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 Alkali-silica reaction (ASR) in cement is a major contributor to failure of cement 

structures around the world, causing increased repair costs and possible rebuild expenses. Alkali 

levels are indicative of the potential for ASR and are therefore measured and quantified.  

A linear correlation relating cement alkali concentration measured by X-ray fluorescence 

spectroscopy (XRF) and peak ratio measured by Fourier transform infrared spectroscopy (FTIR) 

is developed. Regression analysis of plots correlating alkali content measured by FTIR 

absorption band (750 cm-1/923 cm-1) ratio versus equivalent alkali (Na2O)e  (%Na2O + 0.658 % 

K2O) quantified by XRF show linear correlation coefficient, R2, of 0.97. Results of this 

investigation are discussed in terms of microstructural disorder coefficient Cd which is a 

reactivity criterion for ASR-susceptible aggregates proposed by Bachiorrini [31]. XRF is a 

popular technique for alkali quantification but FTIR is faster, safer, and less expensive technique 

compared to XRF. Portable instrumentation is available for both techniques but FTIR systems 

are less expensive. 
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CHAPTER 1 

INTRODUCTION 

Concrete has become a major and necessary component in almost all areas of 

construction across the globe. What began as a Roman invention, has become a household 

product and a constituent in almost all buildings, roadways, dams and bridges of today. About 

five billion tons of concrete are used around the world each year, enough for close to one ton for 

each person per year, at a volume of about 400 liters per person [1]. The frequent requirement, 

now, for large structures to have a life expectancy of up to 100 years, combined with the rapidity 

with which projects are conceived and constructed, has increased the need for rapid, reliable, test 

methods for ensuring that aggregates for use in concrete will not cause premature deterioration 

due to alkali-aggregate reaction [2].  

Concrete is produced, in general terms, by beginning with the quarrying of limestone. 

Depending on the homogeneity of the quarry site, the chemical compositions of cement can vary. 

The quarried limestone is then crushed into smaller pieces which are then mixed with clays, 

sands and iron ore. This mixture is then ground into a homogenous powder. At this point the 

powder is heated in a kiln to around 1500°C. This forms the clinker which is then ground to a 

powder forming the common cement powder.  

A major problem in concrete structures is the alkali-silica reaction (ASR). The reaction 

causes serious damage in the form of expansion and cracking which in turn causes structural 

related damage. This damage necessitates expensive repairs and can be so detrimental as to 

require demolition.  According to Kevin Folliard et al. [3], the state of Texas has been widely 

impacted by materials-related distress in various transportation structures. This distress has been 

mainly attributed to alkali-silica reaction (ASR) and delayed ettringite formation (DEF) and has 
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been commonly referred to by the Texas Department of Transportation (TxDOT) as “premature 

concrete deterioration.” The ASR is a reaction between the silica in the aggregate and the 

alkaline solutions in the concrete. The interaction between alkali and reactive silica in the 

presence of moisture produces an alkali-silica gel which swells on the absorption of water. This 

gel varies considerably in composition, depending on the composition of the alkali pore fluids 

and probably on the nature of the particular form of reactive silica, temperature of reaction and 

concentration of reactants [4]. The main concern is that the gel-like material increases in volume 

as it absorbs water from the surrounding materials and thus creates an expansive pressure, 

generally up to 11MPa. The resulting characteristic cracking is referred to as “map cracking”. 

The gel appears in both internal cracks and within the aggregate particles themselves (Fig 1.1). 

Typically the reaction progresses slowly so that it is usually some years before expansion and 

damage to the structure become apparent [4]. Thus highlighting a need for early detection, 

specifically pre-hydration, of alkali levels. 

 
Fig. 1.1: Example of "map cracking" as seen by scanning electron microscopy. 

  

According to Folliard et al. [3], TxDOT has aggressively sought to prevent cases of this 

distress in new concrete structures. According to Berra et al. [5], the recommended methods of 

mitigating alkali content are limiting the alkali levels by reducing the cement content and 
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replacing part of the Portland cement with supplementary cementing materials such as pozzolan, 

fly ash, slag and condensed silica fume. Currently the maximum amount of alkali allowed by 

TxDOT is 4lbs per cubic yard of cement, according to Standard of Specifications for 

Construction and Maintenance of Highways, Streets and Bridges [6]. The calculations, as given 

by Standard of Specifications for Construction and Maintenance of Highways, Streets and 

Bridges [6], for this are as follows: 

 lb. alkali per cu.yd.=((lb. cement per cu.yd.)x(%Na2O equivalent in cement))/100. 

The (Na2O)e, (Na2O equivalency) is the mass percentage of Na2O in the sample. The formula 

used to determine this is (Na2O)e = Na2O + 0.658 x K2O. 

 

1.1 Problem Statement 

With limiting alkali levels considered to be an acceptable method to combat ASR and its 

related damage it is apparent that the alkali levels need to be measured. Currently the more 

common method of alkali quantification is by using X-ray fluorescence (XRF). The gel created 

from the reaction itself needs to be analyzed with an XRF system to verify the existence of the 

reaction. XRF can also be used on the pre-mixed cement powder to quantify the levels of 

alkaline materials present within the powder. XRF has proven to be an accurate method of 

quantification and there is the ability to perform this analysis in the field with the proper 

equipment (handheld devices). XRF works by passing x-rays over the object and based upon the 

wavelength and the angle of diffraction the distance between the atom layers (interplanar 

spacing) in the substance can be determined, this distance is unique to each material.   

A promising new method of alkaline quantification in cement is with the use of Fourier 

infrared spectroscopy analysis (FTIR). In infrared spectroscopy, IR radiation is passed through a 
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sample. Some of the infrared radiation is absorbed by the sample and some of it is passed 

through (transmitted), according to Introduction to Fourier Transform Infrared Spectrometry [7]. 

The spectrum of light that is absorbed by the sample is unique to each material in the substance 

thus allowing an identification and quantification of the materials in the substance. This method 

has shown potential to not only be as effective at these measurements but to be able to do it with 

significant advantages (speed of testing and cost savings) over the current method of using XRF.  

In comparison to XRF, FTIR is cheaper in several aspects. The cost of equipment is quite 

a bit lower for both field and lab based machines.  XRF also requires highly trained technicians 

to prepare the samples, perform the scans and analyze the results, which further increases costs, 

whereas FTIR is simpler to use in these aspects requiring less training. In terms of time, FTIR 

takes less time to prepare and test samples. Similar samples can take an hour or more to perform 

an XRF analysis whereas only 15 minutes is required with FTIR. A less well known, yet none 

the less important, concern is with the safety of X-rays themselves should the machine suffer a 

malfunction or be used improperly x-rays are being radiated openly. In comparison, FTIR is 

simply using infrared light to perform its measurements and analysis, thereby making it safer to 

use. Exploring the potential for FTIR to perform the same tasks as XRF and its ability to do it 

repeatedly with the same or enhanced accuracy while doing it safer and less expensively is a 

promising area for development.  

As previously mentioned, to combat the deleterious effects of ASR it is necessary to not 

only identify the cement phases that are present within the cement but to also quantify the alkali. 

Current methods are both time consuming and costly. FTIR has shown promise in this area and 

is a much quicker process. By quantifying the alkali and identifying the different phases a more 

complete analysis of the cement composition is developed and therefore determining the 
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necessary actions, if any, needed to repair or remix the cement can be accomplished. With ASR 

costing the state and taxpayers money in repairs, as well as potential hazards from failing 

structures, it is necessary to develop a quick and inexpensive way to identify the specific 

methods needed to repair the cement for a given situation.  

