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Abstract 
In this study, for developing a silicate-based surface impregnation solution with high permeability to repair degraded 
concrete from the surface to the interior, experiments were conducted to investigate the effect of blending sodium hy-
droxide (NaOH) on the permeability of the lithium silicate solution (LS) that is one of generally used silicate surface 
impregnation materials. The high permeability of the modified LS solution, composed of LS, NaO, and water, was con-
firmed by solution immersion test using several grades of concrete and heated concrete with different strengths, and by 
ICP-AES analysis. Appropriate NaOH blend significantly increased the penetration of LS into concrete. The appropriate 
NaOH blends and the mechanisms of increasing permeability were investigated by the setting time test of fresh pastes of 
modified LS solution and unheated or 650°C-heated Portland cement paste powders, and the SEM-EDS, XRD, TG-DTA 
analyses of hardened pastes. As a result, when NaOH is blended in an amount such that the Na/Si molar ratio of NaOH-
modified LS solutions is in the range of 0.5-1.25, they have high permeability. The addition of NaOH reduces the solu-
bility of Ca(OH)2, being a hydrate of Portland cement (PC), and therefore delays the calcium silicate formation between 
Ca(OH)2 and LS. This delay prevents the penetration path of LS from being quickly blocked by calcium silicate, thus LS 
permeability is improved. However, the addition of excessive NaOH destroys other hydrates of PC to dissolve Ca ions, 
instead increasing the calcium silicate formation. In addition, the blend of NaOH would increase the alkalinity of neutral-
ized concretes. 
 

 
1. Introduction 

In recent years, for reducing the environmental burden of 
concrete structures, the importance of structural mainte-
nance has been rising, and research on repair and rein-
forcement has gained attention in extending the service 
life of concrete structures. Major deterioration factors of 
concrete include neutralization, salt damage, alkali-silica 
reaction, and freeze-thaw action, etc. The penetration of 
aggressive substances such as moisture, chloride ions, 
oxygen, and carbon dioxide from the external environ-
ment causes the physical or/and chemical degradation of 
concrete. For example, neutralization occurs when at-
mospheric carbon dioxide infiltrates into concrete, initi-
ating carbonation reaction and potentially causing corro-
sion of internal steel reinforcement. Steel bars whose pas-
sive film has been destroyed may rust in the presence of 
oxygen and water. Additionally, high temperatures during 
a fire causes degradation of concrete due to the decom-
position of cement hydration products and the difference 
in the degree of thermal expansion of aggregates and 

hardened matrix cement paste, exhibiting strength reduc-
tion, neutralization, and cracks (Daungwilailuk et al. 
2019; Joakim 2015).  

The inhibition of water ingress from the surface of con-
crete structures has been shown to significantly improve 
the issues related to the deterioration (Ishibashi et al. 2002; 
Maehara and Iyoda 2018). In the pursuit of methods for 
inhibiting deterioration and preventive maintenance of 
concrete structures, surface impregnation has proved to be 
effective (Takeda et al. 2021). Surface impregnation is the 
application of impregnation agent on the surface of con-
crete structure. In Japan, the "Recommendation for Con-
crete Repair and Surface Protection of Concrete Struc-
tures" (JSCE 2005) was established for surface impregna-
tion by the Japan Society of Civil Engineers. Surface im-
pregnation agents can be broadly categorized into silane-
based and silicate-based materials according to their pri-
mary components. Silane-based impregnation agents typi-
cally consist of alkylalkoxysilane monomers or oligomers, 
or a mixture thereof, forming a hydrophobic layer within a 
few millimeters on the concrete surface. The reported ef-
fects include preventing the penetration of moisture and 
chloride ions, as well as suppressing alkali-aggregate reac-
tions (Hayashi et al. 2019). Unlike organic impregnation 
agents, silicate-based impregnation agents require fewer 
construction steps, are cost-effective, and preserve the ap-
pearance of concrete surfaces and facilitates easy inspec-
tion and maintenance because they are colorless and trans-
parent solutions.  

Silicate-based impregnation agents involve the pene-
tration of sodium silicate or lithium silicate into concrete 
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for enhancing concrete properties. The basic reaction of 
silicate-based surface impregnations (M2O·SiO2·xH2O, 
M is monovalent alkali metal such as Na+, K+, Li+) with 
Ca(OH)2 in concrete is as Eq. (1). 
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Calcium silicate, the product of the above reaction, 
fills the pores and cracks of the concrete and densifies the 
concrete, which increases the resistance of the concrete 
to the penetration of the aggressive substances, thus im-
proving the durability of the concrete (Kurokawa and 
Miyazato 2015; Midorikawa et al. 2011). However, since 
the above reaction requires Ca(OH)2, the modification ef-
fect is limited for the carbonated concrete, and this reac-
tion reduces the carbonation resistance of the uncar-
bonated concrete (Kondo et al. 2019).  

Silicate-based surface impregnation materials can only 
penetrate a few millimeters into concrete. Thus, the im-
pregnation solution remains at the concrete surface, and 
cannot modify inside concrete (Someya and Kato 2014; 
Baltazar et al. 2014). This is because the product of the 
above reaction densifies the surface layer of concrete, 
thereby hindering the further spread of the impregnation 
material. Therefore, the silicate-based surface impregna-
tion materials generally have a limited modifying effect 
on the surface layer of concrete and are primarily used to 
enhance durability of concrete rather than strength (Tran 
et al. 2018; Baltazar et al. 2014). 

The authors found accidentally that the permeability of 
lithium silicate solution, one of the main conventional sil-
icate-based surface impregnation materials, can be greatly 
improved by adding sodium hydroxide (NaOH) solution, 
compared to the lithium silicate solution alone. If the addi-
tion of NaOH solution can indeed increase the permeabil-
ity of lithium silicate solution, not only the internal modi-
fication of concrete is available, but also neutralized con-
crete can be re-alkalized, known as chemical re-alkaliza-
tion treatment of concrete that restores the alkalinity of 
concrete and improves the corrosive environment of steel 
by introducing alkaline components (alkali ions: positive 

ions) into the concrete (Réus and Medeiros 2020). 
For developing a silicate-based surface impregnation 

material with high permeability for restoring concretes 
damaged by aggressive substances or fire, in this study 
the authors investigated in detail the effect of NaOH ad-
dition on the permeability of lithium silicate solution in 
both normal concrete and heated concrete, and then dis-
cussed suitable blending ratio of NaOH. We also dis-
cussed the mechanism, by which the inclusion of NaOH 
increases the permeability of lithium silicate solution, 
through a combination of TG-DTA and XRD analyses, as 
well as setting time tests, using the hardened mixtures or 
fresh mixtures that were prepared by mixing the powders 
of hardened cement paste or 650°C-heated hardened ce-
ment paste and the lithium silicate solutions containing 
varying amounts of NaOH. 
 
2. Permeability of NH-modified silicate 
impregnation 

2.1 Components of NH-modified impregnations 
Silicates commonly used as silicate-based surface impreg-
nation materials include lithium silicate, sodium silicate, 
and potassium silicate. However, the former is less viscous 
compared to the latter two, so it is relatively easy to pene-
trate into concrete. Therefore, in this study, lithium silicate 
(LS) and sodium hydroxide solution (NH) were chosen to 
prepare NH-modified impregnations, as shown in Table 1. 
The specifications of used lithium silicate are shown in Ta-
ble 2. The reference NH-modified impregnation was Se-
ries 1.25 with Na/Si molar ratio of 1.25, which was pre-
pared by the lithium silicate, 10 mol/L NaOH, and deion-
ized water in a ratio of 2:1:2 by volume. 

