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Introduction 

 

It is expected that concrete is fireproof material, and the 

legal systems and countermeasures against fire accident were 

developed in the long history. Recent structures have been, 

however, going to enlargement, diversification both materially 

and structurally, extension and so forth, and thus the risks at 

fire accidents are also diversifying and increasing. Exposure of 

high temperature surely causes severe deterioration, especially 

spalling of high strength concrete. Therefore, how to evaluate 

the performance after exposed to high temperature is 

important. Moreover, Japan is nowadays facing the population 

decrease and leveling off construction investment while the 

existing structures are aging. Hence, the structures are 

required to prolong its life span and carry out maintenance 

appropriately. RC structures are generally re-used by repairing 

damaged area after diagnosis. Therefore, it is expected to 

improve the quality of survey and diagnosis. To do so, it 

should be needed to clarify the alteration mechanism properly. 

A variety of research was reported to clarify the 

mechanism of alteration by high temperature. As a 

representative, Taylor summarized the alteration mechanisms 

at a specified temperature as follows [1]; free water evaporates 

between 30 °C and 100 °C, and loss of chemically-bound 

water in the C-S-H and carboaluminate hydrates between 

180 °C and 300 °C. From 450 °C and 550 °C, calcium 

hydroxide decomposes into calcium oxide. Finally, calcium 

carbonate and C-S-H gel begin to decompose between 600 °C 

and 700 °C. In other past studies, Mendes et al. [2] revealed 

that the critical temperature for OPC pastes was 400 °C 

because above this temperature OPC pastes cause dehydration 

of calcium hydroxide and rehydration of calcium oxide. On 

the other hand, Castellote et al. monitored the decomposition 

of calcium hydroxide between 530 and 560 °C by neutron 

diffraction in powder and bulk samples [4]. 

However, in previous researches concerning alteration 

mechanism by high temperature, there still exists a lack of 

studies considered as followings.  

While concrete structures may suffer from high 

temperature like a fire event during their long service life, 

many research did not considered the effect of carbonation. 

Carbonation is mechanically beneficial by clogging the bigger 

capillary pores and refining the microstructure [5]. This should 

surely affect the properties of concrete after exposure of high 

temperature.  

Moreover, re-curing fire-damaged concrete in water or a 

high humidity environment can lead to performance recovery 

and it is suggested that water supply on fire damaged concrete 

is an environmental and economic procedure to recover its 

strength [6]. On the other hand, it is concerned that volume 

increase with the reaction may reduce performance due to the 

expansion of cracks [7]; therefore, the effect of re-curing is 

still unclear. 

This study aims to investigate the effect of carbonation on 

high temperature alteration behavior and the change of 

microstructure of cementitious materials subjected to high 

temperature followed by water action by using newly micro-

tomographic method called non-destructive integrated CT-

XRD method [8]. Although powder X-Ray Diffraction (XRD) 

was conventionally utilized to identify the cement hydration 

system before and after heating, this methodology is 

destructive and thus limits the ability to understand the change 

of microstructure over time and consider properly the internal 

state of concrete like moisture due to grind process. On the 

other hand, X-ray Computed Tomography (CT) is useful to 

analyze internal microstructure three-dimensionally and 

recently utilized by various researches in cement and concrete 

field [9]. However, even using a synchrotron radiation X-ray 

source, it is difficult to detect the distribution of minerals in a 

cement hydrated system, which means only CT images with 

lower contrast can be obtained because of small differences in 

the linear attenuation coefficient of minerals in a cement 

hydrated system. To solve this problem, our research group 

found out the advantage of coupling CT and XRD 

measurement and started the development and application of 

non-destructive integrated CT-XRD method (hereafter the CT-

XRD).  Simultaneously, modification to improve the image 

quality in CT measurement and signal ratio in XRD 

measurement were carried out and some accomplished by 

changing the arrangement of the equipment. Although various 

improvements of the system are still going on, this method 

clarified the leaching behavior in the vicinity of crack of 

cementitious materials due to water flow [10], and this led to 

the motivation to apply the alteration behavior due to high 

temperature.  In this paper, an attempt to do so was carried out 

and the obtained results were discussed. 
 