This thesis presents the research performed, all data accrued through said research and 

conclusions. Literature that relates to this area of research is reviewed and summarized in 

Chapter 2. Chapter 3 includes all experimental procedures followed by the results and 

discussions in Chapter 4. The conclusions are given in Chapter 5.  
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CHAPTER 2  

REVIEW OF LITERATURE 

Hassaan and Abdel-Hakeem [8] studied infrared spectroscopy to investigate cement and 

its clinker. The focus of the study was to apply IR to study clinkers containing alkali ions and to 

study the hydrated Portland cements produced from these clinkers. The spectra of the pure 

clinker showed bands at 1460, 1410, 875, and 705 cm-1 wave numbers. These are the 

characteristic absorption bands of CaCO3. The spectra of the clinkers containing Na2CO3, 

K2CO3, MgCO3 and LiCO3 showed very strong absorption bands in the regions of 1400-1500 

cm-1 and a band of medium intensity at 870 cm-1 in addition to a weak band at 710 cm-1. They 

concluded that IR could be used to study the differences between bands of hydrated cement 

when different alkali ions are present. 

Hughes et al. [9] performed a study of how Fourier transform infrared spectroscopy 

(FTIR) was used in determining cement composition. This study sought to examine FTIR for 

cement chemistry, in-situ monitoring of hydration reactions, and direct analysis of performance 

properties of cement. Varied compositions of samples from various sources were used in the 

analysis. The purpose of the analysis was to aid in quality control by determining the varying 

compositions and hydration properties of the various cements. By using KBr pellets combined 

with various quantities of cement, the DRIFT technique was used to produce a distinct spectrum 

with significant reproducibility. By using calibration curves reliable quantitative information of 

the chemical composition was obtained.  

Fletcher et al. [10] studied the use of FTIR for predicting performance and quality 

characteristics of oilfield cements. The specific areas that were defined included variable slurry, 

aging, contamination, and batch-to-batch as factors affecting the cement. They discovered that 
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particle size, composition, impurities and crystallinity can be determined using FTIR. A large 

database was constructed that contained information on weight percent of cement minerals, 

weight percent of cement oxide composition, weight loss on ignition and others. Using this 

database models were constructed to predict the performance and quality of the cement. 

Grattan-Bellew [2] reviewed the ultra-accelerated tests for alkali-silica reactivity. In his 

research he defined ultra-accelerated as a test that yields results in a few days and at most a few 

weeks and that these tests should correctly predict the potential reactivity of aggregates in greater 

than 95% of cases. Two specific methods were examined, the NBRI accelerated mortar bar 

method and the lesser used autoclave mortar bar method. He also discusses a petrographic 

method using IR spectroscopy, XRD, DSC and TEM for detecting the presence of defects in 

quartz lattice works which increases the free energy and therefore the solubility of quartz in an 

alkaline medium.  

Yousuf et al. [11] experimented with the speciation of As(V) bearing oxyanions (AsO4
3-) 

in cementitious environment using XRD and FTIR. They discovered that hydration was retarded 

in the presence of AsO4
3-. FTIR examination of AsO4

3- indicated that there were interactions 

between the oxyanions and the cement particles. The FTIR spectrum of Na2HAsO4 •7H2O has 

absorption bands that appear at 3445, 2370, 1641, 1190, 866, 722, 600 and 486 cm-1 wave 

numbers. They discovered that the FTIR and XRD analyses of the arsenate treated cement 

samples showed that Ca3(AsO4)2 and CaHAsO4 are the most likely candidates for the speciation 

of As(V) in cementitious environments.  

Berra et al. [5]   measured by infrared spectroscopy, a correlation between the threshold 

alkali level of the sands and their microstructural disorder coefficient, Cd. They tested five 

natural sands that were already characterized for ASR. From there they used IR to determine the 
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microstructural disorder coefficient, Cd, of the silica lattice. They found that their modified ultra-

accelerated concrete prism expansion test proved to be a rapid and reliable test method for 

evaluating the threshold alkali level. There was a straight line correlation between the threshold 

alkali level of the sands and their microstructural disorder coefficient as measured by infrared 

spectroscopy suggesting the possibility of developing a new test methodology for estimating the 

threshold alkali level of siliceous aggregates, based on the determination of their disorder 

coefficient by infrared spectroscopy. 

Fly ash and slag were studied using FTIR by Puertas et al. [12]. The curing temperatures 

of 25 and 65 °C and Fly ash/slag ratios of 100/0, 70/30, 50/50, 30/70, and 0/100 were used the 

NaOH as an activator, with concentrations of 2 and 10M. The results showed that a stretching 

vibration of SiO4 tetrahedra for slag at 956 cm-1 and from Fly ash at 1075 cm-1. They determined 

that different reaction products formed from comparing the spectra of the pastes with 2 and 10M 

NaOH solution. 

Fernandez-Jimenez et al. [13] studied the setting time and mechanical strength behavior 

of slag cement pastes activated with different alkaline activators. The three alkaline solutions 

used were waterglass solution (27% SiO2, 18% Na2O and 55% H2O), NaOH and Na2CO3. They 

discovered that when the activator is NaOH the setting time is longer and mechanical strengths 

are lower.  When Na2CO3 is the activator the setting time increases which gave very low 

mechanical strength. The FTIR spectra showed a band of great intensity at 1450 cm-1 with a 

shoulder at 1410 cm-1 together with the bands that appeared at 876, 708 and 685 cm-1 wave 

numbers were associated with formation of sodium-calcium-carbonate. This sodium-calcium-

carbonate is responsible for the loss in plasticity.  

Puertas et al. [14] studied the microstructural characterization of  cement pastes activated 
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with alkaline activated fly ash/slag mixtures. The pastes were characterized using XRD, FTIR, 

MAS NMR, SEM/EDX. The IR spectra were obtained after seven days of reaction. They showed 

differences from samples obtained after 28 days. In all spectra of activated samples there is a 

visible band around 452 cm-1, which is slightly lower than that of the fly ash IR spectrum of 457 

cm-1.  FTIR indicated the formation of reaction products as a consequence of the alkaline 

activation of slag and fly ash. 

Puertas et al. [15] studied the relationship between the composition of the pore solution in 

alkali-activated slag cement (AAS) pastes activated with different alkaline activator. The pore 

solution was taken from hardened AAS  pastes. They analyzed the solid phases using FTIR, 

XRD, NMR and BSE/EDX. Shifts in the ʋ3(Si-O) bands to higher wave numbers (at 964 cm-1) 

and ʋ4(O-Si-O) bands to lower wave numbers (at 450 cm-1) were noticed when the AAS pastes 

were activated with NaOH. These bands narrow as progression of the reaction occurs. In all 

pastes, they confirmed the presence of calcium carbonates, both crystalline and non-crystalline. 

The FTIR spectra confirmed the presence, in activated pastes, of semicrystalline calcium silicate 

hydrate with the largest displacement at ʋ3(Si-O) band showing a higher polymerization of the 

calcium silicate than those in pastes activated with NaOH. 