Based on the mix proportions of Series 1.25 and keep-
ing the dosage of lithium silicate constant, six solutions 
with different Na/Si molar ratios ranging from 0.25 to 
1.75 were prepared by adjusting the amounts of NaOH 
solution and water. Additionally, referring to Series 1.25, 
we prepared a solution, marked as Series 1.25-30, to in-
vestigate the effect of solid concentration on permeability. 
This solution was prepared by increasing the amount of 
lithium silicate to achieve a high solid concentration of 
30%. 
 

Table 1 NH-modified lithium silicate impregnations. 

Series 
Component (wt.%) Chemical and physical features 

Lithium  
silicate 

10M Sodium  
hydroxide 

Deionized 
water 

Na/Si 
molar ratio 

Solid  
content (%) 

Specific 
gravity 

Series 0.00 
(LS only) 41.98 - 58.02 0.00 9.66 1.084 

Series 0.25 41.98 1.40 56.62 0.25 11.05 1.098 
Series 0.50 41.98 2.79 55.23 0.50 12.45 1.113 
Series 0.75 41.98 4.19 53.83 0.75 13.85 1.129 
Series 1.00 41.98 5.59 52.43 1.00 15.24 1.146 
Series 1.25 41.98 6.99 51.03 1.25 16.64 1.163 
Series 1.75 41.98 9.78 48.24 1.75 19.44 1.202 

NH only Series - 6.99 93.01 - 6.99 1.075 
Series 1.25-30 75.68 12.59 11.73 1.25 30.00 1.413 
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2.2 Concrete specimens 
Concrete specimens of three strength grades were prepared 
to investigate the influence of concrete strength on the per-
meability of lithium silicate impregnation. Their mix pro-
portions and compressive strengths are shown in Table 3, 
which had different water-to-cement ratios: 68% for G20, 
53% for G40, and 37% for G60. And the raw materials used 
in the concretes are shown in Table 4. According to the 
standards of the Architectural Institute of Japan, G20, G40 
and G60 can be regarded as normal concrete (compressive 
strength Fc<36 MPa), high-strength concrete (Fc≥36 MPa) 
and ultra-high-strength concrete (Fc≥60 MPa), respectively. 
The concrete specimens used for the compressive strength 
test were 100 mm diameter cylinders of height 100 mm, but 
either the prismatic specimens (100×100×400 mm) or the 
cylinders were used in the permeability experiment. After 
the specimens were cast, they were left to be cured in the air 
at 20±3°C for one day before demolding. Subsequently, they 
were immersed in a water tank at 20°C for water-curing until 

they reached 28-day age, and then stored in a room at 
20±3°C, R.H. 60±5% for about 28 days before immersing 
in the lithium silicate impregnations.   

Two types of concrete specimens were used to investigate 
the permeability of NH-modified lithium silicate impregna-
tions: non-heated concrete, and the 650°C-heated concrete 
that was considered as fire-damaged concrete, respectively. 
The purpose of using the heated concrete was to confirm if 
the NH-modified lithium silicate impregnation can pene-
trate into the heated concrete or not for suggesting a method 
of repairing fire-damaged concrete in the future. The tem-
perature was set at 650°C because it is higher than the 
Ca(OH)2 decomposition temperature, and because heating 
above 650°C will degrade concrete so severely that it is dif-
ficult to repair. A small electric furnace was used for the 
heating, and the heating regime is shown in Fig. 1. The tem-
perature was raised to the target temperature (650°C) at a 
rate of 2 to 3°C/min. and then maintained at the target tem-
perature for 5 hours. After heating, the specimens were left 

Table 2 Specifications of aqueous lithium silica solution used. 
Formula Li2O·nSiO2 (n=3.6) 

Chemical and physical features 

SiO2 : 21% 
Li2O : 2.9% 

pH (25°C): 10.0 to 11.4 
Specific gravity (25°C): 1.18 to 1.22 
Viscosity (25°C): 15 mPa∙s or less 

Table 3 Mix proportions and strength of the used concretes. 

Notation 
Water-cement  
ratio (W/C, %) 

 Unit mass (kg/m3) Compressive 
strength Fc 

(N/mm2) 
W C S-1 S-2 G-1 G-2 WR 

G20 68 164 241 276 643 1000 - 2.7 24.4 
G40 53 164 309 265 618 - 919 4.08 42.7 
G60 37 168 454 221 516 937 - 5.45 60.0 

Table 4 Raw materials of the used concretes. 

Notation Raw material Fineness or grading 
Density in surface  
dry state (g/cm3) 

Fineness modulus  
(F.M.) or  

solids content (S.C.) 
C Ordinary Portland cement 3500 cm2/g (Blaine value) 3.15 - 

S-1 Crushed sand 0-5 mm 2.58 2.9 (F.M.) 
S-2 Sea sand 0-2 mm 2.73 2.9 (F.M.) 
G-1 Crushed stone 5-20 mm 2.81 60.6% (S.C.) 
G-2 Crushed stone 5-20 mm 2.57 59.2% (S.C.) 
WR Air entraining water reducing agent 

 
Fig.1 Heating regime of concrete. 
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in the electric furnace and cooled naturally until they 
reached room temperature. By using a sufficiently slow 
heating rate and keeping a long time at the target tempera-
ture, it was ensured that the interior of the specimens 
reached the target temperature. After heating, the speci-
mens were stored in the room at 20±3°C, R.H. 60±5% for 
about 28 days before immersing in the NH-modified lith-
ium silicate impregnations. 
 
2.3 Permeability evaluation  
Masses of the specimens were first measured, followed by 
placing them in a container filled with the impregnation 
solution to ensure a complete immersion of the entire spec-
imen for 3 days, as shown in Fig. 2. Subsequently, the 
specimens were removed from the container, and their sur-
faces were wiped with a dry cloth. Then their masses were 
measured again. The mass increase ratio, calculated from 
the mass change before and after immersion, was used as 
a measure of permeability. Next, the specimens were split 
using a universal testing machine or cut at the center of the 
long axis of specimen using a concrete cutter, and the pen-
etration depth of impregnation solution was measured on 
the fractured section or cutting section according to color 
change. The penetration fronts of the impregnation solu-
tions can be identified by visual inspection based on the 
color change of the freshly split section. When the impreg-
nation solution penetrates into the concrete, the concrete 
color becomes dark. The distance from the concrete sur-
face to the point where the color transitions from dark to 
light is considered as penetration depth. The penetration 
depth was measured at four different locations, and the av-
erage value was used as the experimental result. 

The color change of concrete may be caused only due to 
water absorption, which does not mean that LS, the effec-
tive ingredient of the impregnation solution has entered the 
concrete specimen. Therefore, in order to investigate the 
effective permeability of impregnation solution, we con-
ducted SEM-EDS analysis and ICP-AES (Inductively 
Coupled Plasma Atomic Emission Spectroscopy) analysis 
to confirm the penetration position of LS and NaOH.  

The samples used for the SEM-EDS analysis were col-
lected from the specimens immersed in the impregnation 
solution with Na/Si molar ratio of 1.25 (Series 1.25). The 
analysis was carried out using matrix cement paste of 

concrete, thus care was taken to avoid the areas with ag-
gregates in the sample collection. The samples were col-
lected within 10 mm of the specimen's surface layer and 
at the central of the specimen, respectively. The EDS 
analysis was focused on the Na and Si elements, which 
are the primary components of the impregnation solution. 
As a comparison, the SEM-EDS analysis was also per-
formed for the specimen immersed in water. Before the 
SEM-EDS analysis, all the samples were embedded in 
Epofix Resin, then cut and polished. 

