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Abstract: Fiber-cement building products are increasingly used in construction. They are used as 

building and finishing material for facades, internal walls and roofs. Numerous advantages such as 

relatively low weight, low absorbability and relatively high strength allow to use these materials in 

bulky constructions and in buildings which are commonly considered tall. Safety reasons, however, 

point to the need to control the condition of materials used to erect such structures. It is also in line 

with the more and more widely implemented concept of monitoring the state of the structure and its 

components over their entire period of use (SHM). The article presents the results of experimental 

tests on flexural strength of cement-fiber boards in an air-dry state, which have been soaked in water 

for 24 hours and subjected to high temperature. The paper also presents a possibility to use a 

non-invasive method of acoustic emission and wavelet analysis for testing cement boards reinforced 

with cellulose fibers. Obtained results allow to track the change of mechanical parameters in boards 

subjected to environmental and exceptional factors. These results also confirm the applicability of 

the presented methods as instruments for observing the condition of the panels used. 
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1. Introduction 

Currently, fiber-cement boards are considered to be attractive and reliable facade cladding. In 

the 70's and 80's of the previous century, asbestos was used for the production of fiber and cement. 

No one realized at that time that in several dozen years it would have to be eliminated and removed 

from the roofs. Today, when we talk about fiber-cement, hardly anyone associates it with old 
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asbestos-cement boards, commonly referred to as Eternit. In the production process, asbestos has 

been replaced by other, completely harmless materials, and the appearance of fiber-cement in no way 

resembles those not too pleasant, wavy boards. The material is still gaining popularity and it is used 

both in single-family housing and in the construction of public facilities. It is now widely known as a 

roofing material, but also more and more frequently used on building facades [1–5]. 

The fiber-cement is made of Portland cement and synthetic cellulose fibers. Cement accounts 

for 90% of the production mix and is necessary for the proper binding of the material and its ultimate 

durability. Cellulose make up for 10% of the fiber-cement. It is a gap filler and an additive that 

provides the appropriate volume of the liquid in the binding stage [6]. It also increases the density of 

the product. To improve the appearance and flexibility of fiber-cement boards chalk is added to the 

mixture. The technology of production of fiber-cement materials consists in overlapping successive 

thin layers of the mixture, which are strongly pressed together before the process of slow curing. The 

result is very high strength of the fiber-cement [7–9]. 

Cement-fiber boards are building materials intended mainly for light and ventilated facades, 

both in single-family houses and large-size public utility buildings. Fiber-cement boards can also be 

used for finishing attics, window elements, eaves and balconies. The material is recommended for 

use not only in newly-built facilities, but also in the process of renovation of existing buildings. 

Fiber-cement elements are characterized by a resistance to moisture and a very high pH level, 

which ensures protection against mold growth. The robust construction of the building board means 

that they also demonstrate very high mechanical strength and maintain their original shape despite 

changing weather conditions. It is also worth noting that the boards provide very good acoustic 

insulation. Moreover, the layer of fiber-cement boards greatly improves the energy properties of the 

building, which is why they are willingly used in passive construction. 

The installation of fiber-cement boards consists in attaching them to an aluminum profile using 

special gouging, which ensures stability of the boards even during strong wind. Facade panels can be 

delivered cut to the right size, ready for installation, or can be cut at the construction site using 

standard building tools, according to the instructions given by the manufacturer. 

In the literature of the subject one can find the results of a number of studies regarding both 

mechanical and physical properties as well as the microstructure of materials produced from 

fiber-cement. One can draw the following conclusions from them [10]: 

 wood pulp, cellulose fibers and sisal threads are the most commonly used form of fibers for 

the preparation of cement-fiber composites [11–13]; 

 to obtain cement-fiber elements of the required mechanical strength, it is necessary to 

properly distribute the fibers in the matrix. This fact is conditioned by the production methods, which 

mainly consist of varieties of the traditional Hatscheck method [14,15]; 

 due to the fact that cement-fiber composites are produced as thin panels of large surfaces, the 

most recommended method of mechanical testing is bending in a beam-supported pattern in 3 or 4 

points; 

 various processing methods can be used to improve the durability of cement-cellulosic 

composites: Using pozzolanic additives (directly incorporated into the cement mass or applied to 

fibers) and/or curing in a CO2 atmosphere. 

In the research of cementitious materials reinforced with cellulose fibers, acoustic methods 

(ultrasonic, acoustic emission) are also used [16–23]. Observations have also been made with the use 

of X-ray microtomography [24,25]. 
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Because of a wide use of fiber-cement materials in construction, including the construction of 

large-size and high-rise buildings, it is considered appropriate to find a method that will allow to control 

and monitor these elements in the real state. This is justified, first of all, by security reasons and the 

broadly understood subject of monitoring a construction throughout its existence (SHM) [26–38]. 