Non-destructive integrated CT-XRD method 
 

The CT-XRD has been developed at BL28B2 in the 

synchrotron radiation facility, SPring-8 (Super Photon ring-

8GeV), in Japan. The BL28B2 has powerful white X-ray 

source which can be currently available. White X-ray covers a 

wide range of wave length zone. Therefore, with using a white 

X-ray as the incident X-ray there is no need to scan the angle 

between sample and detector, and energy-dispersive XRD 



profile can be obtained. Fig. 1 shows the outline of this 

method. 

White X-ray is emitted to a silicon mono-crystal located in 

upstream position of sample and then diffracted to a specific 

angle with getting itself monochromatic as shown in Fig. 2. 

Sample is set in the direction of diffracted X-ray and exposed 

followed by capture of X-ray camera. The reason why the 

monochromatic X-ray extracted from the white X-ray is used 

for the enhancement of image contrast. Therefore, the couple 

of CT and XRD measurement is applicable using same X-ray 

source. The stage that sample sets is revolving during CT 

measurement and thus transmission images of X-ray with 

different angles can be obtained. Image reconstruction can be 

carried out by back projection of the transmission images. The 

reconstructed images in three dimensions can be referred as 

determinations of ROI followed by XRD measurement. 

X-ray diffraction profile can be obtained in the Region of 

Interest (ROI). Sample is moved on the straight line of X-ray 

irradiating direction as shown in Fig. 1. In order to extract the 

signal of the X-ray diffraction only in the ROI, three slits are 

deployed in the system. A slit in the upstream position (S1) 

and two slits in the downstream (S2 and S3) are installed so as 

to focus a specific space and obtain the only signals of X-ray 

diffraction there, called the gauge volume. The gauge volume 

can be set on ROI because the coordinate system in the CT 

measurement corresponds to that in the XRD measurement. A 

solid-state detector is used and located behind S2 and S3. The 

angle of the arm that corresponds to the twice of the 

diffraction angle (2θ) is fixed at 10° during the measurement 

and the relationship between X-ray energy and the intensity of 

diffracted X-ray can be obtained. 

 

Experimental program 
 
Sample preparation 

Cement paste with only the Ordinary Portland Cement was 

used in both experiments. A water to cement ratio is 0.6. The 

cement paste was mixed and molded into metal frame in the 

size of 40×40×160 mm. The samples were de-molded after 24 

hours of molding, and then cured in tap water until cutting. 

After about 12 months of water-curing, the hardened cement 

pastes were cut into the prism in the size of 2.5×2.5×5 mm for 

the CT-XRD measurement. Carbonation test and heating test 

described in the next section were carried out followed by 

setting the samples on the jig using epoxy resin. Hereafter, the 

non-carbonated samples and carbonated samples are described 

as N and C, respectively. 

Before the CT-XRD measurement, samples were 

carbonated doing the following procedure; samples were left 

in a container inside constant temperature furnace under 

100 °C condition. 99% CO2 gas was injected into the container 

per 1 day and this process was continued for a period of 7 

days.  

Heating test was carried out using electric furnace with a 

temperature control program. The rate of heat increase was set 

at 10 °C per minute until the target maximum temperature was 

reached. The maximum temperature was maintained for 2 

hours and the rate of heat decrease was also set at 10 °C per 

minute until room temperature. The target maximum 

temperature was 200, 400, 600, and 800 °C denoted by 2, 4, 6 

and 8, and Non-Heated (NH) sample was also prepared. 

Another NH sample was also prepared to verify the XRD 

result by comparison with conventional powder XRD result. 