The solid samples, used to prepare the solution for the 
ICP-AES analysis, were gathered from the surface layer of 
cylindrical specimen with 100 mm diameter (within 10 mm 
from the surface), intermediate layer (within 10-30 mm 
from the surface), and central region (within 30-50 mm from 
the surface). These solid samples were pulverized into the 
sizes ranging from 150 to 300 μm, mixed with a standard 
buffer solution (pH 4.01) at a liquid-solid ratio of 10, and 
subjected to ultrasonic agitation at 28 kHz for 10 minutes. 
Subsequently, the mixture solution was filtered through 
qualitative filter paper with a maximum opening size of 10-
15 μm, which conforms to Japanese Industrial Standard JIS 
P 3801. The liquid that passed through the filter paper was 
further diluted 100 times with deionized water, and this di-
luted solution was used in the ICP-AES analysis. The cali-
bration curve for the ICP-AES analysis was prepared within 
the element concentration range of 0.05-10 ppm. 
 
2.4 Experimental results and discussion 
2.4.1 Visual inspection and mass change  
Table 5 presents the cross-section photographs of the test 
specimens of G20 after the immersion in each impregna-
tion solution shown in Table 1, and describes the penetra-
tion situation of impregnation solution, judged visually 
from the color change of test specimen. Figure 3 illustrates 
the mass gain ratios of the test specimens after the immer-
sion. For the unheated test specimens immersed in the so-
lutions of Series 0.00 having only LS, and Series 1.25-30 
having a higher solid concentration of 30%, there was no 
color change on the cross-section of the test specimen, and 
the mass increase ratio was low. This suggests that the two 
solutions remained at the surface layer, and thus did not 
infiltrate the interior of the specimens. 

Conversely, for the six solutions with Na/Si molar ratios 
ranging from 0.25 to 1.75 (Series 0.25 to Series 1.75), the 
central region of the specimens appeared moist with a vis-
ible color change. It can be seen from Fig. 3, with increas-
ing Na/Si molar ratio, i.e., increasing the NaOH dosage, 
the mass gain increased significantly up to a Na/Si molar 
ratio of 0.75, beyond which the increase became slow. 
When the Na/Si molar ratio was in the range of 0.75-1.75, 
the mass increase ratio was about 4%, which was com-
parable to the increase ratio in the case of the water 
immersion (3.99%). This suggests that the permeabil-
ity of impregnation solution is comparable to that of 
water when the NaOH is mixed to make the Na/Si mo-
lar ratio exceed 0.75. However, though the Na/Si mo- 
lar ratio was 1.25, the large solid concentration of the so-  

Fig. 2 Immersion of specimens into impregnation solution.
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lution resulted in a reduced permeability (see Series 1.25-
30). If the solid concentration is not high, i.e., water con-
tent is suitable, NH-modified LS solution can penetrate 
into the inside of high-strength concrete [see Series 1.25 
(G40) in Table 5]. Series NH-only exhibited a significant 
color change extending to the center, which suggests that 
10M NaOH solution has a high permeability.  

On the other hand, for the heated specimens the im- 
pregnation solutions exhibited higher permeability, com- 

pared to the non-heated specimens. Even Series 0.00, 
which had only LS, displayed a significant color change 
in an area of approximately 15 mm deep. This is because 
heating made concrete porous. However, the mass increase 
ratio of Series 0.00 was still lower than other solutions, in-
dicating that for facilitating the penetration of LS solution 
into the interior of concrete, the addition of NaOH is neces-
sary even for heated concrete. For the solutions with Na/Si 
molar ratios ranging from 0.25 to 1.75, the color change ex- 

Table 5 The color of cross-sections of G20, G40 specimens after immersion in the impregnation solutions with 0.00-1.75 
of Na/Si mole ratio for 3 days. 

(a) Non-heated concrete specimen 
Series 0.00 (G20) 0.25 (G20) 0.50 (G20) 0.75 (G20) 1.00 (G20) 

Color of cross-
section 

     
Penetration  

situation No color change Full section Full section Full section Full section 

Series 1.25 (G20) 1.75 (G20) 1.25-30 (G20) NH-only (G20) 1.25 (G40) 

Color of cross-
section 

     
Penetration  

situation Full section Full section No color change Full section Full section 

 
(b) Concrete specimen heated to 650°C 

Series 0.00 (G20) 0.25 (G20) 0.50 (G20) 0.75 (G20) 1.00 (G20) 

Color of 
cross-section 

     

Penetration  
situation 

Not reached the 
center Full section Full section Full section Full section 

Series 1.25 (G20) 1.75 (G20) 1.25-30 (G20) 0.00 (G40) 1.25 (G40) 

Color of 
cross-section 

     

Penetration  
situation Full section Full section Not reached the  

center 
Not reached the 

center Full section 

Note: The penetration situation was a visual evaluation. 
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tended to the center of the specimens, accompanied by a 
high mass increase ratio, similar to that observed in the case 
of water immersion (9.95%). This suggests that even a small 
amount of NaOH addition can significantly increase the per-
meability of LS solution. However, Series 1.25-30 solution 
with the 30% solid concentration did not reach the center of 
the G20 concrete specimen. Therefore, the preparation of 
highly permeable LS surface impregnation requires the ap-
propriate addition of both NaOH and water. 

2.4.2 Element distributions of sodium and lithium 
The SEM-EDS images at 500 magnification of the un-
heated G20 concrete specimens are presented in Fig. 
4. In the images, the spots of element analysis are 
shown by cross markers. The elemental analysis re-
sults through SEM-EDS are shown in Fig. 5. From the 
specimen immersed in water, sodium (Na) elements 
were not detected. However, from the surface to the 

 
Fig. 3 Mass gain of the G20 specimens after immersion in the impregnation solutions for 3 days. 
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Fig. 4 Spots of EDS point analysis for the unheated G20 concrete specimen. 

 
Fig. 5 Distribution of Na, Si elements in the unheated G20 concrete specimens. 
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center of the specimen immersed in the solution with 
a Na/Si molar ratio of 1.25, Na elements were detected. 
It's worth noting that the concentration was very low, 
and in some points, Na element was not detected.  

Silica (Si) was detected in the specimens immersed ei-
ther in water or in Series 1.25 solution, which is due to 
the fact that the concrete itself contains silica. Although 
there are large distribution errors in the content of Na and 
Si elements, a general trend was found to show that the 
concrete immersed in the Series 1.25 solution had more 
Si elements on the surface and in the interior than the 
concrete that was immersed in water. Therefore, it can be 
concluded that the NH-modified LS solution indeed pen-
etrated into the interior of the unheated concrete. It can 
also be inferred from the quantity of Si elements that the 
effective ingredient (Si) penetrating into the center of the 
unheated specimen was less than that at the surface layer. 

The spots of EDS point analysis for the G20 concrete 
specimens, which were heated at 650°C and immersed in 
water or the Series 1.25 solution, are presented in Fig. 6. 
And the EDS analysis results are shown in Fig. 7. In both 
the heated specimens immersed in water and the Series 
1.25 solution, Na elements were detected, whereas the 
specimen immersed in the Series 1.25 solution exhibited 
higher Na concentration than that immersed in water, 
with 1.22% to 1.52% at the surface layer and 0.94% to 
1.48% in the center. Additionally, Si elements were more 
prominently detected in the specimens immersed in the 
Series 1.25 solution, compared to the water. Although 

there were some errors in the elemental distributions, in 
general there was almost no difference in the amounts of 
Si and Na between the surface layer and the interior. This 
suggests that the components of the NH-modified LS so-
lution penetrated throughout the concrete specimen. 
Moreover, these results are consistent with the mass gain 
ratio shown in Fig. 3, indicating that NH-modified LS 
solution has greater permeability in heated concrete, 
compared to unheated concrete. 

