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Abstract  The selected waste glass powder is used in the present paper as a partial replacement for cement in order to 

enhance concrete performances. The waste glass powder is obtained using some specific engineering technics, which 

includes the recovery of some samples of varied glass waste, cleaning, grinding, and pulverisation. The waste glass powder 

found has as size closed to 75𝜇m, which is nearly equal to that obtained for the local Porland cement grain particle. These 

fines glasses are then progressively substituted in concrete samples as a partial replacement of cement at certain percentages, 

namely 0%, 5%, 10%, and 15%. In order to know the chemical constitutions of the waste glasses powder obtained here, the 

Fourier transform infrared spectrometer, as well as the chemical (XRF analysis) are performed. Some tests are then 

conducted on samples created, both in the fresh and hardened states. These tests include: the Abrams cone slump test, the 

density measurement for fresh concrete, the hardened concrete bending, the compression, and water absorption tests. For 

hardened concrete, the cubic specimens of 40 × 40 × 40 mm3 are used to estimate compressive strength for each sample and 

those of 40 × 40 × 160 mm3 to assess flexural strength. As results, we found as subsidence 150mm, 152mm, 155mm, and 

157mm, respectively, for 0%, 5%, 10% and 15% of selected waste glass powder from the slump test. The specific density 

yields 2211.34 kg/m3; 2224.20 kg/m3; 2186.24 kg/m3; and 2181.54 kg/m3 for concretes containing 0%, 5%, 10%, and 15% of 

glass powder, respectively. For hardened concrete, the substitution rate of 10% is found to be the adequate amount of 

replacement for getting an enhanced concrete in terms of mechanical resistance, density and water absorption rate.  

Keywords  Waste glass powder, Concrete, Fourier transform infrared spectrometer, X-ray fluorescence 

 

1. Introduction 

In constructions and structures engineering, concrete is  

the most often used material. It is made with a mixture of 

cement paste and aggregates; this is why it is necessary to 

know the quantity and mixing of the various components 

which are the crucial phases in the production of concrete [1]. 

It has been proved that cement serves as the binding agent for 

other composition elements, and it occupies 7% to 15% as 

rate in the concrete matrix, meaning that cement is a crucial  
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component [2]. Let us mention that the concrete invented by 

the British engineer John Smeaton in 1756 is composed of 

cement or hydraulic binder, sand, and aggregate. In order to 

have increasingly resistant concrete and also less pollutant, 

certain materials in the forms of powders were partially 

added in the concrete to replace cement [2,3]. To name just a 

few, the substitution of Portland cement with pozzolanic 

effect waste, such as fly ash and silica fume has been the 

subject of much investigation, while in the works shown in 

[2,6,7], glass powder are used to partially substitute cement 

in concrete. 

Particularly in Cameroon, glass materials are increasingly 

used for packaging in industries [3], and they are continually 

accumulating in nature and landfills due to their 

non-biodegradability, or ability to resist perishability for an 
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extended period of time, they pose an environmental risk. 

This continuous and persistent build up might thus have a 

strong detrimental influence on ecosystem [21]. It is crucial 

to find adequate solution for environmental concern, and 

also to develop an appropriate technique to reuse the glass 

trash. Glass might be recycled in concrete due to its raw 

material, particularly sand [21-23]. Global glass production 

reached 140 million tonnes in 2016, of which 72 million 

tonnes were flat glass. Of this amount, 50% was produced in 

China, followed by 15% in Europe, 10% in North America,  

7% in Southeast Asia, 5% in Japan, and 4% in South 

America. In contrast, in 2010, out of a total production of 56 

million tonnes, low-grade flat glass (primarily in China) 

made up 20 million tonnes, drawn glass made up 1 million 

tonnes, and laminated glass made up 2 million tonnes [4]. 

Recycling glass trash could have both economic and 

environmental benefits along with increasing glass recycling, 

other factors that help address the key environmental 

problems associated with solid waste management include 

the use of cullet as a raw material addition, which enables 

glass companies to consume less energy and emit fewer 

greenhouse gases, and the reduction of greenhouse gas 

emissions [5]. 