2. Materials and methods 

2.1. Materials 

The studies have been carried out on three types of fiber-cement materials marked with the 

letters BD, BS and BB. The elements for testing were cut from a cement-fiber board of 3.1 × 1.25 m. 

The dimensions of the elements tested were 300 × 50 × 8 mm. Each series consisted of 5 samples. 

The boards marked with symbols BD were in a natural state [6]. The BS designation indicates that 

the boards were subjected to water for 24 hours immediately before the test, while BB samples were 

placed in a laboratory furnace for 3 hours and fired at 230 ℃. 

The boards consist of the following components: 

 Portland cement, 

 mineral binders, 

 organic reinforcing fibers (about 6%), 

 admixtures. 

The boards are traditionally produced using a Hatschek machine, compressed and air dried 

[1,6,16,22].  

Technical data of tested boards is presented in Table 1. 

Table 1. Technical data of the tested board. 

Parameter Conditions Standard Value Unit 

Density Dry condition EN 12467 > 1,65 g/cm
3
 

Flexural strength Perpendicular EN 12467 24,0 N/mm
2
 

 Parallel EN 12467 18,5 N/mm
2
 

Modulus of elasticity  EN 12467 12 000 N/mm
2
 

Stretching at humidity 30–95%  1,0 mm/m 

Porosity 0–100%  > 18 % 

Bending tests were carried out in a free-supported beam scheme loaded with concentrated force 

in the middle of the span (Figure 1). The loading speed was 0.1 mm/min. Using the Vallen software, 

the acoustic emission (AE) parameters were recorded during the tests. 
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Figure 1. Test stand with a test sample. 

2.2. Methods 

The main task of the measurement system is to detect, record, filter and analyze signals 

generated by AE sources. The basic measurement system of the acoustic emission method to 

assess the condition of fiber-cement elements consists of sensors, preamplifiers, and a recording 

processor along with analyzing programs [24,39,40]. The diagram of the AE measurement 

system is shown in Figure 2. 

 
Figure 2. Diagram of the AE measuring system. 



2222 

Mathematical Biosciences and Engineering  Volume 17, Issue 3, 2218–2235. 

 

Figure 3. AE process chain. 

During the analysis of individual stages of the measurement (Figures 2 and 3), the waves 

generated by the damage are recorded by means of acoustic emission sensors—converters changing 

the elastic wave into an electrical signal. There is a whole range of sensors that differ in their size 

and purpose, fixed to the tested surfaces using magnetic, glued or other holders, which guarantee the 

adhesion of sensors to the tested structure. 

For the testing of cement-fiber boards, broadband sensors with a measuring range of 30–450 kHz 

are used [41–43]. 

Not a less important element that guarantees the correctness of the measurement is good 

coupling of the sensor with the tested surface. This is achieved by lubricating the surface and sensor 

to be tested, e.g. with silicone grease, technical vaseline or other coupling agent. 

In the case of cement-fiber boards, the AE signals generated by the damage are too weak to be 

detected, hence preamplifiers are used to amplify the signals recorded by the sensors before further 

processing. A typical amplification range varies from 40 to 60 dB [6,44]. 

The planned system for assessing the condition of the boards consists in arranging several 

sensors (Figure 4a) and the location of the wave source over the entire tested element by comparing 

the time of the arrival of the signals to the sensors using a technique of triangulation. 

Signals recorded in this way will allow to locate the boards in which the generated descriptors 

reach the highest values (Figure 4b). In the next step, the tests will be carried out on these elements. 

During the tests, both typical parameters of AE signals will be analyzed (e.g. amplitude, signal 

energy, duration of signals) and frequencies in which they appear. 
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Figure 4. Scheme of the distribution of measuring points (a) on the entire tested element; 

(b) on individual boards. 

The tests carried out so far in laboratory conditions, whose results are presented in the next item, 

confirm the applicability of the indicated method as the basis of the proposed system. In the near 

future, it is planned to transfer it to elements with real dimensions. 

As a basic tool for data analysis in the Vallen programs examining the sound emission data, 

whose processor is used for the study in question, Fourier transform and wavelet analysis have been 

used. 

A fast Fourier transform is a total transformation of time series consisting in the transition from 

the time domain to the frequency domain, which distributes a given time series into periodic 

functions in such a way that their convolution gives a primitive function. As a result of using FFT, 

we get information about the power of oscillation as a function of the period—we lose data when a 

given change occurred. The disadvantage of the Fourier transform is the fact that it is only suitable 

for studying stationary series [37,38]. 

A wavelet transform is a transformation similar to the Fourier transform, but it is ideal for 

studying non-stationary series. It is based on dividing the signal into smaller parts, and then 

comparing them with the scaled and shifted version of the basic wavelet. As a result of using a 

continuous wavelet transform, we obtain results on the time-scale plane, therefore an important issue 

when analyzing time series by this method is to recalculate the obtained scale to the corresponding 

frequency. The wavelet transform has become an alternative to the Fourier transform, because it does 

not lose the character of the tested series (it is suitable for analyzing non-stationary signals). In 

addition, it allows to compress images or denoise signals without any degradation. 