A study to discern natural and artificial cements using FTIR was performed by Varas et 

al. [16]. The concentration of Si-Al, S, Ca and OH were determined to be in four regions by their 

research. The bonds present in the cement constituents were given different FTIR spectra. More 

detailed descriptions of each region are given in Natural cement as the precursor of Portland 

cement: methodology for its identification. A major reason their research differs from others is 

that they focused on the transmittance bands of FTIR spectra as opposed to the absorbance 

bands. 
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In this study, Berra et al. [17], the suitability of the threshold alkali level, TAL, kinetic 

parameter, ln k, and the microstructural disorder coefficient, Cd, of the aggregates, taken as 

alkali-silica reactivity criteria, was assessed using different typologies of thirteen ASR 

susceptible aggregates. This was done using a various tests, including the infrared spectroscopy 

test. A low-alkali Portland cement and a high alkali Portland cement were used for the concrete 

prism and mortar-bar expansion tests, respectively. The microstructural disorder coefficient, Cd, 

was determined on samples of test aggregate. The aggregate was added to a KBr pellet and 

analyzed using an infrared spectrophotometer. From this spectra the value of Cd(cm-1) was 

calculated as Cd= ∆ʋ/A’b, where ∆ʋ is the broadening estimated at 1/3 of the height of ʋ1 band of 

SiO4 groups that absorb in the region of 830-700 cm-1. A’b is the relative optical density derived 

from A’b=log[(P+Z)/Z]. P is the height of the ʋ1 band and Z is the difference between the 

minimum transmittance of ʋ1 and ʋ3 bands, the ʋ3 band absorbs at wave numbers 1100 cm-1 and 

being taken as the zero value of transmittance. It was found that by using this method different 

Cd values could be placed into different categories of potential reactivity. 

Bakharev [18] studied the influence of elevated temperature curing on phase 

composition, microstructure and strength development in geopolymer materials prepared using 

Class F fly ash and sodium silicate and sodium hydroxide solutions. XRD, FTIR and SEM were 

utilized in this study. The pastes showed no hardening after 1 day of room temperature curing so 

three cases of heat curing were employed. The FTIR spectra of the alkali-activated fly ash 

samples showed differences when compared to the spectra of the starting fly ash. During the 

reaction, the band at 800 cm-1 disappears and a new band at around 700 cm-1 appears while the 

band at 1200 cm-1 shifts to 960-1000 cm-1. Bands at 960-1000, 750, 600 and 500 cm-1 are 
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enhanced in the case of fly ash activated by sodium hydroxide. Based on the results it was 

concluded that procuring at room temperature is beneficial for strength development. 

Mansur et al. [19] employed FTIR to evaluate the degree of polymerization of silicate 

units in cement based materials and the influence of organic admixtures in (SiO4)4 group 

condensation. The spectrum of anhydrous cement revealed the major peaks of silicates due to Si-

O asymmetric vibration (ʋ3=927 cm-1). They also found carbonate bands at 2516, 1793, 1497-

1420, 875 and 713 cm-1that are mostly associated with cement mineral admixture. They 

concluded that modification of cement pasts with PVA improved adherence between the paste 

and porcelain tiles and that PVA modified cement pasts displayed a single layer of C-S-H. 

The degree of polymerization of silicate units in cement-based material using FTIR was 

the recent study of Mansur et al. [20]. Their results showed that anhydrous cement has spectra 

with Si-O bands at 927 cm-1 and Si-O bands at 525 cm-1. They showed bands associated with 

gypsum as well as anhydrite in the range of 1165-1096 cm-1. Carbonate bands were also 

demonstrated at 2516 cm-1, 1793 cm-1, 1497 cm-1, 1420 cm-1, 875 cm-1, and 713 cm-1 wave 

numbers. 

 FTIR has been used in studying effects of fly ash on cement and mortar properties by 

Yilmaz and Olgun [21]. OPC and composite cement samples were hydrated up to 28 days. Their 

results demonstrated a significant Si-O stretching band at 961 cm-1 and a smaller one at 457 cm-1. 

Also shown are C-O stretching at 1417 cm-1 and bending at 872 cm-1. OH has a peak at 3637-

3641 cm-1 band from calcium hydroxide. This peak intensity corresponds to the concentration of 

fly ash. 

The Garcia Lodeiro et al [22] study looked into the effects of various concentrations of 

Na2O on the structure of a composition of fresh C-S-H gels. A 10-M solution of NaOH was used 
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to maintain a pH of over 13 throughout. The gels were then exposed to various amounts of 8-M 

NaOH to determine their chemical stability and were then characterized using FTIR. After 

analysis it was found that the spectra showed a narrow band around 966 cm-1 which is typical of 

the Si-O stretching. They discovered a band at 670 cm-1 could potentially furnish information on 

the structural order of gel but, whilst the apparent decrease in intensity of this band could be 

indicative of C-S-H gel degeneration or alteration due to exposure to high concentrations of 

sodium. This study concluded that the C-S-H gel carbonation is enhanced by alkali content. 
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CHAPTER 3 

RESEARCH METHODOLOGY 

3.1 Sample Collection 

Several samples as listed in Table 3.1 were collected from various types of cements from 

different sources. X-ray fluorescence spectroscopy (XRF) analysis of these samples were 

provided by Texas Department of Transportation (TxDOT), so that correlation between XRF and 

Fourier transform infrared spectroscopy (FTIR) can be made. Samples were characterized for 

particle morphology and size using scanning electron microscopy and chemically analyzed using 

energy dispersive spectroscopy system. X-ray diffraction was utilized to perform phase 

identification. Following sections describe principles and procedures of each analytical technique 

used. 

Table 3.1: List of concrete cement samples analyzed in this project. 

Material Sources and Types 

Concrete Cement Cement Source 1 I/II 

Concrete Cement Cement Source 2  I 

Concrete Cement Cement Source 3 I/II 

Concrete Cement Cement Source 4 I/II 

Concrete Cement Cement Source 5 I/II 

 

3.2 X-ray Flourescence Spectroscopy 

The purpose of X-ray fluorescence, XRF, is to both qualitatively and quantitatively 

determine the chemical elements present within a substance. The basis for XRF is based on the 

emission of energy from an atom. If an electron of an inner shell is knocked out of the atom by 

the irradiation of energy, an electron from a higher shell falls into this resultant “hole” which 
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release and amount of energy equivalent to the difference between the energy levels involve 

[22]. This energy is released as an x-ray, the wavelength of this x-ray is characteristic of the 

element that emits it, this is the characteristic x-ray. In order to separate the electron from the 

inner shell, the sample must be bombarded with x-rays. This is done with an x-ray tube. X-ray 

tubes work on the same principle, accelerating electrons in an electrical field then decelerating 

them into an anode. This must be done under vacuum to prevent the electrons from colliding 

with gas particles. The deceleration creates the incident x-rays which are then focused on the test 

specimen. The radiated x-rays from the specimen are then absorbed by a scintillation counter. 

The x-rays interact with crystals within the scintillation counter; this interaction causes the 

crystal atoms to emit light. The amount of light in this scintillation flash is proportional to the 

energy that the x-ray quantum has passed to the crystal [22]. This flash strikes a photocathode 

which in turn transforms this light energy to a pulse of voltage. This voltage is proportional to 

the energy of the emitted radiation from the specimen atom. This energy level is then compared 

to known characteristic x-rays to determine the elements present in the specimen.  