Glass scrap from various sources may be gathered and 

repurposed in the cement and concrete manufacturing 

industry. Through the substitution of aggregates, cement, 

and cementitious admixtures, it is probable that several 

recovery channels will open up, providing the construction 

sector with practical answers for taking part in sustainable 

growth. Glass is mostly made of silica, thus using it as a 

partial substitute for cement in concrete might be an 

environmentally friendly technical-economical answer. 

Numerous studies have been conducted to determine the 

ideal amount of recycled glass that may be used to partially 

replace cement in concrete. According to works shown    

in [2,6,7], the ideal ratio of glass powder that can be 

substituted of cement is 10%, in order to retain mechanical 

strength. However in [8,9,10] it was proved that 15% of 

glass powder is the ideal content. Furthermore, it was 

determined by [11,12] that 20% of waste glass is the   

ideal amount to add to concrete in order to increase its 

performance. [13] found that glass powder may substitute 

cement up to 20% of the time without compromising the 

concrete's flexural and tensile strength. [14]. It is then 

obvious that the adequate rate for the glass-wastes powder 

that can be substituted to cement in concrete is variable, and 

may be function of the chemical constituents of wastes and 

the location where experiments are conducted. This is what 

motivated us to use recycled glass powder in order to create 

a more durable and lightweight concrete, with a particular 

attention carried on the characterising of various samples of 

recycled glass powder beforehand using FTRI and FRX to 

see their chemical constitution.  

Let us mention that the manufacturing of glass could be 

achieved by melting the combination of sodium carbonate, 

silica, limestone (CaCO3) and dolomite (Ca Mg(CO3)2), 

while some specific characteristics of glass like its colour 

can be achieved by using a special additive (see [15] and 

references therein). There are a lot of variety of glasses all 

over the world, depending on the rate of glass constitutes, 

the place and industry where glasses are made. This is why 

as outlined above, the ideal amount of recycled glass that 

may be used to partially replace cement in concrete, leading 

to better mechanical characteristics, varies from one 

experiment to other, which is probably due to the nature of 

sand, the rate of constitutes of cement, as well as the place 

where experiments are conducted, which are variable. The 

most recent works of G. M. Sadiqul Islam et al in 2017 [16], 

of S.P. Kanniyappan and T. Muthukumaran in 2018 [17], as 

well as the work of Daban A. Muhedin and Rahel K. 

Ibrahim in 2023 [18], which have studied the effects of 

waste glass powder as partial replacement of cement and 

sand in concrete prove that the works on the topic are still 

opened and deserve a particular attention. This is what 

motivated us to carry an emphasis on the use of glass 

powder as partial replacement of cement, with a particular 

attention carried on glass waste and sand over the city of 

Douala Cameroon, which is new in the context of 

engineering science. Thus the paper is organized as follows: 

In section 2, we present the material and methods, among 

which we present the technics to obtain the glass powder 

from glass waste, then we present the cement, as well    

as tests necessary to seek mechanical characteristics. 

Following in section 3 by the presentation of results and the 

discussions provided. 

2. Material and Methods 

2.1. Materials Used in the Study 

The materials used here are: waste glass powder, the 

ordinary Portland cement, sand, gravel and tap water. 

2.1.1. Waste Glass Powder 

2.1.1.1. Process of Obtaining Glass Powder 

In this subsection, the description of the full procedure  

of acquiring the samples of various materials analysed is 

done, specifically the samples of recycled glass powder. 

This sampling was done as follows  

-  The glass samples were collected from the various 

landfills of Douala, city of Cameroon, as well as in 

nature, with the aim to gather as many glass samples 

as possible to make the study more efficiency. Figure 1 

(a) shows an example of some samples glasses 

collected containing beer and wine bottles. 