Figure 8 shows the results of ICP-AES analysis for the 
leaching amounts of lithium (Li) and sodium (Na) ele-
ments from the matrix cement paste samples, which were 
collected from the surface layer (<10 mm), 10-30 mm 
depth, and 30-50 mm depth, respectively, of the concrete 
cylinders with diameter 100 mm after being immersed in 
Series 1.25 solution for 3 days. Although Li and Na were 
detected from the three reference concretes without im-
mersion, the concentrations of Li and Na elements were 
below 5 ppm, falling in the range of analytical error of 
the device used.  

Li elements were detected from the surface to the cen-
ter of the concrete immersed in the Series 1.25, demon-
strating that NH-modified LS solution can penetrate into 
the interior of the concrete regardless of whether the con-
crete was heated or not. However, for the unheated con-
crete specimens, the deeper the position, the lower the 
concentration of Li elements. If the compressive strength 
is from 24 MPa to 42 MPa, concrete strength has almost 
no effect on the permeability of NH-modified LS solution.  

   
(a) Water (b) Series 1.25 solution (surface) (c) Series 1.25 solution (center) 
Fig. 6 Spots of EDS point analysis for the G20 concrete specimen heated at 650°C 

 
Fig. 7 Distribution of Na, Si elements in the G20 concrete specimens heated at 650°C. 
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The detection amount of Li elements from the sur-
face layer of G60 concrete heated at 650°C was nearly 
the same as the unheated G40 concrete, but the detec-
tion amounts in the middle and deep positions of G60 
were more than those in G20 and G40. This is because 
the concrete had more cracks and became porous due 
to heating. In other words, the higher the degree of 
concrete deterioration, the greater the permeability of 
NH-added LS solution. For the unheated specimens, 
the distribution of Na elements followed the same 
trend as Li elements. For the heated G60 concrete, the 
amounts of Na elements from the deep position to the 
surface layer did not change, with more Na elements 
detected than the unheated specimens at the same po-
sitions. However, Na elements were more detected 
than Li elements. This is likely because Li elements 
are continuously bounded to the remaining Si4+ of LS, 
which is not combined with Ca2+, thus are less to leach 
out than Na elements. 
 
3. High permeability mechanisms of NH-
modified silicate solution 

One of the reasons that prevents the silicate-based surface 
impregnation materials from penetrating deeper into con-
crete is estimated to be the fact that initial reaction be-
tween silicate ions and calcium hydroxide in concrete 
produces calcium silicate, which densifies the concrete 
and makes the impregnation materials difficult to pene-
trate further. In addition, judging from the fact that the 
penetration depth of silicate-based impregnation materi-
als is only a few millimeters, it is estimated that another 
reason is that the reaction between silicate-based surface 
impregnation materials and calcium hydroxide is so fast 
that a layer of calcium silicate is rapidly generated in the 
surface layer of concrete. For clarifying high permeabil-
ity mechanisms of NH-modified silicate solutions, we in-
vestigated Ca(OH)2 residual ratio in the hardened pastes, 
prepared from Ca(OH)2 chemicals or either of the two 
crushed powder of hardened cement paste and different 

NH-modified LS solutions, using Thermogravimetry / 
Differential Thermal Analysis (TG-DTA), and investi-
gated the change of crystalline substances in the hardened 
pastes by X-Ray Diffraction (XRD) analysis. Addition-
ally, the rate of reaction of the LS solution with the 
Ca(OH)2 of hardened cement might influence the pene-
tration of the LS solution in concrete. To investigate this 
reaction rate, we measured the setting time of the mix-
tures of the crushed powders of hardened cement paste 
and the NH-modified LS solutions with different Na/Si 
mole ratios.  
 
3.1 TG-DTA and XRD analysis 
3.1.1 Sample preparation and analysis 
Hardened pastes were crushed and used for the TG-DTA 
and XRD analysis. As shown in Fig. 9, the hardened 
pastes were produced by mixing the LS solutions with 
different Na/Si mole ratios and one of the three kinds of 
powder: the purchased Ca(OH)2 chemicals (purity 96%, 
referred to as ch here), the hardened cement paste (re-
ferred to as cp here), and the heated cp (referred to as cp 
650 here). The cp was produced by mixing ordinary Port-
land cement and water with a water-cement ratio of 0.50 
by mass. After setting, it was sealed and then cured at 
60°C till 14 days. Next, a portion of it was coarsely 
crushed with a hammer and further ground with a ball 
mill until it reached a specific surface area (Blaine value) 
of about 6000 cm2/g. Another portion of the cp was 
heated to 650°C following the heating regime outlined in 
Fig. 1, and then crushed and ground to be about 6000 
cm2/g of Blaine value. That is, the cp 650 was obtained 
by heating the cp and grinding it afterwards. 

The mix proportions of the mixtures using the powders 
(cp, cp650, ch) and the NH-modified LS solutions are 
presented in Table 6. Each sample of the ch series, cp 
series and cp650 series had the same Na/Si ratio. The 
content of 10 M NaOH aqueous solution was adjusted to 
make Na/Si ratio varying from 0.00 to 2.25. In addition, 
each sample of the ch and cp series had the same Ca/Si 
ratio, but the Ca/Si ratio of the cp650 series was smaller. 

 
Fig. 8 Element leaching from the concrete samples collected at different locations (ICP-AES analysis). 
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This is because the Ca/Si calculations only considered the 
Ca in Ca(OH)2. The Ca(OH)2 in the hardened cement 
paste powder used in cp650 series decomposed due to 
heating. The amount of Ca(OH)2 was estimated by TG-
DTA analysis from the weight loss in the range of 400 to 
500°C, using Eq. (2). The heating rate was 10°C/min. 

  2
2

2

Ca(OH)  1  mol [g/mol]Ca(OH) =weight loss % ×
H O 1 mol [g/mol]




 (2) 

After mixing the pastes of the NH-modified LS solu-
tion and the powder, they were stored in airtight contain-
ers at 20°C. To measure the time-dependent change of 
Ca(OH)2 residual ratio in the hardened pastes, the hard-
ened pastes were immersed in acetone to stop the reaction 
after 10 minutes, 3 hours, 6 hours, 24 hours, and 7 days 
from the start of mixing. Subsequently, suction filtration 
was performed, and the hardened pastes were dried at 
60°C for 2 hours. However, Series ch-NH, where the 10 
M NaOH solution and water were mixed with the 

Ca(OH)2 chemicals, did not set and remained in a paste 
state. Thus, the samples of the Series ch-NH were dried 
at 105°C. All the dried samples were stored in sealed  
containers until the TG-DTA and XRD analysis. 

The quantitative analysis of residual Ca(OH)2 was per-
formed in the same way as that of powder’s Ca(OH)2 
amount described above. The crystalline components in 
the hardened pastes with the reaction time of 7 days were 
investigated by XRD analysis. The XRD analysis used 
the Rigaku SmartLab 9 kW model and adopted the pow-
der method. The measurement conditions included the 
use of CuKα radiation, a tube voltage of 45 kV, a tube 
current of 200 mA, and a scan speed of 10°/min. 
 