After the heating test and initial CT-XRD measurement, 

samples were immersed into deionized water. Immersion test 

was continued for a period of 28 days, with change of water 

every 7 days. The samples before immersion and after 

immersion are denoted by B and A, respectively.  

 

Setup conditions 
Setup conditions in this measurement are followings; the 

extracted energy of X-ray CT measurement was 25 keV. 

Angle steps during CT measurement were 0.12° with an 

exposure time of 0.4 s. Image resolution was 2.44 μm/voxel. 

The beam size was 0.05 mm in width and 0.3 mm in height. 

The angle of diffraction (θ) was fixed at 5° and the preset time 

was 300 s.  

Powder X-ray diffraction (P-XRD) was used to identify 

the crystalline phases of the cement paste and verify the data 

from the CT-XRD. Samples were grinded into powder in a 

diameter of less than 100μm and P-XRD measurement was 

carried out soon after grinding. XRD data were recorded using 

SmartLab produced by Rigaku. The scanning range was 2θ = 

10° to 60° degrees with a 0.01 step scan and a scanning speed 

of 5.5 degrees per minute. The diffraction profile was acquired 

and analyzed using powder diffaction analysis software 

“PDXL” from Rigaku. To compare the results of the CT-XRD 

and Powder-XRD, the variable number, “Energy” from the 

CT-XRD results, was converted to “diffraction angle” using 

two relationships; one is the relationship of light and energy 

and the other is Bragg’s equation. 

 
Results and discussions 
 
Verification of XRD result 

Fig. 2 shows series of XRD profiles (NH); P-XRD, Point 

1, Point 2, and Point 3 are shown from top to bottom. ROIs 

were determined for XRD measurements as Point 1 to Point 3 

from the corner to the center (shown as circle in Fig. 4). It can 

be found from P-XRD profile that, the peaks of calcite are 

distinct whereas some peaks of portlandite can be seen. 

Moreover, small peaks of vaterite also can be found. Groves et 

al. [11] observed calcium carbonate is formed mainly in outer 

product regions of C-S-H as microcrystalline vaterite and 

calcite, and residual portlandite embedded in vaterite is also 
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Fig. 1 Schematic diagram of the system for non-

destructive integrated CT-XRD method 

 



observed using TEM. This is the reason why the peaks of 

vaterite were also detected. A small peak of belite was also 

detected, which is derived from the presence of anhydrated 

cement phases. 

With regard to the profile of Point 1, the peaks of calcite 

are distinct and a peak of belite is also confirmed. On the other 

hand, the peaks of portlandite cannot be found. On the other 

hand, profiles of Point 2 and Point 3 exhibit that the peaks of 

portlandite are distinct whereas the peaks of calcite are very 

weaker than that of Point 1. These profiles reveal that 

carbonation progressed at the surface layer due to the reaction 

of atmospheric CO2 and portlandite. The presence of belite is 

also derived from anhydrated cement particles.  

Comparison with P-XRD and the CT-XRD indicates that 

there is a limitation for the CT-XRD to observe peaks in the 

range of less than 25° or less. This may derive from absorption 

of X-ray in low energy range. Moreover, the peaks of the CT-

XRD is broader than those of P-XRD, thus closer peaks 

cannot be shown separately, represented as the range of 45° 

and 50°. However, the peak positions can be correctly shown 

in the profiles of the CT-XRD. Therefore, the CT-XRD can 

evaluate the effect of alteration (carbonation in this case) in 

non-destructive manner. 