-  Then a simple cleaning of all the collected samples 

was done with the sponge and clean water, after which 

it follow the crushing process, which is most necessary, 

and which will facilitate the grinding process. Figure 

1(b) shows samples of crushed glass found in the 

laboratory. 
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Figure 1.  (a): Waste glass collected, (b): Manually crushed glass bottles 

 

Figure 2.  Crushed and sieved glass powder waste 

 

Figure 3.  Spray equipment. (a) Tray, (b): Crusher, (c): Powder found after spraying 

-  The grinding of the diverse recycled glass samples 

collected, cleaned, and crushed is done with a grinder 

and allowed to get glass particles with granularities 

ranging from more than 125 mm to less than 0.063 mm. 

Although sifting will help to produce finer samples, it 

should be noted that the sieving procedure is not 

required because the same results may be obtained by 

just heating and spraying. This grinding is done in the 

mechanics laboratory of the advanced teacher’s training 

college of the technical education of the University of 

Douala, Cameroon. 

-  Next the grinding process of the above crushed glasses 

samples was done, and this with a grinder belonging  

to the laboratory of mechanics of the advanced teacher 

training college of the technical education, of the 

university of Douala, Cameroon, allowing thus to get 

glass particles with granularities ranging from 0.063 

mm to 125 mm. Figure 2 shows some samples of glass 

powder obtained. 

-  The obtained glass powder samples are heated to 

temperatures above 100°C to allow careful drying of 

the samples before sieving. 

- Then in order to reduce the glass samples to extremely 

small particles, with sizes nearly equal to that of cement, 

that is at the order of 75μm, the spraying process is 

performed by using a vibratory compactor as shown in 

Figure 3 (a and b.), which was done at the private 

laboratory of the Cameroonian business Bocom Petroleum 

in Douala Bonaberie. 
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2.1.1.2. Chemical Constituents of the Glass, Sand and 

Cement Powders: FTIR Analysis  

In order to determine the chemical constituents of various 

samples of glass waste powder found and to compare with 

that of sand and cement powders, the FTIR analysis is 

performed in order to know whether glass powders can be 

used to partially substitute cements or not, following the 

process used in [28]. Tables (A1 and A2) of the Appendix A 

show infrared absorption bands characteristic usually found 

for both anhydrous and hydrated cement [29]. Following  

this technics, the FTIR analyses were performed here and  

Fig. (B1(from a to s)) of the Appendix B was plotted,     

for samples labelled from 1, to 16, which are combined    

as plotted in Fig.7, with its zooming inside it for the wave 

numbers belonging to  850;  1300 𝑐𝑚−1 , from where the 

following chemical constituents are detected. 

• Silica detection: 

-  All curves of Fig.7 pass through simple characteristic 

IRTF bands of 950 𝑐𝑚−1, and 1030 𝑐𝑚−1 which would 

reflect the detection of silica in all the analysed samples. 

-  The characteristic triple IRTF bands are observed at 

(1080 cm-1, 780 cm-1, 470 cm-1); and (1140 cm-1, 810 

cm-1, 480 cm-1); which once again reflect the presence 

of silica in all the samples. 

• Calcium detection: 

All curves of Fig.4 pass through the simple characteristic 

IRTF band of 3640 𝑐𝑚−1, with the characteristic double 

IRTF bands are observed at (3642 cm-1, 1633 cm-1); and 

(1145 cm-1 - 1120 cm-1, 670 cm-1 – 600 cm-1); which once 

again would reflect the presence of the element calcium, 

which would reflect the detection of calcium. Finally, the 

characteristic triple FTIR bands are observed (1460 cm-1, 

875 cm-1, 710 cm-1); which would again reflect the presence 

of the calcium element.  