3.1.2 TG-DTA analysis results 
The results of TG-DTA are shown in Fig. 10. In the three 
series, marked as ch, cp, and cp650, the powders used 
were the Ca(OH)2 chemicals, the cp powder, and the cp 
650 powder, respectively. And initial Ca(OH)2 contents 

Table 6 Mix proportions of the pastes of the powders and the NH-modified LS solutions. 

Sample ID 
Mix proportions (mass ratio) 

Molar ratio 
Powder 

Solution preparation 
Lithium silicate Sodium hydroxide Na/Si Ca/Si 

cp-0.00 

100.00 
(Cement paste) 

59.06 

0.00 0.00 

1.41 

cp-0.25 1.97 0.25 
cp-0.50 3.93 0.50 
cp-0.75 5.90 0.75 
cp-1.00 7.86 1.00 
cp-1.25 9.83 1.25 
cp-1.75 13.76 1.75 
cp-2.25 17.69 2.25 
cp-NH H2O: 45.48※ 9.83 - - 
ch-0.00 

100.00 
(Ca(OH)2) 

287.51 

0.00 0.00 

1.41 

ch-0.25 9.57 0.25 
ch-0.50 19.14 0.50 
ch-0.75 28.71 0.75 
ch-1.00 38.28 1.00 
ch-1.25 47.85 1.25 
ch-1.75 66.98 1.75 
ch-2.25 86.12 2.25 
ch-NH H2O: 221.38※ 47.85 - - 

cp650-0.00 

100.00 
(Cement paste 

heated at 650°C) 

59.06 

0.00 0.00 

0.88 

cp650-0.25 1.97 0.25 
cp650-0.50 3.93 0.50 
cp650-0.75 5.90 0.75 
cp650-1.00 7.86 1.00 
cp650-1.25 9.83 1.25 
cp650-1.75 13.76 1.75 
cp650-2.25 17.69 2.25 

cp-NH H2O: 45.48※ 7.86 - - 
※The amount of water included in the lithium silicate used in the paste with a Na/Si of 1.25 was used. 

 
Fig. 9 The preparation of samples used for the TG-DTA and XRD analysis. 
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of three series were taken as 100%. 
 
(1) cp series 
As shown in Fig. 10(a), for Sample cp-0.00 without 
NH addition, the Ca(OH)2 residual ratio decreased to 
52% after 10 minutes of the reaction described in Eq. 
(1), indicating that Ca(OH)2 was rapidly consumed by 
the reaction. Although Ca(OH)2 residual ratio gradu-
ally decreased thereafter, it remained at 43% after 7 
days, suggesting that the reaction consuming Ca(OH)2 
mostly occurred within the first 10 minutes from mix-
ing. On the other hand, for the samples using a blend-
ing solution of NaOH and LS  (Samples cp-0.25 to cp-

2.25) and experiencing 10 minutes of the reaction, re-
tained a higher Ca(OH)2 residual ratio than the Sample 
cp-0.00, ranging from 77% to 95%, and the decrease 
of Ca(OH)2 was gradual over a period of 7 days. When 
the Na/Si molar ratio was between 0.50 and 1.25, there 
was no large difference in the Ca(OH)2 residual ratios 
of the four samples with different reaction times.  

For the Sample cp-1.75 and the Sample cp-2.25, even 
after 7 days, the Ca(OH)2 residual ratio still remained 
high at 77% and 80%, respectively. This suggests that 
when overmixed with NaOH, the reaction described in 
Eq. (1) was significantly inhibited. However, when the 
Na/Si molar ratio was 0.5 or more, the Ca(OH)2 residual 
ratio was more than 81% in the samples of cp series with 

 
(a) cp series 

 
(b) ch series 

 
(c) cp-650 series 

Fig. 10 Amount of residual Ca(OH)2 in each hardened paste: Results of TG-DTA analysis. 
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reaction time of 10 minutes. 
 
(2) ch series 
As shown in Fig. 10(b), the Ca(OH)2 residual ratio of ch 
series showed a similar trend to that of the cp series, i.e., 
the NaOH addition increased the Ca(OH)2 residual ratios 
of the samples of ch series with reaction time of 10 minutes. 
However, the Ca(OH)2 residual ratios of the ch series were 
smaller than the cp series for the same Na/Si ratio and for 
the same reaction time (10 minutes). This is because the 
Ca(OH)2 chemicals could come into direct contact with the 
LS solution immediately after mixing, whereas the 
Ca(OH)2 distributed in the hardened cement powder (par-
ticles) required time to contact with the LS solution. 

For the Sample ch-1.75 and the Sample ch-2.25, the 
reaction was almost stopped from 10 minutes to 7 days, 
thus the Ca(OH)2 residual ratios in the two samples did 
not decrease. After the two samples experienced the 10-
minute reaction, there was little Ca(OH)2 remaining, and 
the NaOH probably reached a saturation concentration 
that prevented the reaction between Ca(OH)2 and the LS.   
 
(3) cp650 series 
As shown in Fig. 10(c), for the reaction time of 10 
minutes, the Ca(OH)2 residual ratios of the  samples of 
cp650 series samples with NaOH addition, had not a cer-
tain trend with the increase of Na/Si mole ratio, not like 
the Sample cp650-0.00. Also, the pattern of Ca(OH)2 re-
sidual ratio varying with the reaction time more than 10 
minutes was different from those of the cp and ch series. 
After 10 minutes, the Ca(OH)2 residual ratio increased 
with the reaction time.  

Additionally, we similarly found that the Ca(OH)2 resid-
ual ratio decreased with increasing the reaction time in the 
cp-NH sample and the ch-NH samples, but increased with 
increasing the reaction time in the cp650-NH sample, 
which were mixed only the 10 M NaOH solution. However, 
for the ch-NH samples, Ca(OH)2 residual ratios did not ex-
ceed 100% of its initial value. In contrast, the cp-NH sam-
ples and the cp650-NH samples had Ca(OH)2 residual ra-
tios exceeding 100%. Kim et al. (2016) also reported this 
phenomenon and explained that NaOH caused the leach-
ing of Ca2+ from the hydrates of cement besides Ca(OH)2. 
 
3.1.3 XRD analysis results 
(1) cp series and cp650 series 
XRD patterns of the samples of the cp series and the 
cp650 series are presented in Fig. 11(a). Compared to the 
raw cp powder, the cp650 powder exhibited lower peaks 
of portlandite (Ca(OH)2) and lower hump around 2θ=29°, 
but had more tobermorite to be detected, which has a 
lower Ca/Si ratio than C-S-H gel. The hump at about 29° 
represents the presence of amorphous phase C-S-H, and 
the broad hump of C-S-H overlaps with CaCO3 peak at 
about 29.2°. From all the cp-xx and cp650-xx samples, 
where xx is 00, NH, 0.75, 1.25 or 2.25, little calcite 
(CaCO3) were detected. The CaCO3 was generated due to 

carbonation during the preparation (crushing and grind-
ing) of the cp and cp650 powders, and the preparation of 
XRD samples of cp-xx and cp650-xx in the air. 

AFm was observed from the cp powder and the five cp-
xx samples of hardened paste using the cp powder. This is 
because that the hydration reaction of C3A or C4AF in Port-
land cement produces AFt at short age, which is further con-
verted to AFm at long age. And an aqueous NaOH solution 
with a molar concentration of 2 M or more is mixed, ettring-
ite disappears and gets replaced by the AFm phase [i.e., 
NaCa4Al2O6(SO4)1.5·15H2O)] and amorphous aluminum-
hydroxide (Gijbels et al. 2020).  

