. (n.d.). Introduction to foamed concrete: what, why, how?, Use of Foamed Concrete in Construction, pp. 

1–14. 
[2] Alyousef, R., Alabduljabbar, H., Mohammadhosseini, H., Mohamed, A.M., Siddika, A., Alrshoudi, F., Alaskar, A. 

(2020). Utilization of sheep wool as potential fibrous materials in the production of concrete composites, Journal of 
Building Engineering, 30, p. 101216. DOI: 10.1016/j.jobe.2020.101216. 

[3] Alyousef, R., Aldossari, K., Ibrahim, O., Al Jabr, H., Alabduljabbar, H., Mohamed, A., Siddika, A. (2019). Effect of 
Sheep Wool Fiber on Fresh and Hardened Properties of Fiber Reinforced Concrete, International Journal of Civil 
Engineering and Technology, 10, pp. 190–199. 

[4] Amran, M., Fediuk, R., Vatin, N., Huei, L.Y., Gunasekaran, M., Ozbakkaloglu, T., Klyuev, S., Alabduljabbar, H. 
(2020). Fibre-Reinforced Foamed Concretes: A Review, Materials, 13, p. 4323. DOI: 10.3390/ma13194323. 

[5] Amran, Y.H.M., Farzadnia, N., Abang Ali, A.A. (2015). Properties and applications of foamed concrete; a review, 
Constr Build Mater, 101, pp. 990–1005. DOI: 10.1016/j.conbuildmat.2015.10.112. 

[6] Araya-Letelier, G., Antico, F.C., Carrasco, M., Rojas, P., García-Herrera, C.M. (2017). Effectiveness of new natural 
fibers on damage-mechanical performance of mortar, Constr Build Mater, 152, pp. 672–682.  
DOI: 10.1016/j.conbuildmat.2017.07.072. 

[7] de Brito, J., Kurda, R. (2021). The past and future of sustainable concrete: A critical review and new strategies on 
cement-based materials, J Clean Prod, 281, p. 123558. DOI: 10.1016/j.jclepro.2020.123558. 

[8] Castillo-Lara, J., Flores-Johnson, E., Valadez, A., Herrera-Franco, P., Carrillo, J., Gonzalez-Chi, P., Li, Q. (2020). 
Mechanical Properties of Natural Fiber Reinforced Foamed Concrete, Materials, 13, p. 3060.  
DOI: 10.3390/ma13143060. 

[9] Chen, B., Wu, Z., Liu, N. (2012). Experimental Research on Properties of High-Strength Foamed Concrete, Journal 
of Materials in Civil Engineering, 24(1), pp. 113–118. DOI: 10.1061/(ASCE)MT.1943-5533.0000353. 

[10] Chica, L., Alzate, A. (2019). Cellular concrete review: New trends for application in construction, Constr Build Mater, 
200, pp. 637–647. DOI: https://doi.org/10.1016/j.conbuildmat.2018.12.136. 

[11] Corscadden, K.W., Biggs, J.N., Stiles, D.K. (2014). Sheep’s wool insulation: A sustainable alternative use for a 
renewable resource?, Resour Conserv Recycl, 86, pp. 9–15. DOI: 10.1016/j.resconrec.2014.01.004. 

[12] Dawood, E., Hamad, A. (2015). Toughness Behaviour of High Performance Lightweight Foamed Concrete 
Reinforced with Hybrid Fibres, Structural Concrete, 16. DOI: 10.1002/suco.201400087. 

[13] Falliano, D., Crupi, G., De Domenico, D., Ricciardi, G., Restuccia, L., Ferro, G., Gugliandolo, E. (2020). 
Investigation on the Rheological Behavior of Lightweight Foamed Concrete for 3D Printing Applications, RILEM 
Bookseries, 28, pp. 246–254. DOI: 10.1007/978-3-030-49916-7_25. 

[14] Falliano, D., De Domenico, D., Ricciardi, G., Gugliandolo, E. (2019). Compressive and flexural strength of fiber-
reinforced foamed concrete: Effect of fiber content, curing conditions and dry density, Constr Build Mater, 198, pp. 
479–493. DOI: 10.1016/j.conbuildmat.2018.11.197. 

[15] Falliano, D., Parmigiani, S., Suarez-Riera, D., Ferro, G.A., Restuccia, L. (2022). Stability, flexural behavior and 
compressive strength of ultra-lightweight fiber-reinforced foamed concrete with dry density lower than 100 kg/m3, 
Journal of Building Engineering, 51, p. 104329. DOI: 10.1016/j.jobe.2022.104329. 

[16] Fantilli, A.P., Sicardi, S., Dotti, F. (2015). The use of wool as fiber-reinforcement in cement-based mortar, Academic 
Journal of Civil Engineering, 33(2), pp. 341–346. DOI: 10.26168/icbbm2015.52. 

T 



 
 
 

A. Bravo et alii, Fracture and Structural Integrity, 71 (2025) 317-329; DOI: 10.3221/IGF-ESIS.71.23 
 

329 
 
 

[17] Gadgihalli, V., Y.R, M., Chandana., Dinakar, P.H. (2017). Analysis of properties of concrete using sheep wool dipping 
in salt water as fibre reinforcement admixture, International Journal of Research -Granthaalayah, 5(11), pp. 57–59. 
DOI: 10.29121/granthaalayah.v5.i11.2017.2328. 

[18] Gellert, R. (2010). 8 - Inorganic mineral materials for insulation in buildings **This chapter is dedicated to Dr Walter 
F. Cammerer on the occasion of his 90th birthday., In: Hall, M.R.B.T.-M. for E.E. and T.C. in B. ed., Woodhead 
Publishing Series in Energy, Woodhead Publishing, pp. 193–228. 

[19] Glavind, M. (2009). 5 - Sustainability of cement, concrete and cement replacement materials in construction., In: 
Khatib, J.M.B.T.-S. of C.M. ed., Woodhead Publishing Series in Civil and Structural Engineering, Woodhead 
Publishing, pp. 120–147. 

[20] Hanselmann, W., Windhab, E. (1998). Flow characteristics and modelling of foam generation in a continuous 
rotor/stator mixer, J Food Eng, 38(4), pp. 393–405. DOI: 10.1016/S0260-8774(98)00129-0. 

[21] Kayali, O., Haque, M.N., Zhu, B. (2003). Some characteristics of high strength fiber reinforced lightweight aggregate 
concrete, Cem Concr Compos, 25(2), pp. 207–213. DOI: 10.1016/S0958-9465(02)00016-1. 

[22] Maia Pederneiras, C., Veiga, R., de Brito, J. (2019). Rendering Mortars Reinforced with Natural Sheep’s Wool Fibers, 
Materials, 12(22). DOI: 10.3390/ma12223648. 

[23] Monteiro, P.J.M., Miller, S.A., Horvath, A. (2017). Towards sustainable concrete, Nat Mater, 16(7), pp. 698–699. 
DOI: 10.1038/nmat4930. 

[24] Sang, G., Zhu, Y., Yang, G., Zhang, H. (2015). Preparation and characterization of high porosity cement-based foam 
material, Constr Build Mater, 91, pp. 133–137. DOI: 10.1016/J.CONBUILDMAT.2015.05.032. 

[25] Yuanliang, X., Baoliang, L., Chun, C., Yamei, Z. (2021). Properties of foamed concrete with Ca(OH)2 as foam 
stabilizer, Cem Concr Compos, 118, p. 103985. DOI: 10.1016/J.CEMCONCOMP.2021.103985. 

  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