The bold FTIR curve in bold green colour of Fig.4, 

corresponds to cement (Ech 16), the bold FTIR curve in blue 

corresponds to the sand powder (Ech 15), and the bold FTIR 

curve in black represents the first sample of recycled glass 

powder (Ech 1), and the others at the bottom represent. The 

curves are for glass powders (From Ech 2 to Ech 15). It is 

obvious that the sample of recycled glass powder closest to 

the cement is sample 1, thus the sample 1 is the adequate 

sample in the case of a cementitious replacement of this 

recycled glass powder in concrete. 

 

Figure 4.  FTIR curves of samples analyzed 

 

Figure 5.  Particle size curves of sand and gravel used 
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2.1.1.3. Chemical Composition of the Glass Powders: FRX 

Analysis 

This analysis is performed in order to accurately obtain all 

chemical composition of the glass waste powder samples. 

The chemical elements found are summarized in Table A3  

(a and b) of the appendix A. 

2.1.2. Aggregates 

The sand used is that of Sanaga river in the Littoral Region 

of the Wouri division, widely used for the construction of 

buildings. While the gravel used is from the Logbadjeck 

quarry in Cameroon, Figure 5 shows the granular distribution 

of the sand and gravel used. 

2.1.3. Cement  

The cement used for this research work is the gray 

Porland 42.5 produced by CIMAF. 

2.2. Preparation of Test Specimens 

2.2.1. Fresh Test Specimen 

The Dreux Gorisse formulation [30] is chosen here, even 

though it is not suitable since it doesn’t take into account the 

additions, which are nevertheless fundamental constituents 

of the desired concrete. Only waste glass particles of varied 

chemical composition change in the other combinations but 

are set at 10%, while the W/C ratio is set at 0.483 for all 

tested concretes. Table 1 summarizes the compositions of 

various concretes. 

According to the results of the various formulations,   

the quantities of aggregates are same for all formulations, 

although that of cement varies according to the quantity of 

selected waste glass powder to be substituted, and the glass 

powder-containing concretes use more water than the control 

concrete. This may be because of the rise in the surface of  

the glass powder, as well as the angular shape of the glass 

particles [31]. For mechanical characterizations, 60 samples 

are made as shown in Fig.6, for each 0%, 5%, 10% and 15% 

of SWGP concretes. 

 

Figure 6.  Test specimens produced 

Table 1.  Concrete composition by unit volume and weight 

Components 

(Mass in Kg) 
Cement 

Glass 

powder 
Sand Gravel Water 

Aggregates 

(Sand + Gravel) 

W/C 

(Water/Cement) 

W/A 

(Water/Aggregate) 

Control 

concrete 
1,898 / 2,048 6,889 1,106 8,937 0,582 0,123 

5% SWGP 

concrete 
1,803 0,094 2,048 6,889 1,106 8,937 0,613 0,123 

10% SWGP 

concrete 
1,703 0,189 2,048 6,889 1,106 8,937 0,613 0,123 

15% SWGP 

concrete 
1,613 0,284 2,048 6,889 1,106 8,937 0,613 0,123 

 

2.2.2. Mechanical Properties 

The mechanical properties of concrete specimens are 

found by using the simple compression and flexural three 

points. 

2.2.2.1 Compression Test  

The compressive strength of all specimens was measured 

when the specimens are crushed after periods of 7 days,   

14 days and 28 days. The test thus consists of subjecting  

the concrete specimen to a continuous and progressive load 

using an electro-hydraulic press until it is crushed. 

Compressive strength is the ratio between the breaking load 

and the cross section of the specimen. Designating by      

S (𝑚𝑚2) the area of the parallelepiped specimen and by     

F (N) the maximum load that it supports until rupture.    

The compressive strength expressed in (Mpa) is therefore 

 Rc = Fc / S. (1) 

2.2.3. Three-Point Flexural Test  

Flexural strength tests are carried out on concrete 

specimens of dimensions 160 × 40 × 40 𝑚𝑚3  using a 

mechanical press as shown in Figure 7. The test piece is 

placed on two metal rods spaced 50 mm apart on the lower 

platen of the machine; A third rod, on which pressure will be 

exerted, is then placed above the test tube. The maximum 

flexural stress 𝜎𝑚𝑎𝑥  (MPa) due to bending is calculated by 

using the following equation: 
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 𝜎𝑚𝑎𝑥 =
3

2
 
𝐿𝐹𝑚𝑎𝑥

𝑏𝑒2  ,  (2) 

where 𝐹𝑚𝑎𝑥  (N) is the breaking force. While L (mm), b (mm) 

and e (mm) are the length, the width and the thickness of the 

concrete specimen, respectively. 