But the AFm peaks disappeared, and β-C2S were de-
tected from the cp650 powder and the five cp650-xx sam-
ples using the cp650 powder. This result indicates that al-
most all of the AFm as well as some of the Ca(OH)2 and 
C-S-H gels in the cp650 powder decomposed during the 
heating at 650°C (Daiki et al. 2021). 

The cp-NH and cp650-NH samples showed increased 
Ca(OH)2 peaks, but the CC peak of the cp-NH sample 
became low, compared to the cp powder and the cp650 
powder. Also, disappeared AFm peak in the cp650 pow-
der was not detected from all the cp650-xx samples, as 
stated above. This indicates that NaOH caused the degra-
dation of C-S-H gels and interfered with the re-hydration 
of decomposed AFm to precipitate the Ca2+ ions that re-
formed the Ca(OH)2. 

The cp-0.00 sample, mixing LS solution only, had lower 
peaks of portlandite, compared with the cp powder, and cp-
NH, respectively. The cp650-0.00 samples also had lower 
peaks of portlandite than those of the cp650 powder, and 
the cp650-NH, respectively. Furthermore, due to the de-
composition of C-S-H gels under high temperature (Zhang 
et al. 2013), the halo peak around 30° of the cp650-00 sam-
ple was lower than that of the cp-0.00 sample. However, 
from the fact that the halo peaks of the cp650-00 and the 
cp-0.00 samples were higher than those of the cp650 pow-
der, cp650-NH, and cp powder, cp-NH, respectively, it was 
judged that Ca(OH)2 was reacted with lithium silicate to 
form C-S-H gels, as described in Eq. (1).  

However, for the cp-yy and the cp650-yy samples with 
Na/Si mole ratio of 0.75 to 2.25 (yy is 0.75 or 1.25 or 
2.25 here), no matter if the used powder was heated or 
not, the peaks for portlandite were higher than those of 
the cp-0.00 and cp650-0.00 samples, and increased as the 
Na/Si molar ratio increased. Also, between 2θ=25 to 35°, 
the cp-0.00 sample exhibited the largest hump that repre-
sents C-S-H gels. The cp-0.75, 1.25 and 2.25 samples 
also had the humps, that were lower than that of the cp-
0.00 sample, but were higher than those of the cp powder 
and the cp-NH sample. This result suggests that even if 
the NaOH was added into the LS, the LS can react with 
Ca(OH)2, but the reaction was decreased.  

For the cp650-0.00, 0.75, 1.25, 2.25 samples, it can be 
found that with increasing the Na/Si mole ratio, the port-
landite peaks at 18°, and 34° became high, but the port-
landite peak at about 28.8° disappeared from the samples,  
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which was observed in the cp650-NH sample. The differ-
ence can not be clearly observed for the CC peaks of 
cp650-yy samples, though the CC peak of the cp650-0.00 
sample was the lowest. However, the cp650-0.00 showed 
the highest tobermorite peak at about 32.2°, which is a kind 
of C-S-H with low Ca/Si, and the highest β-C2S peak at 

about 34°. The tobermorite and β-C2S peaks of the cp650-
0.75, 1.25, 2.25 samples became lower and lower with in-
creasing the Na/Si mole ratio. Compared with the raw 
cp650 powder, the five cp650-xx samples had lower tober-
morite peaks at about 32.2° and lower β-C2S peaks at about 
34°. At present, the reasons are unknown. The presence of 

 
(a) cp series and cp650 series 

 
(b) ch series 

P: Portlandite; To: Tobermorite, C-S-H; Th: Na2CO3(H2O); So: Sodium calcium silicate, N-C-S-H; C: Calcite, CaCO3;
Q: quartz, SiO2; CC: C-S-H, Calcite; La: β-C2S. 

Fig. 11 X-ray diffraction analysis results. 
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NaOH seems to enlarge the decrease of tobermorite and β-
C2S in cp650-yy samples. The less the formation of tober-
morite and β-C2S, the easier the penetration of LS solution. 
 
(2) ch series 
XRD patterns for the Ca(OH)2 powder (ch) and the five 
hardened pastes (ch-xx) prepared by the Ca(OH)2 powder 
and either of the five kinds of solution are shown in Fig. 
11(b). The Ca(OH)2 powder, of course, only exhibited 
several portlandite peaks. Na2CO3 was detected from the 
ch-NH sample due to the carbonation occurring during 
the preparation and store of this paste. The ch-0.00 sam-
ple had a hump around 30° and had lower portlandite 
peaks than the Ca(OH)2 powder (ch). Like as the cp-0.00 
and the cp650-00, the calcium silicate reaction was con-
firmed. The ch-1.25 and the ch-0.75 showed higher port-
landite peaks than the ch-0.00. The two samples’ port-
landite peak intensities were almost the same, which 
agrees with the trend of TG-DTA results shown in Fig. 
11(c). This is due to that in the ch-1.25 sample, sodium 
calcium silicate was also detected at about 17°, i.e., more 
Ca2+ was consumed than the ch-0.75 sample. However, 
with increase Na/Si mole ratio from 0.00 to 1.25, the 
hump became lower, indicating the calcium silicate reac-
tion decreased.  

Although there was almost no hump around 30° in the 
ch-2.25 sample sodium calcium silicate, γ-C2S, tober-
morite, and calcite were detected in large amount besides 
Na2CO3, of which the generation consumed NaOH or 
Ca(OH)2, or the two. Hence, the ch-2.25 sample showed 
lower portlandite peaks at 18° and 34° than the ch-0.75 
and ch-1.25 samples so that the Ca(OH)2 residual ratio 
was small, as shown in Fig. 11(c).  

The reaction occurred in the ch-1.25, 2.25 samples 
were complicated, the formation of sodium calcium sili-
cate, etc. resulted in that the Ca(OH)2 residual ratios of 
the ch-1.25, 2.25 samples were lower than that of the ch-
0.75 sample. In the cp-1.25, 2.25 sample sodium calcium 
silicate and γ-C2S were not detected by the XRD analysis. 
This is because the NH-added LS solution used was less 

than the ch-1.25, ch-2.25 samples. 
 
3.2 Setting time test for the mixture of hard-
ened cement powder and NH-modified silicate 
solution 
3.2.1 Mixtures and measurement 
The mixtures were prepared by mixing the NH-modified LS 
solutions with varying Na/Si molar ratios from 0.00 to 1.25 
or 2.25, and the cp powder or the cp650 powder. The mix 
proportions of the mixtures were the same as those used in 
the TG-DTA and XRD analyses (see Table 6).  

The penetration test was conducted to measure the fi-
nal setting, following JIS R 5201 (Physical Testing Meth-
ods for Cement). A standard needle with a diameter of 1 
mm was used, and the dimension of sample container was 
60 mm diameter. The thickness of sample was 30 mm, 
and the needle penetration was conducted at 10-minute 
interval after mixture mixing. The elapsed time from 
mixing the powder and the solution until the depth of 
penetration became 0 mm was recorded as the final set-
ting time. 
 
3.2.2 Experimental results 
The test results for the final setting time of each mixture 
are presented in Fig. 12. The cp-0.00 and cp650-0.00 mix-
tures, which used the LS solution only, hardened during 
mixing, and thus the final setting time was recorded to be 
0 minutes. In contrast, other mixtures with NaOH addition 
did not set immediately after mixing, having longer setting 
times than the cp-0.00 and the cp650-0.00 mixtures. 