 
CT Results 

Fig. 3 shows cross sectional images of each sample. The 

cross section is located in the middle height of sample. Each 

slice was processed a matrix size into 1500×1500 pixels. With 

regard to the images before immersion, cracks can be seen 

only in the C-8. It can confirm that the cracks generated due to 

decomposition of calcite at higher than 600°C. However, the 

images after immersion indicate that the edge became porous 

in C-NH, C-2, and C-4. Moreover, the edge of C-6 sample 

becomes more porous than these three samples and that of C-8 

sample becomes darker. It derived from calcium leaching due 

to immersion and maximum temperature before immersion 

affected the degree of leaching.  
Fig. 4 shows the CT histogram of Linear Attenuation 

Coefficient (LAC) of NH sample before immersion and 

example of rescaling to 8bit gray scale image. There are two 

distinct peaks which are associated with the air and the cement 

matrix, respectively. From Fig. 4, it can be said that larger 

peaks position around the value of 4.8 before immersion. 

Table 2 provides the list of some of the referred minerals for 

hardened cement pastes with LAC at the X-ray energy level of 

25 keV. LAC of the referred minerals was obtained from the 

NIST database [30] after inputting the chemical compounds 

and density of targeted mineral, which was referred to Ref. 

[31-33]. According to this table, the larger peak is closer to the 

LAC of C-S-H and other candidate minerals like portlandite 

can be negligible. Therefore, it can be said that the area of 

cement paste in cross sectional images mainly indicates the 

distribution of C-S-H. In addition, in order to enhance the 

contrast and process the images easily, rescaling images was 

carried out. In this study, all the CT images were consistently 

converted to 8bit gray scale images by setting the minimum 

and maximum to -2 and 8, respectively. Fig. 5 shows the 

histograms of each sample in 8bit scale and the way to 

determine the thresholds. Compared with histograms before 

and after immersion, the peak of cement paste in NH, 2, and 4 

shifted slightly to lower values than that of before immersion. 

 
Fig. 2 XRD profiles of C-NH by P-XRD (P) and the 

CT-XRD (1, 2, and 3) (alite:▲, belite:○, 
portlandite:■ , calcite:□ , vaterite:♦ , lime:● ) 
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Fig. 3 Cross sectional images at center heights. The 

markers indicate the position of XRD points 

 



Moreover, it can be said that the peak of cement paste in 

600°C and 800°C was separated into two peaks. These shifts 

can be discussed as followings.   

Saito et al. showed the conceptual diagram of calcium 

leaching evaluated by an electrochemical technique [12]. It 

indicates that the states of cement matrix can be expressed as 

four phases; Only SiO2 exists in phase 1; C-S-H with 

decreased C/S ratio remains in phase 2; C-S-H with high C/S 

ratio exists in phase 3; both C-S-H and portlandite (CH) 

remains in phase 4. According to this diagram, obtained CT 

images can be confirmed that; phase 1 is shown represented in 

the edge of 8, phase 2 is shown represented in the edge of 6, 

and both phase 3 and phase 4 are shown represented in the 

center of all samples. Phase 3 and phase 4 are not distinctive 

from the CT measurement because the peak of portlandite was 

not shown in histogram. Each threshold was determined to 

select the point of intersection in 6-A and 8-A. Threshold of 
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Fig. 6 Visualization of leaching area from phase 

segmentation. Both ends arrows in A-NH 

show an example of measurement points of 

leaching front 

 
Fig. 4 Example of CT histogram of the CT images 

and rescaling to 8bit gray scale images 
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Fig. 5 Histograms of each sample before and after 

immersion and threshold determination for 

phase segmentation 

 



air and Phase 1 is 82, the intersection between the right end of 

air peak and GSV axis in 6-A. That of Phase 1 and Phase 2 is 

130, the intersection between profile of 6-A and 8-A, and that 

of Phase 2 and Phase 3 was determined 155, the intersection 

between the first peak and second peak in the profile of 6-A. 

Total leaching area could be extracted from the CT images 

dependent on these thresholds, segmented air as black, phase 1 

as red, phase 2 as green and phase 3 and 4 as white color.  

Fig. 6 shows the segmented images of each sample. First, 

it can be seen that leaching effect was observed equally from 

edge to center but blocked in some side of 2 and 6 sample. 