 

Figure 7.  Flexural test apparatus 

2.2.4. Water Absorption  

Water absorption by immersion is the result of capillary 

movements in the pores of the concrete specimen opened to 

the surrounding environment. The operations are carried 

here out as follows: 

-  Submerge concrete specimens in a tank of water for   

at least 48 hours or until a constant wet mass, and weigh 

them at the nearest gram, the resulting concrete 

specimens being carefully wiped with a cloth absorbing 

all surface water. 

-  Then dry the wet concrete specimens for at least 72 

hours or until the mass becomes constant in a ventilated 

oven whose temperature is maintained at 105°C. 

The water absorption rate by immersion (Ta%) is 

calculated by the following relationship: 

 𝑇𝑎  % =  100 × 
(𝑚ℎ − 𝑚𝑠)

𝑚𝑠
  (3) 

where 𝑚ℎ, and 𝑚𝑠 are the constants wet and dry masses of 

the test specimen found after immersion, and after drying in 

an oven, respectively. 

3. Results and Discussions 

In this section, the results obtained from the tests described 

in the previous section are presented. 

3.1. Slump Cone Test 

The result of slump test is given in this subsection. Let us 

remember that this test measures the consistency of concrete, 

that is the behaviour of a compacted inverted cone of 

concrete, giving thus an idea about the workability condition 

of the concrete mix. The results found here allowed us to plot 

the histogram of Fig.8. As one can see the slump increases 

with the increasing of the rate of the glass powder, and this 

could be due to the pozzolanic character of the waste glass 

powder, which is perfectly in agreement with results found in 

[19,32], although the contrary results were found in [2,10]. 

 

Figure 8.  Slump of formulated concretes 

3.2. Density Determination for Fresh Concrete 

Table 2 shows the test density results for fresh concrete, 

from where it is found that the maximum density is reached 

at 10% of waste glass powder, which is 2691.36 𝑘𝑔/𝑚3, 

followed by the concrete containing 5% of selected waste 

glass powder, whose density is 2684.27 kg/m3 . This 

proves that the selected waste glass powder contributes to 

the production of heavy concrete; not suitable for the 

construction of buildings where the great need is the 

lightweight concrete, with the aim of reducing the area of 

the reinforcements, and therefore the cost of the project. 

Table 2.  Fresh Density Results 

Samples Masses in kg Volume in 𝑚3  Density 

in 𝑘𝑔/𝑚3 

0% SWGP 0.39543 1.48163 × 10−4  2668.88 

5% SWGP 0.39771 1.48163 × 10−4 2684.27 

10% SWGP 0.39876 1.48163 × 10−4 2691.36 

15% SWGP 0.39334 1.48163 × 10−4 2654.77 

3.3. Compression Results 

The results found for compression test are plotted on  

Fig 9, from where it is clear that the compressive strength  

is improved at 10% of glass powder added. This result    

is perhaps due to the fact that the powder adjusts the grain 

size of the cement, which leads to an increasing in the 

compactness of the paste (physical effect), as outlined in 

[6,7,10,12,20,31,34,35,38]. We found also that (but not 

shown here) the pozzolanic activity varies from one glass to 
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another and that green glass and white glass present 

considerable pozzolanic activities. 