 

3.2.1 Sample Preparation for XRF 

The XRF samples were prepared and scanned by the Texas Department of Transportation 

by following the Tex-317-D [23] standard. This method requires the sample surface to be kept 

flat and pure, meaning no contaminants. To prepare the sample, 6.0 grams of lithium borate-

lithum bromide and 1 gram of cement were mixed in a crucible. The crucible was then placed 

into a fusion instrument which is operated according to the manufacturer’s recommendations. 

The fused sample should appear disk shaped and be clear in color.  
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3.2.2 XRF Procedure 

The prepared sample wafers were then each individually placed into the XRF machine 

and a scan performed. The resultant spectra was then analyzed and the data collected, was then 

shared for comparisons and calculations presented in the next chapter.  

 

3.3 X-ray Diffraction 

X-ray diffraction, XRD, is used in the qualitative identification of crystalline phases by 

their diffraction pattern. Crystals are made up of arrangements of atoms/molecules that create a 

lattice. Within this lattice are repetitious parallel planes, called lattice planes, the distance 

between these planes is called the lattice plane distance, d. When parallel x-rays strike a pair of 

parallel lattice planes, every atom within the planes acts as a scattering center and emits a second 

wave [22]. The incident x-rays are generated in the same manner as in XRF. The second waves 

will only create the necessary in phase reflected wave when Bragg’s law is satisfied. Bragg’s law 

states that nλ=2dsinθ, where n is the difference in path length between adjacent x-ray beams, λ is 

the wavelength of the beams and is a known value, d is the spacing between the crystal planes 

and θ is the angle of scattering. On the basis of Bragg’s law, by measuring the angle θ, you can 

determine either the wavelength λ, and thus the chemical elements, if the lattice plane distance d 

is known or, if the wavelength λ is known, the lattice plane distance d and thus the crystalline 

structure [22]. By determining the diffraction pattern, the elements present can be identified as 

each pattern is specific to a given element or phase. 

 
3.3.1 XRD Sample Preparation 

 Each of the five sample substances were prepared in such a manner to ensure the 

specimen is a representative of the material, is homogeneous and was then placed in the 
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sampling tray where the surface was smoothed to eliminate surface irregularities.  

 

3.3.2 XRD Procedure 

The X-ray diffractometer used in this research is a Rigaku Ultima III shown in Figure 

3.1. The scans were performed with 2θ ranging from 10-70° at a rate of 0.5° per minute. All 

spectra were analyzed using Jade software. Cu-Kα radiation (λ=1.5418Å) tube was used in this 

system. 

 
Fig. 3.1:  Rigaku Ultima III XRD system. 

 
 
 
3.4 Scanning Electron Microscopy/Energy Dispersive Spectroscopy 

Scanning electron microscopy, SEM, is used for examining the surfaces of samples at 

very high magnifications. The SEM uses a beam of electrons to scan the topography of a 

specimen to build a three dimensional image of the specimen. An electron gun generates, 

accelerates (100-30,000 electron volts) and focuses the electron beam on the target material. 
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Within the electron gun is the filament which is the source of the beam of electrons. The filament 

is made of tungsten and is heated to generate a fine beam of electrons [24]. Most SEMs can 

produce an electron beam at the specimen with a spot size 10nm [25]. The electrons in the beam, 

primary electrons, interact with the material forcing electrons from the sample to be ejected. 

These ejected electrons, secondary electrons or backscatter electrons, are reflected onto either the 

secondary electron detector or the backscattered electron detector. The sample chamber must be 

kept under vacuum (10-5 Torr) to prevent the electrons from colliding with gas particles. A 

scintillator, part of the secondary electron detector,  produces a signal that is amplified to 

produce the image on the monitor. SEM can achieve magnification levels as high as 300,000 X.  

Energy dispersive spectrometry, EDS, is used in conjunction with SEM to determine chemical 

composition of the sample material in both qualitative and quantitative terms. The interaction of 

the electron beam, from the SEM, with the specimen creates various emissions. These emissions 

can include x-rays that are created in the same manner as those in XRF and XRD. The electron 

beam excites an inner shell electron which is then ejected from the atom. An electron from an 

outer shell then replaces the ejected electron, this shift of the electron from a higher shell to a 

lower shell emits energy in the form of x-rays. The energy levels of the emitted x-rays are unique 

to each element, known as characteristic x-rays. An energy-dispersive (EDS) detector is used to 

separate the characteristic x-rays of different elements into an energy spectrum, and EDS system 

software is used to analyze the energy spectrum in order to determine the abundance of specific 

elements [26]. \ 

 

3.4.1 Sample Preparation for SEM/EDS Analysis 

The samples prepared were used simultaneously for SEM and EDS. Each of the five 



18 

samples were  hand fanned to achieve an even dispersion of the cement powder. A sample 

pedestal was prepared by placing double sided carbon tape on the top surface of aluminum stubs. 

This surface was then gently placed onto the dispersed cement powder. This method insured that 

the powder that adhered to the tape was evenly spread as near as possible to a single layer of 

particles. The five sample pedestals with the cement powder were then placed into a Kurt J. 

Lesker 108 for gold sputtering for a period of 120 seconds. The sputtering was performed to 

prevent charging of the cement powder specimens.  

 

3.4.2 Procedure for SEM/EDS Analysis 

The SEM used in this research is a JEOL JSM 840, shown in Figure 3.2. All images were 

scanned at 15 kV acceleration voltage. A location of particles was chosen that accurately 

represented the powder as a whole. All images were captured by using iXRF EDS 2004 

software. The images were subjected to particle analysis to determine average particle size. EDS 

analysis was then performed to determine the chemical composition of the samples using the 

iXRF EDS 2004. 

 

Fig. 3.2: JEOL JSM 840 SEM/EDS. 
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3.5 Principles of Fourier Transform Infrared Spectroscopy 

3.5.1 Introduction 

Fourier transform infrared spectroscopy (FTIR) is one of the two vibrational 

spectroscopies (infrared and raman) techniques that are widely used in industry. FTIR provides 

qualitative (through fingerprinting), semi-quantitative, and quantitative information on chemical 

structures and physical characteristics. Solid, liquid, or gas samples can be analyzed in bulk or 

thin film forms. Accessories are available to investigate materials properties at different 

temperatures. Typical examples of paving materials characterization include identification and 

quantification of polymers in polymer-modified asphalt, aging and oxidation of asphalt binders, 

characterization of concrete curing membranes, identification of concrete constituent phases, 

analysis of alkali content in concrete, analysis of pozzollons in concrete, to name a few. 

 

3.5.2 Working Principle of FTIR 

 FTIR involves the twisting, rotating, bending, and vibration of the chemical bonding 

(Figure 3.3). Let incident infrared radiation intensity be Io and I be the intensity of the beam after 

it interacts with the sample. The ratio of intensities I/Io as a function of frequency of light give a 

spectrum, which can be in three formats: as transmittance, reflectance, and absorbance. The 

multiplicity of vibrations occurring simultaneously produces a highly complex absorption 

spectrum, which is a unique characteristic of the functional groups comprising the molecule and 

also the configuration of the atoms. A detector is used to read out the intensity of light after it 

interacts with the sample. Figure 3.4 shows a typical setup of one FTIR. 

Advantages, in comparison to other methods, of applying this technique for quantification of 

organic and inorganic materials include: 
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• Minimal sample preparation 

• Fast, reliable, and robust analysis 

• No need for  messy chemicals 

• No spectra interferences 

• Fully computerized analysis 

• Ease of operation and minimal operator training and expertise 

 

Fig 3.3: Stretching and bending vibrations of atoms due to absorption of IR radiation.  
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Fig 3.4: Experimental set-up for Fourier transform infrared spectroscopy. 