The most characteristic feature of the wavelet transform is that individual wavelet functions are 

well located in time (or space—for images) and at the same time well describe the signal in the 

frequency domain, strictly speaking, the so-called scale. In addition, unlike the sine and cosine 

functions that define the unique Fourier transform, there is no single, unique set of wavelet base 



2224 

Mathematical Biosciences and Engineering  Volume 17, Issue 3, 2218–2235. 

functions. The wavelets differ in the compactness of the time location and the smoothness and 

softness of the shapes. The resulting ability of wavelets to describe signals with "discontinuities", 

with a limited number of coefficients and with location in time, determines its superiority over the 

Fourier transform. 

It is believed that the tool, which is the wavelet analysis, will allow to trace the frequencies in 

which the mechanical parameters of the cement-fiber materials tested change. 

3. Results and discussion 

A number of registered AE parameters have been analyzed using the Vallen Visual AE program. 

The characteristics are shown in Tables 2–4. 

Table 2. Characteristics of acoustic emission for BD series samples [45]. 

Sample designation BD1 BD2 BD3 BD4 BD5 
Arithmetic 

average 

Standard 

deviation 

Fmax [kN] 0.261 0.261 0.255 0.274 0.258 0.262 0.007 

Maximum number of AE 

counts 
306 526 572 462 394 452 105.660 

Maximal energy of AE 

events [eu] 
1494525 1094933 1260601 985412 1014256 1169945.4 210647.205 

Table 3. Characteristics of acoustic emission for BS series samples. 

Sample designation BS1 BS2 BS3 BS4 BS5 
Arithmetic 

average 

Standard 

deviation 

Fmax [kN] 0.267 0.283 0.212 0.255 0.225 0.248 0.029 

Maximum number 

of AE counts 
432 445 655 572 498 520.4 93.249 

Maximal energy of 

AE events [eu] 
1283850 1456454 15923489 1015486 1174162 4170688.2 5878157.856 

Table 4. Characteristics of acoustic emission for BB series samples. 

Sample designation BB1 BB2 BB3 BB4 BB5 
Arithmetic 

average 

Standard 

deviation 

Fmax [kN] 0.117 0.166 0.158 0.188 0.105 0.147 0.035 

Maximum number of AE counts 105 127 96 86 112 105.2 15.611 

Maximal energy of AE events [eu] 684918 688215 79880 446273 597416 499340.4 254211.850 

Figures 5–7 show examples of energy records of events as a function of time and number of 

counts over time. 

Analyzing these figures, one can observe differences in the processes of destruction of 

individual samples. The values of the descriptors achieved when reaching the maximum force value 

differ from each other. In the presented scale, the acoustic activity before reaching the maximum 
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force for dry samples and ones soaked in water is practically null. 

 

Figure 5. Graphical representation of registered AE parameters for one exemplary 

sample of the BD series (a) recording energy of signals in time with the load increase; (b) 

record of the number of counts over time. 
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Figure 6. Graphical representation of registered AE parameters for one exemplary 

sample of the BS series (a) recording energy of signals in time with the load increase; (b) 

record of the number of counts over time. 
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Figure 7. Graphical representation of registered AE parameters for one exemplary 

sample of the BB series (a) recording energy of signals in time with the load increase; (b) 

record of the number of counts over time. 
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Figure 8. Scaled graph of the number of counts in time for an example sample of the BD 

series before reaching the maximum force value. 

 

Figure 9. Scaled graph of the number of counts in time for an example sample of the BS 

series before reaching the maximum force value. 

Only when the axis scale of the analyzed descriptor is increased before the moment of 

destruction (Figures 8 and 9) , differences can be seen. To this end, the graphs of the course of counts 

in time have been analyzed. It can be clearly observed that in the case of elements of the BD and BS 
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series, the counts achieved do not actually exceed a dozen or so before reaching the maximum 

strength level (only for the BD series). In addition, it can be stated that these values reach only a few 

events. Another situation has occurred in the case of the BB series sample—the majority of events 

before reaching Fmax exceed the number 20. The graph's course is dynamic throughout the analyzed 

period of time. 

It is assumed that the microstructure of the tested elements has an impact on the nature of 

registered descriptors, which depends on the type of factors acting on the material. In the case of 

boards of the BD and BS series, the sample was destroyed due to exceeding the bending stress. In the 

analyzed waveforms, signals generated by pulling out fibers from the matrix and breaking the fibers 

can be observed. It is believed that a similar pattern of destruction of the analyzed samples of two 

series results from the fact that the material is resistant to water, and, therefore, the microstructures of 

both elements do not differ from each other. 