 

Figure 9.  Compressive strengths at 7, 14 and 28 days for certain rate of 

glass powders  

3.4. Three-Point Flexural Test 

The curves for flexural strengths are shown in Fig. 10 for 

all bending tests performed here at 7, 14 and 28 days, 

respectively. From this figure, it is obvious that the control 

concrete (0%) has the lowest flexural strength. Meaning that 

on the contrary to what we expected, the waste glass powder 

nearly increases the flexural strengths of the concrete, and 

this could be due to the fact that the glass powder under 

consideration makes the concrete more brittle and the 

resulting materials have low resistance to flexion, which is 

well in agreement with results found in [7,9,33,34,35,36].  

 

Figure 10.  Flexural strengths at 7, 14 and 28 days for certain rate of glass 

powders 

3.5. Absorption Tests 

The absorption rate found here for 7, 14 or 28 days of 

drying at room temperature is shown in Fig. 11, from where 

one observes that the absorption rate is lowest at 10% of 

waste glass powder. This means that the addition of glass 

powder to concrete improves its absorption rate. 

 

Figure 11.  Time evolution of the absorption rate at: (a), (b): 14 days, and (c): 28 days 
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  In Fig.11 a corresponding to the 7th day of drying, one 

observes that the control concrete (0%) absorbs more 

than the selected waste glass powder-containing concrete, 

with an absorption rate of 4.942%, followed by that of 

5% of selected waste glass powder- containing 

concrete, with a rate of 4.702%, and the 10% of 

selected waste glass powder-containing concrete, with 

a rate of 4.51, agreeing thus the results found in [39]. 

  In Fig.11 b obtained for the 14th day of drying, it is 

obvious that concrete containing 15% of selected 

waste glass powder absorbs most water with an 

absorption rate of 4.186%, followed by concrete 

containing 5% selected waste glass powder, with an 

absorption rate of 4.154% which is slightly greater 

than that of the control concrete, while the concrete 

with the lowest absorption rate is the concrete 

containing 10% of selected waste glass powder with 

an absorption rate of 3.556%. 

  In Fig 11 c, the absorption results at 28 days is plotted, 

from where, it is discovered that concrete containing 

15% selected waste glass powder absorbs the most, 

with an absorption rate of 4.372%, followed by 

concrete containing 5% selected waste glass powder, 

with an absorption rate of 4.292%, while concrete 

containing 5% of selected waste glass powder, with  

an absorption rate of 3.758%.  

4. Conclusions 

The possibility of using glass powder in concrete as a 

partial substitute of cement is studied in this paper, with the 

aim of finding the adequate rate of glass powder to better 

produce concrete with the right characteristics. The glass 

powders were obtained from collected glass waste, using 

some specific techniques. In order to study the interactions 

between local CEMII 42.5 type cement (with well-known 

chemical components) and ordinary Sanaga sand, the glass 

waste and local sand were crushed separately to obtain  

fines, with a diameter of the order of 75 µm, equivalent    

to that of a cement particles, after which physical and 

chemical characterizations are investigated. The chemical 

characteristics including mineralogical analyses, through 

specifically XRF and ITRF analyses were done, allowing us 

to affirm that the chemical components of the glass powder 

vary with its colour, and for some of them, they are almost 

similar to those of the local cement and can thus be used as it 

partial substitute in concrete. In order to justify the possible 

using of glass powder as partial replacement of cement,   

via the physical and mechanical characteristics, the concrete 

meeting the standards was formulated, consisting of the 

Sanaga sand, the 5/15 gravel, the CEMII 42.5 cement from 

CIMAF, and tap water, in which the varying fraction of the 

powder of glass was introduced to substitute the similar 

volume of cement. To begin, we ensured that the aggregates 

used were clean and the granularity of the sand used was 

determined by carrying out granulometry tests. Then we 

performed experiments on concrete in both the fresh and 

hardened states in which it was substituted 0%, 5%, 10%, 

and 15% of glass powder, respectively, with that of 0% of 

glass powder chosen as the control concrete. Then the 

workability of fresh concrete was investigated by using 

slump cone test, which showed that the slump increases with 

the fraction of glass powder added. Next the fresh concrete 

was weighed and we found that the density increased with 

the rate of glass powder and reached it maximum value at 

10%, and decreased afterward. 