 

Probing beam in FTIR spectroscopy is a radiation in the Infrared range. Figure 3.5 shows 

electromagnetic spectrum and position of mid-IR spectral range in relation to the rest of 

electromagnetic radiation. Mid-IR range includes wavelength of 2.5 to 25 μm that corresponds to 

a wavenumber (inverse of wavelength) range of 4000-400 cm-1 range, respectively. Because time 

and frequency are inversely proportional, a mathematical Fourier transform allows conversion of 

intensity versus time spectrum into intensity versus frequency spectrum that is typically used in 

FTIR analysis.  

  γ-rays     X-rays      UV/Visible rays        Infrared rays      Radar rays       Radio waves 

   10-14         10-12  10-9                    10-6 - 10-4                10-2              102-104   (meters) 

 

Fig. 3.5: Wavenumbers corresponding to constituents of organic materials. 

 

3. Sample 
2. Interferometer 

1. Source of 

Infrared Radiation 

Interferogram 

6. Spectrum 
4. Detector 

5. Computer, FFT 
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3.5.3 Origin of FTIR Spectrum 

Atomic bonding in a given molecule can be modeled as a set of masses and a spring with 

masses representing atoms and the spring that models the bond. Absorption of unique pockets of 

energy (E) from the incident IR radiation source by the molecules produces a spectrum showing 

an interferogram that contains the spectrum of the source minus the spectrum of the sample. 

According to Einstein’s equation (given below), the absorbed energy is related to the frequency 

of the vibration and each range of frequencies is related to a molecular mechanical motion 

generated by such an increase in molecular energy.  

E = h υ = h c/λ = h c ΰ 

In the above equation, c is the speed of light in vacuum, h is Planck’s constant, and ΰ is the 

wavenumber (cm-1) that is inversely proportional to the wavelength.  

When energy is absorbed by a given molecule, a range of mechanical motions is possible 

that includes symmetrical and anti-symmetrical stretching, scissoring, rocking, wagging, and 

twisting. Photons with discrete energy levels are required for each mode of mechanical motion, 

and this fact enables identification and assignment of absorption bands in the FTIR spectrum.  

Figure 3.3 shows absorption bands assigned to typical bonds observed in constituents of organic 

materials.    

 

3.5.4 Instrumentation of Fourier Transform Infrared Spectroscopy 

Fourier transform infrared spectroscopy, FTIR, is a system that uses an interferometer to 

collect a spectrum. The apparatus is comprised of a source, beamsplitter, two mirrors, a laser and 

a detector. The source emits infrared light which is aimed at the beam splitter. As its name 

implies, the beam splitter separates the infrared beam into two separate beams. One of which 
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passes on to a stationary mirror and the other to a moving mirror. The moving mirror 

reciprocates at a constant velocity, which is timed according to the laser wavelength in the 

system. Both beams from the two mirrors are reflected back to the beam splitter where they are 

recombined. Due to the beam from the moving mirror traveling a different distance than that 

from the stationary mirror, some of the wavelengths combine constructively, while others 

combine destructively. This creates an interference pattern called an interferogram. At this point 

the combined beams are aimed at the specimen. As the beam interacts with the specimen, some 

of the energy is absorbed and the remaining energy is transmitted through the specimen. The 

transmitted energy is then read by the detector which reads every wavelength simultaneously. To 

obtain the infrared spectrum, the detector signal is sent to the computer, and an algorithm called 

a Fourier transform is performed on the interferogram to convert it into a single beam spectrum 

[26]. This spectrum is a transmittance spectrum, by taking the log10 of the transmittance 

spectrum and absorbance spectrum can be obtained. The resulting spectrum represents the 

molecular absorption and transmission, creating a molecular fingerprint of the sample, according 

to Introduction to Fourier transform infrared spectrometry [5], thus allowing an identification 

and quantification of the materials in the substance. 

 

3.5.5 Sample Preparation for FTIR Analysis 

The following procedure was performed on each sample for each run of said sample. To 

prepare the sample for testing 100mg of kBr powder is mixed with 1mg of the cement powder 

sample. Thorough mixing is essential to ensure a homogenous mixture. After the two powders 

are mixed thoroughly and completely they are placed into a die and pressed at 10,000 psi under 
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vacuum for approximately 5 minutes. This process forms a pellet that is then ready to be placed 

in the FTIR sample holder to be scanned. 

 

3.5.6 Procedure for FTIR Analysis 

The FTIR procedure was carried out on a Thermo Scientific Nicolet Avatar 370 DTGS. 

Once the sample has been run on the FTIR and the spectra available in Omnic software the 

following analysis procedure is performed. Using the Omnic software, open the cement sample 

spectra. Once the spectra is open, select the click on the ABSORB button along the top of the 

window to switch the spectra to Absorbance. See (Fig 3.6). 

 

Fig. 3.6: Screeshot of Omnic showing the spectra and the location of the absorb button. 
 

To zoom in on the particular area of interest, first click and hold the left bar on the 

bottom image of the spectra and move it to the right, then click and hold the right bar and move 

it to the left, see (Fig. 3.7). 
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Fig. 3.7: Screenshot emphasizing the method to zoom on the spectra. 
 

Once the proper area is chosen, open the Area-tool by selecting the button in the bottom 

left corner highlighted by the arrow. This brings up the Area-tool in the spectra window. (Fig 

3.8). 

 

Fig. 3.8: Showing the use of the Area-tool 
 

By moving the left and right lower indicators along the spectra, select the total length of 

the peak at 750cm‾¹. Then move the top two indicators to be in line with the lower indicators. 
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The Area-tool will automatically calculate the area under the curve and the value is given in the 

lower left corner, highlighted by the red box. In this case the value is 0.774; this value will be 

used in calculations to estimate the (Na2O)e, (Fig. 3.9). 

 

Fig. 3.9: Demonstrating the use of the Area-tool 
  

Following the same process for the 750cm‾¹ peak, now select the peak centered around 

923cm‾¹ and record the area value given, (Fig. 3.10). In this case 70.901. 

 

Fig. 3.10: Demonstrating the proper use of the Area-tool. 
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Repeat these procedures to record the different areas from all the samples. The first step 

in the calculations is to divide the value for the area under the curve of the 750cm‾¹ peak by the 

value for the area under the curve of the 923cm‾¹ peak. The calculated values are to be averaged 

for each individual sample material. The averaged values are to then be recorded with each 

sample material having a single averaged value. These calculated values are then plotted, using 

Excel, versus a Na2O equivalency, (Na2O)e, number. Then linear relationship can then be 

obtained with the formula for the line being the calculation used to estimate the (Na2O)e within a 

sample. (Fig. 3.11).  

 

Fig. 3.11: Example of calculations and graphs in Microsoft Excel. 
 