In the case of the BB group, a high level of acoustic activity is observed before the moment 

of destruction. It is believed that this phenomenon is connected with fragile cracking of the 

matrix. When burned samples are destroyed, there is also a dramatic increase in registered 

descriptors. The material is destroyed due to exceeding the shear stress. The obtained results 

have been confirmed by microscopic observations [46]. It has been found that the fibers degraded 

as a result of high temperature. 

However, the maximum value of the number of counts—on a similar level for elements from 

BD and BS series, is connected with the fact of breaking the reinforcement. Significantly lower level 

of counts at the moment of rupture for BB series boards is the result of gradual cracking of the 

matrix in the entire analyzed course up to the fragile fracture of the element. 

Thanks to the conducted research, it has been possible to observe clear differences in the work 

of reinforced composites and the damaged fiber structure. 

 

Figure 10. Graph of amplitude and frequency dependence for the sample signal from the 

BD series. 

Using the Vallen Wavelet tool, which is a part of the Vallen AMSY-5 software, sample graphs of 

the frequency spectrum of the signal for the exemplary board BD series (Figure 10), BS (Figure 11) 

and the BB series (Figure 12) have been determined before the destruction [45]. Analyzing the 

presented graphs, one can observe that for the BD series sample the frequency range is between 0 

and 700 kHz, and the peak amplitudes occur for frequencies in the range of 150–350 kHz. Analyzing 

the example chart for the element from the BS series, it is evident that the frequencies occurring are 

in the range of 0–700 kHz (although from 300 kHz their course reaches negligible amplitude values), 
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and the maximum amplitudes are achieved in the frequency range 50–150 kHz. In both cases, the 

entire frequency spectrum has been considered to be triggered by breaking the fibers. For the BB 

series sample, the frequency operation area is much narrower and amounts to 0–100 kHz. For the 

visible frequency range, the spectral characteristics are almost flat. It has been qualified as a form of 

events caused by fragile matrix cracking. 

 

Figure 11. Graph of amplitude and frequency dependence for the sample signal from the 

BS series. 

 

Figure 12. Graph of amplitude and frequency dependence for the sample signal from the 

BB series. 

Using the aforementioned wavelet analysis module, spectrograms of the spectrum power 

density of the sample from the BD (Figure 13), BS (Figure 14) and the BB series (Figure 15) have 

also been determined. Analyzing the spectrograms, it is visible that in the case of the BD and BS 

series boards, the analyzed structures are distinguished by significant dynamics of the course over 

time. Clear delamination is also visible. Both of these properties have been related to cracking and 

plucking of reinforcement in the tested samples and gradual crack formation in the tensile zone of the 

analyzed elements. 

For the samples from the BB series, the structures run evenly in the analyzed time. They also do 

not achieve significant frequency values. They have been associated with the gradual cracking of the 

fragile matrix of the samples. 
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Figure 13. Power spectral density of AE signals generated during the bending of an 

exemplary sample of a series of BD. 

 

Figure 14. Power spectral density of AE signals generated during the bending of an 

exemplary sample of a series of BS. 

 

Figure 15. Power spectral density of AE signals generated during the bending of an 

exemplary sample of a series of BB. 
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4. Conclusion 

A number of advantages of fiber-cement products accounts for the ever wider use of these 

materials in the production of new constructions and renovations of those already in use. A modern 

form and relative ease of assembly contribute to an increasing use of this material in projects of all 

types of buildings, both residential and public, including large-size and high-rise buildings. It should 

be noted, however, that one of the most important issues related to any construction project is 

construction safety. Ensuring this security requires, among other things, the control of a resulting 

object and its components during operation. It has been stated that an acoustic emission method may 

be an appropriate tool for such control of boards. 

The article presents a proposal for applying the acoustic emission method based on the wavelet 

analysis as a tool for assessing the state of cement-fiber boards. The essentials of the system based on 

the indicated tools are also presented. The obtained results allowed to capture differences in the 

course of processes of destruction of materials with complete microstructure and with degraded fiber 

structure. Differences have been found in both the characteristics of registered AE parameters and 

frequency bands preceding the moment of sample destruction. The results presented differ in order of 

magnitude. It has been noted that the action of water does not significantly change the characteristics 

of AE. Clear differences have also been found in relation to the mechanical parameters of dry and 

fired samples—mainly the transmitted force, and the close relationship between them and the 

recorded descriptors has been confirmed. Therefore, it is believed that the presented system can be 

used to control the condition of fiber elements with a cement matrix, especially in cases of high 

temperatures caused by, for instance, fire or in the case of suspected degradation of fibers or 

manufacturing errors due to, for example, errors in the production process.The authors argue that the 

method of acoustic emission may prove particularly useful in the case of large-size pores in the 

structure of materials. 
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