Then we performed physical and mechanical tests on the 

hardened concrete, by measuring compressive and flexural 

strengths as well as the absorption rate of water at 7, 14, and 

28 days. From these tests, it was obvious that the maximum 

compressive strengths as well as the lowest rate of water 

absorption were reached at 10%. However the flexural 

strength increased with the increasing of the rate of glass 

powder added. This means that the right rate which could be 

advised to engineers is 10% of glass powder. 
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Appendix A: Tables 

Table A1.  Infrared absorption bands characteristic of anhydrous cement components [29] 

Constituents 
Characteristic FTIR 

bands (cm -1) 
Interatomic bonds Shape of the bands Constituents 

Clinker 

925 

520 

νSi-O 

δSi-O-Si 

Broad and intense 

Mean 

silicates 

(C2S and C3S) 

1459 

875 

νCO 

νCO 

Variable 

Shoulder 

Calcium carbonates 

(CaCO3) 

Gypsum 

1145-1120 

670-600 

νS-O 

δS-O 

Doublet 

Doublet 

Calcium sulphates 

(CaSO4) 

3540-3400 

1685-1620 

νOH 

δOH 

Doublet or triplet 

Doublet 

Water 

( H2O ) 

calcite 

1460 

875 

710 

νCO 

νCO 

νCO 

Intense 

Fine and medium 

Weak 

Calcium carbonate 

(CaCO3) 

Dairy 950 νSi-O Broad and intense Silica (SiO2) 

Pozzolans 1030 νSi-O Broad and intense Silica (SiO2) 

Silica ash 

1080 

780 

470 

νSi-O 

νSi-O 

νSi-O 

Broad and intense 

Weak 

Mean 

Silica (SiO2) 

Sulfocalcic ash 

3642 

1633 

νOH 

νOH 

Fine 

Mean 
Ca(OH)2 

1155-1115 

680-613-600 

δS-O 

δS-O 
 

Calcium sulphates 

(CaSO4) 

1080 νSi-O  Calcined clay 

1007 νSi-O  Uncalcined clay 

800-715 

560-484 

νAl-O 

δSi-O-Si 
 clays 

1448-1418 

878 

νCO 

δCO 
 

Calcium carbonate 

(CaCO3) 

silica smoke 

1140 

810 

480 

νSi-O 

νSi-O 

νSi-O 

Broad and intense 

Mean 

Intense 

Amorphous silica 

(SiO2) 

Table A1.  Infrared absorption bands characteristic of the components of hydrated cements [29] 

Constituents 
Characteristic 

FTIR bands (cm -1 ) 
Interatomic bonds Shape of the bands Constituents 

Portlandite 

3640 ν OH Fine Ca(OH)2 

3415 

1638 

1477 

νOH 

νOH 

νOH 

Broad and intense 

Mean 

Mean 

Water 

Ettringite 
1100 

610 

δS-O 

δS-O 
 Sulphates 

Synthetic CSH 970 νSi-O Broad and intense silicates 

Table A3.a.  Chemical composition of each sample analyzed by Fluorescence X 

Samples Ech1 Ech2 Ech3 Ech4 Ech5 Ech6 Ech7 Ech8 

Ba 0,021 0,029 0,034 0,024 0,046 0,014 0,045 0,045 

Ru / / / / / / / / 

Bal 77,018 84,720 79,829 80,627 82,692 84,684 95,963 95,963 

Nb / / / / / / / / 

Zr 0,005 0,007 0,01 0,008 0,008 0,01 0,012 0,012 

Sr 0,004 0,007 0,01 0,008 0,008 0,01 0,014 0,014 
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Samples Ech1 Ech2 Ech3 Ech4 Ech5 Ech6 Ech7 Ech8 