3.6 Design of Experiments 

For alkali quantification ten samplings (listed in Table 3.2) of each of the five cement 

sources were analyzed. There are five sources of cement for a total of fifty samples. The results 



28 

of each individual set were averaged of the ten samplings for that set. The standard deviations of 

these results were calculated. This ensures the consistency of the data. The data were used to 

generate a scatter plot. The plots present average peak ratio (750 cm-1/923 cm-1) versus the 

(Na2O)e measured using XRF. The (Na2O)e, (Na2O equivalency) is the mass percentage of Na2O 

in the sample. The formula used to determine this is (Na2O)e = Na2O + 0.658 x K2O, the values 

of Na2O and K2O are contained within the XRF data provided by the Texas Department of 

Transportation. The scatter plot was used to determine if the data appears linear. A linear 

regression line was calculated with an R2 value so that linearity of the relationships between 

FTIR and XRF quantification methods are determined.  The R2 value is expected to be close to 1. 

Table 3.2 Cement sample sources and characterization techniques used in this research. 
 

Material Sources and Types XRD SEM/EDS FTIR 

Concrete Cement Cement Source 1 I/II    

Concrete Cement Cement Source 2  I    

Concrete Cement Cement Source 3 I/II     

Concrete Cement Cement Source 4 I/II     

Concrete Cement Cement Source 5 I/II    
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 XRF Results 

All data from the X-ray fluorescence spectroscopy (XRF) scans were provided by the 

Texas Department of Transportation (TxDOT). The data, as given, includes SiO2, Al2O3, Fe2O3, 

CaO, MgO, SO3, Na2O, K2O expressed as weight percentages of the cement powders. The data is 

for all five samples. The data for Na2O and K2O were averaged, for each of the five samples, to 

obtain an inclusive representation of the scans for each sample type. Table 4.1 shows the average 

values of the five samples. 

Table 4.1: Alkali content measured by XRF for cement samples suppliers to TxDOT. 
 

Cement Source 1 Cement Source 2 Cement Source 3 Cement Source 4 Cement Source 5 

Na2O 
Avg 

K2O 
Avg 

Na2O 
Avg 

K2O 
Avg 

Na2O 
Avg 

K2O 
Avg 

Na2O 
Avg 

K2O 
Avg 

Na2O 
Avg 

K2O 
Avg 

0.056 0.678 0.132 0.874 0.127 0.644 0.171 0.477 0.173 0.429 

 

 

4.2 Alkali Equivalent (Na2O)e Calculations 

Using the averaged data from each of the five cement samples, the Na2O equivalency, 

(Na2O)e,  was calculated using the formula (Na2O)e = Na2O + 0.658 x K2O. The result of these 

calculations is shown in Table 4.2.  

Table 4.2: Calculated values of (Na2O)e. 
 

Cement Source 1 Cement Source 2 Cement Source 3 Cement Source 4 Cement Source 5 

(Na2O)e 0.502 (Na2O)e  0.707 (Na2O)e  0.55 (Na2O)e  0.485 (Na2O)e  0.456 
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The (Na2O)e  is mass percentage of Na2O in a sample, which is the mass percentage of 

Na2O that would produces the same amount of moles of alkali as the sum of Na2O and K2O 

mass present in cement [27].  

 

4.3 XRD Results 

An XRD analysis was performed to try to determine the phases present specifically to 

identify any phases present containing either Na or K. Given the nature of the powder having 

multiple lattice planes at a number of positions, a large amount of sampling “noise” was present 

due to the fine nature of these cement powder samples. The spectra was analyzed using the 

search/match function within the Jade software. All libraries of spectra that were available for 

comparison were attempted. Several key components of the powders were identified. Alite 

(Ca3SiO5), belite (Ca2SiO4) and iron oxide (Fe2O3) were identified as the major constituents 

phases within the cement (Fig. 4.1-4.5). 

From the spectra presented in Figures 4.1 through 4.5 the major constituents of the 

cement powders were identified. Taking the peaks in numerical order as they appear on the 

spectra peak lists, peak at 2θ values of ~26.5 is representative of Belite, peaks at 2θ of ~29, 32, 

32.5, 34, 41, 51.7, 60 and 63.5 are both alite and belite. Peak at 2θ ~38.7 is alite and peak at 2θ 

~63.7 belongs to alite, belite and iron oxide. Due to excess of spectrum noise and trace 

concentrations of Na and K containing phases identification of other phases were not possible. 

Other investigators observed noisy spectra for fine cement powder [28]. 
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Fig. 4.1: XRD spectrum of cement sample from Cement Source 1. 
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Fig. 4.2: XRD spectrum of cement sample from Cement Source 2. 
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Fig. 4.3: XRD spectrum of cement sample from Cement Source 3.  
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Fig. 4.4: XRD spectrum of cement sample from Cement Source 4.
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Fig. 4.5: XRD spectrum of cement sample from Cement Source 5. 
 

4.4 SEM/EDS Results 

Since particle size could have an effect on the reproducibility of FTIR measurements, an 

SEM analysis was performed on each of the five samples. This was done to ensure that the 

average particle size of the individual samples was consistent throughout the specimen.  As is  
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demonstrated in the images below, the particle sizes do vary. However, the majority of particles 

are similar in size and proportions (see SEM images in Figs. 4.6a-e). All images in Figures 4.6(a-

e) are taken at 1000x magnification with accelerating voltage of 10kV. Marker indicates a scale 

for particle size measurement.  

Fig. 4.6(a): SEM micrograph of Cement Sample 
Source 1 at 1kX. 

Fig. 4.6(b): SEM micrograph of Cement 
Sample Source 2 at 1kX.  

Fig. 4.6(c): SEM micrograph of Cement Sample 
Source 3 at 1kX.  

Fig. 4.6(d): SEM micrograph of Cement 
Sample Source 4 at 1kX.  

Fig. 4.6(e): SEM micrograph of Cement Sample Source 5 at 1kX  
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The specimens were then subjected to an EDS analysis to determine the elements present 

within the sample and their respective quantities, with a focus on Na and K. It is clear that while 

Na and K are present, it is only in trace amounts, this was expected based upon the XRF data. 

See Figures 4.7 (a-e).  

Fig. 4.7(a): EDS spectrum of Cement Source 1. 
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Fig. 4.7(b): EDS spectrum of Cement Source 2. 
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Fig. 4.7(c): EDS spectrum of Cement Source 3. 
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Fig. 4.7(d): EDS spectrum of Cement Source 4. 
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Fig. 4.7(e): EDS spectrum of Cement Source 5. 

 
 

By examining the spectra of the EDS scans, it is clear that the peaks for Na and K are 

much less pronounced compared to those of Ca, Si, Al and O. The Au that is present is a result 

from the gold sputtering process that was done to prevent charging of the specimen and is not a 

chemical component of the cement powder.  
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The EDS did confirm trace amounts of Na and K in the cement powders. The SEM 

allowed us to also confirm that the average particle size was consistent within each individual 

sample, which minimizes the possibility of particle size interfering with the FTIR results. 

 

4.5 Analysis of FTIR Spectra of Cement Samples 

FTIR spectra of all five varieties of the cement samples are nearly similar, as expected. 