When focusing on the effect of the amount of NaOH 
blend, it can be found that the final setting time varied in 
three stages with increasing Na/Si molar ratio, regardless 
of whether the cp powder or the cp650 powder was used. 
Up to a certain value of Na/Si molar ratio, the increase of 
blended NaOH led to a prolongation of setting time. 
When the molar ratio of Na/Si was at the intermediate 
level, the setting time hardly varied with the NaOH dos-
age. However, the Na/Si molar ratio was increased above 
a certain value, the increase of blended NaOH, on the 

 
Fig. 12 Final setting time of each mixture of hardened cement paste powder and NH-modified LS solution. 
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contrary, caused a decrease of setting time.  
It's worth noting that for the mixtures using the cp650 

powder, when the Na/Si molar ratios were 0.50 and 0.75, 
the final setting times were over 300 minutes. Since the 
Si/Ca molar ratio of the mixtures using the cp650 powder 
was smaller than that of the mixtures using the cp powder, 
in the range of Na/Si molar ratios from 0.25 to 1.25, for 
the same Na/Si molar ratio, the cp650-based mixtures 
had longer setting times than the cp-based mixtures. 

These results indicate that the reaction between silicate 
in the LS solution and calcium in hardened cement paste 
was delayed by the addition of sodium hydroxide, 
whereas adding too much or too little NaOH would re-
duce the delaying effect. As shown in Fig. 12, the NH-
modified LS solutions with the Na/Si molar ratio ranging 
from 0.50 to 0.85 can greatly retard the silicate reaction 
between LS and calcium in hardened cement paste, thus 
have high permeability in concrete. Depending on the 
denseness of concrete and the desired depth of penetra-
tion, Na/Si molar ratios above 0.85 are acceptable. 
 
4. Discussion 

Pallagi et al. (2012) investigated the solubility of 
Ca(OH)2 in aqueous NaOH solutions up to 12.50 mole at 
25°C, and found that the solubility of Ca(OH)2 steadily 
decreases with the increasing NaOH concentration. The 
NaOH addition decreased the solubility of Ca(OH)2, thus 
reduced the reaction of the Ca(OH)2 of hardened cement 
paste or chemicals with the lithium silicate (LS) solution. 
This caused the Ca(OH)2 residual ratios of the cp-xx and 
ch-xx samples (xx>0.00) remaining at a higher level, 
compared to the cp-0.00 sample, and the ch-0.00 sample 
mixing the LS solution only, respectively. With the 
elapsed time, calcium hydroxide gradually dissolves and 
reacts with LS. As a result, the Ca(OH)2 residual ratios of 
the cp-xx and the ch-xx samples (xx>0.00) decreased 
with the increase of reaction time from 10 minutes to 7 
days, like the cp-0.00 and the ch-0.00 samples. XRD 
analysis also confirmed that the cp-xx and the ch-xx sam-
ples that added the NaOH solution had more Ca(OH)2 
than the cp-0.00 sample and the ch-0.00 sample, and the 
residual Ca(OH)2 in the cp-xx samples increased with the 
increase of Na/Si mole ratio, as shown in Fig. 11. There-
fore, with the increase of Na/Si mole ratio up to 0.75, the 
silicate reaction between the cp powder and the NH-
added LS solution decreased, and thus the final setting 
time became long, as shown in Fig. 12. The less reaction 
between Ca(OH)2 and LS solution, the fewer the products 
and the easier the penetration of the LS solution. And the 
longer the setting time, the more time LS solution has to 
penetrate, thus increasing the depth of penetration. 

The addition of NaOH increases the pH of pore solu-
tion, which increases the solubility of ettringite. Biz-
zozero et al. (2014) and Alahrache et al. (2016) reported 
that higher pH values in the pore solution lead to a desta-
bilization of ettringite. C-S-H gel also decomposes under 
high-alkalinity condition to form quartz and Ca(OH)2 

(Martinez-Ramirez and Palomo 2001a, 2001b; Walker et 
al. 2016). Quartz was detected from the cp-xx, and 
cp650-xx samples (xx>0.00), as shown in Fig. 11(a). 
This is because alkalis of NaOH bound in C-S-H gels, 
which leads to a structural rearrangement of C-S-H, 
shortening the silica chains (Yan et al. 2022). The cation 
(Na+) with little ion radius promotes the leaching of cal-
cium from the interlayer, the calcium in C-S-H gels is re-
placed by sodium (Liu et al. 2022; Masoumi et al. 2019; 
Sugiyama 2008). The leaching of calcium resulted in 
polymerization of silicon-oxygen tetrahedra, increasing 
the Q3 and Q4 sites of [SiO4]4- in C-S-H dreierketten 
(Gutberlet et al. 2015). Therefore, C-S-H gels have been 
found to transform into a more ordered tobermorite-like 
structure during the dissolution process, which naturally 
led to a decrease in the Ca/Si ratio (Trapote-Barreira et al. 
2015). Kurumisawa et al. (2013) also found that the 
Ca/Si ratio of C-S-H gels decreased, following silicate 
polymerization related to the structural transformation of 
the C-S-H gels. 

In this study, more tobermorite was detected in the 
samples using both NaOH and LS solution than in the 
three samples without NaOH addition, and sodium cal-
cium silicate was detected by XRD analysis from the ch-
1.25 and ch-2.25 samples. Therefore, the transformation 
of C-S-H gels or/and decomposition of ettringite resulted 
in that the cp-NH and the cp650-NH had higher Ca(OH)2 
residual ratios than the raw cp powder, and the raw cp650 
powder, respectively. The higher the concentrations of 
NaOH, the more the decomposition of ettringite and C-
S-H gels. In addition to NaOH hindering the silicate re-
action between Ca(OH)2 and LS, the decomposition of 
ettringite and C-S-H gels by high concentration of NaOH 
is another reason for the small change in the Ca(OH)2 re-
sidual ratios of the cp-1.75 and cp-2.25 samples over time. 

The inclusion of Na+ in C-S-H gels may reduce the 
ability of NaOH inhibiting the silicate reaction. And the 
Ca2+ released due to the decomposition of ettringite and 
C-S-H gels may increase the silicate reaction, while the 
hump of XRD patterns of the cp-1.25 and the cp-2.25 had 
no obvious difference. Therefore, when the Na/Si mole 
ratio was above 0.85, the setting time of the mixture of 
the cp powder and the NH-added LS solution became 
short with increasing the Na/Si mole ratio. 

On the other hand, under high temperature above 
450°C, Ca(OH)2 in hardened cement paste will decom-
pose to CaO and H2O. The decomposition of hydrates 
and the inhomogeneous thermal expansion of matrix ce-
ment paste and aggregates due to heating lead to loosen-
ing and cracking of concrete. Thus, the concrete exposed 
to high temperature is easily carbonated (Li and Li 2011; 
Li et al. 2013). During the preparation of the raw cp650 
powders, due to the thermal decomposition of Ca(OH)2, 
the raw cp650 powder had few Ca(OH)2 than the raw cp 
powder. The former had a lower XRD intensity of 
Ca(OH)2 than the latter, as described earlier.  

Ettringite becomes amorphous from 150°C, and fur-
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ther decomposes from 500°C to generate insoluble anhy-
drite (Kira et al. 1981). Therefore, in the raw cp-650 pow-
der ettringite was not detected by the XRD. Dehydrated 
or decomposed ettringite may rehydrate in a high humid-
ity environment (Kira et al. 1981), but the normal for-
mation of ettringite can not take place because gypsum 
reacts with alkalis to produce sodium sulphate (Martinez-
Ramirez and Palomo 2001a, 2001b). For this reason, AFt 
or AFm were not detected from cp650-xx samples.  