This might be derived from attaching epoxy on the side of 

samples accidentally when attaching themselves to jigs. From 

segmented images, leaching front was measured by drawing 

arbitrary 4 points on images and then taking average of them.  

Fig. 7 shows the leaching front for each sample. According to 

this graph, 4 exhibited the smallest leaching front of 0.1mm. 

This might be because of the fact that the clogging of the 

whole range of pores by the carbonation test. After that, 

heating procedure produced so-called condition of internal 

autoclaving in cement paste. This is particularly true for dense 

cement paste because low permeability resists moisture flow. 

Therefore, additional hydration of unhydrated cement grains 

occurred effectively and thus increased the resistance of 

leaching in 4 sample more than NH. A comparison of other 

samples showed that NH and 2 resulted in 0.34 mm in 

leaching depth, and leaching depth of 6 became deeper, 

0.41mm including increased phase 1. The surface of 8 altered 

to phase 1 mostly, and the depth is 0.44mm. 

 
XRD results 

Regions of interests were determined for XRD 

measurements as point 1 to point 4 from the corner to the 

center (shown in Fig. 3 as circle).  

Fig. 8 shows the XRD profiles of some samples before and 

after immersion test for the Point 1 to Point 4. In this paper, 

the results of 2 and 6 were omitted due to the page restriction. 

With regard to NH, the peaks of both portlandite and calcite 

can be seen at all points before immersion and the peaks of 

portlandite disappeared after immersion. It indicates that 

portlandite dissolved into water from all area. The weakened 

peaks of portlandite were observed in the profile of Point 2, 3, 

and 4 after immersion in the profiles of 4. Moreover, in case 

of 2, those were still observed in that of Point 3 and 4, which 

corresponds to smaller leaching front in Fig. 6. Therefore, 

these results confirmed the increase of resistance against 

leaching under the influence of elevated temperatures up to 

400 °C. The profiles of 6 show that almost all no change can 

be seen before and after immersion and the peaks of calcite 

can be detected and the peaks of portlandite cannot be 

detected. As indicated in Fig. 6, the leaching front became 

deeper at 600 °C or more. Thus, the initial presence or absence 

of portlandite affected rapid dissolution of C-S-H. Concerning 

the profiles of 8, the peaks of alite and belite were found 

clearly before immersion at all points. It was considered that 

these productions derived from the decomposition of C-S-H. 

After immersion, however, the peaks of portlandite can be 

seen at Point 3 and 4 and only tiny peaks of calcite and belite 

were observed at Point 1 and 2. Moreover, the peaks of alite 

and belite disappeared at all. These indicate that clinker-based 

minerals were rehydrated to produce portlandite in all depth 

meanwhile the dissolution of the portlandite produced by the 

rehydration occurred in Point 1 and Point 2. 

 

Conclusions 

 

This research was carried out to investigate the effect of 

water action on carbonated cementitious materials followed by 

 

 
Fig. 7 Leaching front for each sample measured from 

segmented images 
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Fig. 8 XRD profiles of NH  (alite:▲, belite:○, 

portlandite:■ , calcite:□ , vaterite:♦ , lime:● ) 



exposure of various high temperatures. CT image analysis 

revealed that the cement paste that was carbonated and then 

heated at 400°C exhibited the largest resistance against 

leaching in water immersion. It appeared to be due to the 

densification of the internal structures. While alite and belite 

were generated in the cement paste due to heating at 800°C 

they could rehydrate themselves and form portlandite by 

immersion in pure water. Subsequently, however, its 

dissolution occurred at the surface layer and the structure of 

cement hydration system became the most coarsened. 
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Fig. 9 XRD profiles of 4 (alite:▲, belite:○, 

portlandite:■ , calcite:□ , vaterite:♦ , lime:● )  
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Fig. 10 XRD profiles of 8 (alite:▲, belite:○, 

portlandite:■ , calcite:□ , vaterite:♦ , lime:● ) 