Major absorption bands in all samples include: 3453 cm-1 and 1638 cm-1 bands assigned to H-O-

H stretching and H-O-H bending respectively (generally known as water bands); 1384 cm-1 – 

1473 cm-1 associated with CaO and CaCO3 ; 1123 cm-1 and 923 cm-1 bands assigned to Si-O-Si 

and Si-O-Al bonds, respectively; and 668 cm-1 and 521 cm-1 assigned to Si-O bending. Assigned 

bands are based on literature data. Despite a high degree of similarity, there is a unique 

difference in concrete cement samples containing various amounts of alkali. Specifically, a 

narrow band centered around 750 cm-1 is uniquely present in the spectra of samples with high 

alkali content. In this research, samples of cement from five different source with types I and I/II  

were analyzed. Historically, samples from cement samples from sources 1 and 2 have shown 

high alkali content, cement source 3 samples has shown medium alkali content and cement 

sources 4 and 5 samples have shown low alkali content. The trend from high to low alkali 

content in cement samples is observed in the FTIR spectra of these concrete cement samples on 

the band centered around 750 cm-1 , as shown in Figures 4.8 through 4.12. Table 4.3 reports 

FTIR absorption bands associated with FTIR spectra of different cement samples shown in 

Figures 4.8 – 4.12. Overlay of FTIR spectra of all five cement samples and an enlarged region of 

interest is shown in Figures 4.13 and 4.14, respectively. 
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Fig. 4.8: FTIR spectra of Cement Source 1 Type I/II. 

 

Fig. 4.9: FTIR spectra of Cement Source 2 Type I. 
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Fig. 4.10: FTIR spectra of Cement Source 3 Type I/II. 

 

Fig. 4.11: FTIR spectra of Cement Source 4 Type I/II. 
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Fig. 4.12: FTIR spectra of Cement Source 5 Type I/II. 

 

Table 4.3: Major FTIR absorption bands of Concrete Cement Types I and I/II. 

Cement I/II:               

Cement Source 1 3453.95 1636.00 1473.74 1123.94 875.17 668.49 520.10 

Cement Source 3 3453.44 1636.03 1384.48 1124.85 923.58 668.62 522.49 

Cement Source 4 3459.10 1635.44 1384.53 1124.77 923.20 658.16 521.84 

Cement Source 5 3453.71 1636.32 1418.71 1124.36 923.01 668.66 521.26 

Cement I:               

Cement Source 2 3448.43 1636.52 1429.26 1124.94 920.31 657.48 521.40 
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Fig. 4.13: Overlay of FTIR spectra of different cement samples from  

Cement Sources 1 through 5. 
 

 
Figure 4.14: Enlarged overlay of cement samples showing 750 cm-1 FTIR absorption band 

intensity variations in various cement sources. 



47 

4.6 Alkali Content Quantification of Concrete Cement Samples 

Due to the importance of limiting alkali concentration in concrete for the sake of 

preventing ASR and delayed ettringite formation (DEF), it was desirable to quantify alkali 

content in cement using the fast and reliable technique of FTIR. In this research, peak area ratio 

for areas under the bands at 750 cm-1 to 923 cm-1 were measured for two sets of samples (sets #1 

and #2), and an average of five samples for each data point was calculated. The plot of Peak 

Area ratio to Na2O equivalent (Na2O)e as measured with XRF is plotted in Figures 4.15 and 

4.16. When data from both Sets 1 and 2 were averaged, a plot shown in Figure 4.17 was 

obtained. As can be seen from these plots, a high degree of linearity exists between peak area 

ratio and (Na2O)e as measured with XRF. R2 values for Data Sets 1, 2, and a combined set is 

shown as 0.978, 0.974, and 0.979, respectively. Presented data in Figures 4.15 through 4.17 

suggests that the detection limit for (Na2O)e measurements using FTIR appears to be around 

0.42%. Table 4.4 contains all numerical values of individual measurements along with standard 

deviations for each of five measurement sets for five cement samples.    

 
Fig. 4.15: Plot of average 750/923 cm-1 bands ratio to Na2Oe (Data Set #1). 



48 

 
Fig. 4.16: Plot of average 750/923 cm-1 bands ratio to Na2Oe (Data Set #2). 

 

 
Fig. 4.17: Plot of average 750/923 cm-1 bands ratio to Na2Oe (combined Data Sets 1 and 2). 
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Table 4.4 Absorption band ratio (750 cm-1/923 cm-1) for alkali quantification. 
 

 

 

 

 

Cement 
Source 2

Cement 
Source 1

Cement 
Source 5

Cement 
Source 3

Cement 
Source 4

0.0095 0.0029 0 0.0015 0
0.0088 0.0048 0 0.0013 0.0015
0.0111 0.0032 0 0.0013 0
0.0109 0.0031 0 0.0012 0.001
0.0098 0.0039 0 0.0025 0.0003

0.000968 0.000779 0 0.000537 0.000666 SDEV

Set 2

923 cm-1 750 cm-1 Ratio Avg 923 cm-1 750 cm-1 Ratio Avg 

Cement Source 2 27.342 0.381 0.0139 22.381 0.212 0.0095 
19.926 0.265 0.0133 29.465 0.259 0.0088 
35.873 0.478 0.0133 33.875 0.375 0.0111 
18.594 0.243 0.0131 70.877 0.774 0.0109 
45.572 0.518 0.0114 0.012999 65.567 0.644 0.0098 0.010015 

Cement Source 1 16.789 0.09 0.00536 59.225 0.173 0.0029 
11.6412 0.0881 0.00757 17.035 0.082 0.0048 
33.803 0.156 0.00461 50.165 0.162 0.0032 
44.424 0.188 0.00423 50.137 0.156 0.0031 
41.139 0.234 0.00569 0.005492 44.029 0.173 0.0039 0.003601 

Cement Source 5 62.533 0.003 0.000048 50.909 -0.22 -0.0043 
19.652 0.003 0.0001527 52.068 -0.315 -0.0060 
35.552 0.003 0.0000844 47.739 -0.237 -0.0050 
22.004 0.003 0.0001363 40.096 -0.179 -0.0045 

10.5476 0.0013 0.0001233 0.000109 31.693 -0.208 -0.0066 -0.00527 
Cement Source 3 47.37 0.061 0.001288 71.561 0.108 0.0015 

30.798 0.056 0.001818 59.757 0.08 0.0013 
92.346 0.171 0.001852 74.289 0.096 0.0013 
59.043 0.101 0.001711 77.746 0.091 0.0012 
41.091 0.073 0.001777 0.001689 38.108 0.097 0.0025 0.001571 

Cement Source 4 34.384 0.041 0.001192 66.937 -0.002 0.0000 
26.89 0.047 0.001748 71.645 0.11 0.0015 

20.971 0.021 0.001001 54.265 -0.026 0.0005 
36.72 0.026 0.000708 20.393 0.02 0.0010 

8.9095 0.018 0.002020 0.001334 46.289 0.016 0.0003 0.000471 

Set 1 Set 2 
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4.7 Justification for Using Band Ratio (750cm-1/923cm-1) for Quantification of Alkali in Cement 

Stoch and Sroda [29] applied infrared spectroscopy to investigate oxide glasses and 

indicated that the FTIR absorption band at 750 cm-1belongs to K2O·2SiO2.  Palomo et al (2007) 

studied OPC-fly ash cementitious systems and showed  FTIR absorption band of 927 cm-1 

belongs to clinker. Hughes et al. [9] used FTIR to determine cement composition and showed a 

linear relationship between their predicted models (based on FTIR absorption bands) and 

measured weight percentages of K2O and Na2O using Inductively Coupled Plasma. Tambelli et 

al. [30] studied alkali-silica reaction gel by high-resolution Nuclear Magnetic Resonance 

spectroscopy and pointed to literature data giving a number of FTIR bands associated with: 

amorphous silica related to asymmetric and symmetric stretching of Si-O (1154 cm-1 and 1037 

cm-1 respectively); stretching of Si-O-X, where X=K or Na (953 cm-1); symmetric stretching of 

O-Si-O (783 cm-1); and bending of O-Si-O (457-600 cm-1).  