Between 100 and 200°C, the dehydration of C-S-H 
gels occurs (Fares et al. 2010; Alarcon-Ruiz et al. 2005), 
and the deterioration of C-S-H has been reported to start 
when the elevated temperature is higher than 500°C 
(Zhang et al. 2013). C-S-H gels suffer from decomposi-
tion when the temperature is higher than 600°C (Jia et al. 
2019). Xu et al. (2023) reported that dreierketten units in 
C-S-H gels begin to decrease at 550°C, and disappeared 
at 650°C, associated with a continuous increase of a new 
amorphous nesosilicate phase. If water is present, C-S-H 
would be rehydrated and reformed (perhaps only par-
tially) from this amorphous nesosilicate phase. The rehy-
dration and reformation of C-S-H gels makes the con-
crete exposed to elevated temperature gain strength re-
covery to some extent (Li and Li 2011). 

However, for the hydration of Portland cement, the 
presence of NaOH leads to a lower Ca/Si ratio (around 
1.5) in C-S-H gels, compared to the alkali free system 
(around 1.7), and thus the precipitation of portlandite is 
slightly higher (Mota et al. 2018). Therefore, the addition 
of NaOH caused the C-S-H gels in the cp650-0.25 to 
cp650-1.25 samples, which were deteriorated or decom-
posed by the 650°C-heating, to reform new type of C-S-
H gels with lower Ca/Si ratio by re-hydration, releasing 
part of Ca2+ ions. The released Ca2+ ions increased with 
the reaction time, resulting in an increase of Ca(OH)2 in 
the cp650-0.25 to cp650-2.25 samples, even the amount 
of Ca(OH)2 in the cp650-NH sample exceeded that of the 
raw cp650 powder, as shown in Fig. 10(c). 

When the Na/Si mole ratio was in the range from 0.25 
to 1.00, the hardened pastes, using the cp650 powder and 
NH-added LS solution, had more Ca(OH)2 than the 
cp650-0.00, regardless of reaction time, which was also 
confirmed by the XRD analysis through comparing the 
intensities of Ca(OH)2 peaks of the cp650-0.00 and the 
cp650-0.75. This indicates that the reaction between the 
cp650 powder and the LS solution was reduced by NaOH 
like the cp-xx samples and the ch-xx sample (xx>0.00), 
thus the cp650-0.25 to cp650-1.00 mixtures had long set-
ting time, as shown in Fig. 12.  

However, when the Na/Si ratio was increased from 
1.25 to 2.25, the increase of Ca(OH)2 with the reaction 
time became small, even the amount of Ca(OH)2 was 
smaller than that of the cp650-0.00 sample in some cases, 
as shown in Fig. 10(c). As in the ch-1.25 and the ch-2.25 
samples, the complicated reaction, which generated so-
dium calcium silicate and thermonatrite under high con-
centration of NaOH, occurred to consume Ca2+ and Na+, 
thus reduced the residual Ca(OH)2. At the Na/Si ratios 

greater than 1.25, the formation of the products such as 
sodium calcium silicate and thermonatrite promoted the 
setting of the mixtures of cp650 powder and NH-added 
LS solution. The Na+ consumption also weakened the in-
hibitory effect of NaOH on the participation of Ca(OH)2 
in the silicate reaction. Thus, with the increase of Na/Si 
ratio from 1.25, the setting time of the mixtures became 
shorter and shorter, as show in Fig. 12. Although the mix-
tures of cp650 powder and NH-added LS solution set fast 
when the Na/Si ratio exceeds 1.25, the NH-added LS so-
lutions still have higher permeability than the LS solution 
due to the fact that NaOH delays the reaction between 
Ca(OH)2 and LS, and thus  they can penetrate to the cen-
ter of the small concrete specimen with 10 cm length of 
side [see Series 1.25 (G20) and Series 1.75 (G20) in 
Fig. 2]. 

Carbonation occurred during the sample preparation of 
the hardened paste made from CaOH2 chemicals and 
NaOH solution, which resulted in a lower Ca(OH)2 con-
tent of the ch-NH sample than the raw CaOH2 chemicals, 
and the Ca(OH)2 residual ratios of the cp-NH, ch-NH 
samples with 24-hour reaction time were lower than 
those of the samples with  10-minute reaction time. We 
estimate that much carbonation occurred in the storage 
containers with air during the 24-hour reaction period. 
However, in NaOH aqueous solution, degraded C-S-H 
gels were reformed into the new gels with low Ca/Si ratio, 
and as the amount of reformed C-S-H gels increased, 
more Ca2+ ions were presented to form Ca(OH)2, so that 
the cp650-NH with 24-hour reaction time had more 
Ca(OH)2 than the cp650-NH with 10-minute reaction 
time, even though the former might have more carbona-
tion reactions. 

The cp-NH and cp650-NH samples showed the more 
presence of Ca(OH)2 and the lower hump and lower CC 
peak at 2θ=29.4°, compared with other cp-xx and cp650-
xx samples (xx>0.00). As discussed earlier, the high 
amount of NaOH disintegrated the C-S-H gels and de-
creased the solubility of Ca(OH)2, thus Ca(OH)2 was in-
creased in the cp-NH and cp650-NH samples.  
 
5. Summary 

In this paper, in order to develop a silicate-based surface 
impregnation solution with high permeability for surface-
to-interior restoration of concrete degraded by general 
aggressive mediums or fire, the permeability of modified 
impregnation solution consisting of sodium hydroxide 
(NaOH), lithium silicate (LS) and water, was evaluated 
in comparison with traditional lithium silicate solution. 
The effect of the blending ratio of NH on LS permeability 
and the mechanism by which the addition of NH im-
proves LS permeability were discussed by impregnation 
testing and SEM-EDS analysis of concrete, setting time 
test of the mixtures of hardened cement powder and im-
pregnation solution, as well as XRD and TG-DTA analy-
sis of the mixtures after hardening. The 650°C-heated 
concrete specimens and the mixtures prepared by mixing 
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650°C-heated cement paste powder and impregnation so-
lution were also used in these tests and analyses besides 
the unheated concrete specimens and the unheated ce-
ment paste powders. The obtained results are summa-
rized as follows: 
(1) When blending NaOH in LS solution at a suitable 

mole ratio of Na/Si, LS solution exhibited a higher 
permeability, compared to LS solution only, regard-
less of whether the concrete was heated. However, 
if the blending ratio was too large, NaOH would 
change the hydrates (C-S-H gels and AFm or AFt) 
of Portland cement to release Ca2+ so that promote 
the reaction between LS and the degraded or re-
formed hydrates. Appropriate blending ratio of 
NaOH is such that the Na/Si molar ratio of NaOH-
added LS solution is between 0.5 and 1.25.  

(2) NaOH addition delayed the reaction between LS so-
lution and the Ca(OH)2 that is one of hydrates of 
Portland cement, which generates silicate calcium. 
Slow formation of calcium silicate allows for greater 
penetration as the LS penetration path is not blocked. 

(3) The alkalinity of concrete decreases after subjected 
to elevated temperature due to the decomposition of 
Ca(OH)2 and its carbonation during heating and 
cooling. Repairing of heated concrete using NaOH-
added LS solution obviously improves the alkalinity 
of the heated concrete. Moreover, rehydration of de-
composed C-S-H gels in the presence of NaOH re-
sults in the formation of new C-S-H gels with lower 
Ca/Si, compared with original gels, which releases 
Ca2+ to increase Ca(OH)2. The increase in the alka-
linity of the heated concrete facilitates the protection 
of reinforcement. 

The strength and durability improvement of repairing 
fire-damaged concrete and reforming generally degraded 
concrete using the highly permeable impregnation solu-
tion developed in this study will be reported separately in 
other papers. 
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