Rb 0,002 0,002 0,002 0,002 / / 0,002 0,002 

W / / / / / / / / 

Zn / / / / / / / / 

Cu / / / / / / / / 

Fe 0,242 0,537 0,382 0,316 0,241 0,117 0,237 0,237 

Mn / / / / / / / / 

Cr 0,003 0,044 0,064 0,046 0,063 0,004 / / 

V / / / / / / / / 

Ti 0,01 0,026 0,022 0,024 0,016 0,022 / / 

Ca 6,838 6,401 6,06 6,067 5,615 5,646 3,68 3,68 

K 0,484 0,283 0,295 0,353 0,163 0,085 / / 

Si 15,36 7,923 13,272 12,506 10,648 9,393 / / 

SiO2 32,87 16,955 28,403 26,763 22,786 20,101 / / 

K2O 0,586 0,342 0,357 0,428 0,197 0,103 / / 

CaO 9,574 8,962 8,484 8,493 7,86 7,904 5,153 5,153 

TiO2 0,017 0,043 0,037 0,039 0,028 0,037 / / 

Cr2O3 0,005 0,065 0,093 0,068 0,091 0,005 0,004 0,004 

MnO 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 

Fe2O3 0,347 0,767 0,546 0,451 0,345 0,167 0,338 0,338 

Table A3.b.   Chemical composition of each sample analyzed by Fluorescence X 

Samples Ech9 Ech10 Ech11 Ech12 Ech13 Ech14 Ech15 Ech16 

Ba 0,033 0,076 0,02 0,023 0,024 / 0,039 0,042 

Ru / / / / / / / 0,003 

Bal 78,257 93,2 87,563 87,118 85,497 79,056 89,376 43,287 

Nb / / / / / / / 0,003 

Zr 0,015 0,016 0,003 0,01 0,008 0,007 0,008 0,013 

Sr 0,013 0,011 0,004 0,011 0,007 0,007 0,006 0,056 

Rb / / 0,002 / / / 0,003 / 

W / / / / / / / 0,008 

Zn / / / / / / / 0,014 

Cu / / / / / / / 0,003 

Fe 0,403 0,193 0,171 0,425 0,273 0,191 0,86 4,721 

Mn / / / / / / / 0,111 

Cr 0,009 0,006 / 0,016 0,062 0,003 0,021 0,011 

V / / / / / / / 0,022 

Ti 0,061 0,05 0,015 0,041 0,018 0,026 0,048 0,704 

Ca 6,304 4,052 5,53 5,483 5,363 5,292 0,798 35,104 

K 0,143 / 0,19 0,099 0,072 0,19 0,573 0,571 

Si 14,748 1,678 6,483 6,737 8,658 15,205 8,237 11,418 

SiO2 31,562 3,591 13,873 14,417 18,528 32,528 17,627 24,434 

K2O 0,173 0,000 0,23 0,119 0,088 0,23 0,693 0,691 

CaO 8,826 5,673 7,742 7,677 7,509 7,409 1,118 49,146 

TiO2 0,103 0,083 0,024 0,068 0,031 0,044 0,044 1,176 

Cr2O3 0,013 0,009 0,000 0,023 0,09 0,004 0,03 0,016 

MnO 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,143 

Fe2O3 0,576 0,276 0,244 0,608 0,391 0,273 1,23 6,751 
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Appendix B: Figures 

 

d. sample 1 (glass powder)        e. sample 2 (glass powder) 

 

f. sample 3 (glass powder)         g. sample 4 (glass powder) 

 

h. sample 5 (glass powder)        i. sample 6 (glass powder) 
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 j. sample 7 (glass powder)        k. sample 8 (glass powder) 

 

 l. sample 9 (glass powder)             m. sample 10 (glass powder) 

 

n. sample 11 (glass powder)        o. sample 12 (glass powder) 
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p. sample 13 (glass powder)          q. sample 14 (glass powder) 

 

r. sample 15 (sand)            s. sample 16 (Cement) 

Figure B1.  FTIR curves of each sample analysed of glass, cement and sand powders 
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