Results of alkali quantification in cement samples show that FTIR is capable of 

quantifying alkali concentrations based on absorption band ratios of 750 cm-1 to 923 cm-1 bands 

that belong to alkali and cement clinker, respectively. Results of the alkali quantification showed 

a high degree of linearity between FTIR band ratio and alkali concentration measured using 

XRF. The detection limit for alkali concentration appears to be approximately 0.42%. (Figures 

4.15-4.17). 

   

4.8 Coefficient of Structural Disorder,Cd, Calculations 

 The calculations, briefly discussed in the literature review, performed by Berra et al [5] 

were incorporated in to this research. Calculations were performed on each of the spectra for the 

five samples. The calculations were performed using the equation: 
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  Cd= ∆ν/A’b  

where Cd is the microstructural disorder coefficient, ∆ν is the difference between the 

wavenumbers of the two peaks centered about 750 cm-1 and A’b is calculated from another 

equation. The equation for A’b is as follows,  

 A’b=log[(P+Z)/Z] 

where P is equal to ν1 which is the lowest point of transmittance between the two peaks centered 

about 750 cm-1, and Z is the difference between ν1 and ν3; and ν3 is the lowest point centered 

around 1100 cm-1.  See Fig. 4.18.  

Fig. 4.18: Image displaying the locations used for data collection for Cd calculations. 

 
The data was obtained for each individual spectra and was then entered into a Microsoft 

Excel spreadsheet for calculations. The results of these calculations can be seen in Table 4.5. 
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Table 4.5: List of data figures for Cd calculations with results. 
 
  ∆ʋ # ∆ʋ ʋ1 ʋ3 P Z Ab Cd Avg Cd Values 

Cement Source 1 763.711 740.568 23.143 19.338 15.719 0.305 3.619 0.035 658.586*   

  767.568 742.496 25.072 46.309 41.791 0.297 4.518 0.028 906.761* 

759.853 742.496 17.357 28.086 22.839 0.480 5.247 0.038 456.569 

757.952 742.496 15.456 28.354 23.100 0.467 5.254 0.037 417.934 

765.639 742.496 23.143 28.993 24.189 0.482 4.804 0.042 557.338 477.280 

Cement Source 2 773.353 742.496 30.857 37.136 35.590 0.681 1.546 0.159 194.668   

  771.425 742.496 28.929 47.026 41.080 1.070 5.946 0.072 402.548* 

773.353 742.496 30.857 49.932 44.576 1.476 5.356 0.106 291.910 

775.282 742.496 32.786 21.233 17.952 1.402 3.281 0.155 212.182 

771.425 742.496 28.929 31.310 26.355 1.741 4.955 0.131 221.217 229.995 

Cement Source 3 777.211 755.996 21.215 31.899 30.396 0.391 1.503 0.100 211.261   

  777.211 755.996 21.215 38.693 37.791 0.377 0.902 0.152 139.882 

775.282 759.853 15.429 40.062 37.962 0.462 2.100 0.086 178.659 

777.211 759.853 17.358 37.810 35.021 0.441 2.789 0.064 272.265 

777.211 759.853 17.358 13.840 12.879 0.138 0.961 0.058 297.867 219.987 

Cement Source 4 775.282 769.496 5.786 24.575 20.472 0.053 4.103 0.006 1038.030  

  777.211 767.568 9.643 27.862 23.310 0.057 4.552 0.005 1784.269 

777.211 769.496 7.715 14.354 12.627 0.024 1.727 0.006 1287.162 

781.068 769.496 11.572 43.918 33.559 0.085 10.359 0.004 3260.609 

781.068 767.568 13.500 30.314 27.950 0.022 2.364 0.004 3355.732 

Cement Source 5 779.139 736.711 42.428 29.856 27.523 0.208 2.333 0.037 1143.922 

  781.068 736.711 44.357 23.383 20.900 0.333 2.483 0.055 811.568 

781.068 736.711 44.357 32.783 29.752 0.039 3.031 0.006 7988.741 

754.068 738.639 15.429 29.607 27.771 0.140 1.836 0.032 483.452 

781.068 742.496 38.572 32.728 28.822 0.131 3.906 0.014 2692.351 

*Outliers are not included in the average calculation of Cd values. 

 
 Based upon the Bachiorrini et al [31] research, they found that Cd values could be 

classified in such a way as to reflect the alkali silica reactivity of a specimen. The ranking they 

used are Cd≤120: non-reactive, 120≤Cd≤ 200: slowly reactive, 200≤Cd≤300: rapidly reactive, 
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Cd>300: pozzolanic behavior. The results for the calculated Cd values for both Cement Source 4 

and Cement Source 5 are inconclusive due the alkali levels being so close to the detection limit 

of the FTIR. For this reason the results for these two cement samples were not included. Samples 

from cement sources 1-3 were included and those calculations are shown in Table 4.5.The results 

calculated from the spectra for this thesis would indicate that Cement Sources 2 and 3 slowly-

reactive, and Cement Source 1 will exhibit pozzolanic behavior, based upon the classifications of 

Cd values from the Bachiorrini et al. [31] research.  
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CHAPTER 5 

CONCLUSION 

Concrete being such a commonly used material in construction of buildings, bridges, 

roadways and the like, it is necessary to provide accurate and quick information regarding the 

alkali levels in the cement before hydration occurs to prevent excess and avoidable costs. 

Knowing the alkali levels can help predict possible future structural failures in the cement. The 

current method of X-ray fluorescence for alkali quantification in cement powder samples, while 

it is accurate, is time consuming which inhibits the quick turnaround of information needed for 

most cement projects. Aside from the amount of time required to scan and analyze the samples, 

XRF has a high initial instrument cost. From the research previously presented, FTIR is a viable 

method of determining alkali levels in cement powders. 

Being provided the accurate data for alkali levels in the cement powders from TxDOT 

XRF scans it was possible to develop a correlation to determine the applicability of the FTIR 

method for alkali quantification presented here. After completing the initial scans of the five 

different powder samples (from various sources) and using the XRF data of the (Na2O)e a linear 

relationship and the equation of the straight line was developed. This equation then becomes the 

prediction equation to determine the (Na2O)e of a sample with an unknown level of alkali. Based 

upon the scatter plot and using Excel, I was able to determine a correlation coefficient, R2, of 

0.97. This means that 97% of the measured data fits the correlation equation which in turn it 

predicts deviation of the measured and forecast model. 

The FTIR method discussed in this research is a timely and reliable method of measurement 

of alkali quantities in cement. The repeatability of this method means that this method could be 
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used in place of XRF in determining alkali levels for powders before they are hydrated, when a 

quick analysis is needed. As a result of this research, the following conclusion can be made: 

1. Assigned FTIR absorption bands unique to concrete cement were identified based on 

available literature, and fingerprint spectra obtained will be used for future analysis of 

variations in concrete cement compositions.   

2. A new method for alkali quantification of concrete cement using FTIR was developed 

based on the TxDOT XRF data from the past several years. In this research, a correlation 

model was developed correlating the FTIR band ratio of 750 cm-1 / 923 cm-1 band versus 

equivalent alkali (0.658% K2O + %Na2O) concentration as calculated based on XRF 

analysis. R2 values of two data sets from TxDOT samples were calculated as 0.978 and 

0.974.  
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