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ABSTRACT 
Nitrogen sorption was measured for a study of the pore structure of low heat Portland cement paste  

(L-hcp) and high early strength Portland cement paste (H-hcp). The Grand Canonical Monte Carlo 

method (GCMC) simulated the pore size distribution under various RHs. When relative humidity started 

to decrease, gel pores gradually disappear. The loss of nitrogen surface area can be explained by C-S-H 

agglomeration. Based on GCMC, the large capillary pores presented the maximum volume at dried 40% 

RH. The L-hcp contained the higher porosity than the H-hcp based on the N2 sorption measurements. 
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1. INTRODUCTION 
 

 The desirable engineering properties of concrete 

are largely dependent on the characteristic of 

microstructure in cement paste. Particularly, main 

amorphous phase - calcium silicate hydrate (C-S-H) – in 

cement paste expresses colloidal nature [1, 2], which is 

affected by moisture state from surrounding 

environments. An inverse relationship between strength 

and porosity in C-S-H is crucial when C-S-H faces to 

varying temperatures and humidities. 

 To characterize the microstructural changes under 

different relative humidities, nitrogen sorption is often 

measured [3, 4]. One comprehensive assumption related 

to nitrogen sorption is that nitrogen molecules adsorb on 

the C-S-H surface but cannot access into interlayer 

spaces. BET nitrogen surface area therefore indicates the 

surface area of C-S-H excluding interlayer spaces [5]. 

Analysis of sorption isotherm with the Grand Canonical 

Monte Carlo method (GCMC) provides the insight into 

the pore size distribution. 

 In this study, low heat Portland cement, which is 

the representative of belite rich cement, and high early 

strength cement paste, which is represented as alite rich 

cement, are examined to compare the pore structure of 

hardened cement paste (hcp) under various relative 

humidities. 

 

2. TEST PROGRAMS 
 

2.1 Materials 
(1) Cement 

 Two different types of cement were used to 

compare the pore structure between alite-rich and belite-

rich cements. High early strength Portland cement (H) 

and low heat Portland cement (L) were examined by 

XRD/Rietveld analysis following the method in [6]. The 

mineral compositions of those are shown in Table 1. 

Table 1 Mineral composition of cement H and L 
Mineral H L 

C3S 65.56±2.20 20.11±1.60 

C2S 15.14±0.93 62.95±1.14 

C3A 6.75±0.29 1.95±0.43 

C4AF 7.96±0.47 10.71±0.60 

Periclase 0.81±0.28 0.52±0.22 

Bassanite 2.39±0.20 2.43±0.36 

Gypsum 0.51±0.66 1.11±0.63 

Total 99.12 99.78 

 

(2) Experimental preparation 

 Hardened cement pastes of 0.55 w/c ratio were 

mixed with water, then moved to a controlled 

temperature room at 20 ± 1 °C for repeatedly remixing 

the fresh paste by using a spatula every 30 minutes for 6 

hours until no segregation between paste and water. The 

paste was poured into molds, compacted on a vibration 

table, and kept in sealed conditions for 3 days. Before 

starting drying process, 3 × 13 × 100 mm specimens 

were cured in lime-saturated water for 1 year. The 

hydration almost fully completed during the one-year-

curing cycle under lime-saturated water before drying 

[6]. 

 The high early strength Portland specimens were 

dried in chambers in which the relative humidity was 

controlled by varying amount of sodium hydroxide in the 

solutions as shown in Table 2 [7]. Meanwhile, Table 3 

[8] shows supersaturated salt solutions that were used to 

control relative humidity for the low heat Portland 

specimen in chambers. Drying period lasted for more 

than one year for both types of cement to ensure that 

microstructure is stable under different drying state. 

Moreover, the dried specimens were compared with wet 

specimens that is cured in lime-saturated water (100% 

relative humidity). Specimen code at a target relative 

humidity is named as H55_XXRH or L55_XXRH, 

where XX is the relative humidity. 

*1 Doctoral student, Graduate School of Environmental Studies, Nagoya University, JCI Student Member 

*2 Assistant professor, Graduate School of Environmental Studies, Nagoya University 

*3 Professor, Graduate School of Environmental Studies, Nagoya University, JCI Member 

 コンクリート工学年次論文集，Vol.42，No.1，2020

- 17 -



Table 2 Concentration of sodium hydroxide 

RH (%) 
Concentration 

(%mass) 
RH (%) 

Concentration 

(%mass) 

11 47.97 60 24.66 

20 40.00 70 20.80 

30 35.29 80 16.10 

40 31.58 90 9.83 

50 28.15 95 5.54 
 

Table 3 Supersaturated salt solution 
RH (%) Salt RH (%) Salt 

11 LiCl2 79 NH4Cl 

33 MgCl2 85 KCl 

40 NaI 95 KNO3 

58 NaBr   
 

2.2 Method 
 The prismatic specimens dried at different 

relative humidities were pulverized (particles size 25 – 

75 μm) for the nitrogen sorption analysis. Before the 

testing, a 100 ± 10 mg powder was dried using a vacuum 

pump for 4 hours at room temperature (20 °C). Pre-

treatment at room temperature was applied instead at 

105 °C to preserve original microstructure [9]. After the 

testing, dry mass of the powder was determined by 

heating at 105 °C to normalize the sorption isotherm. 

The nitrogen sorption isotherms were measured at 77.4 

K by the volumetric method using BEL-sorpmini 

(MicrotracBEL). Taking the cross section of one 

nitrogen molecule equal to 0.162 nm2 [5], the specific 

surface area was calculated using the Brunauer-Emmett-

Teller (BET) theory [10] on adsorption branch between 

0.05 and 0.35 relative pressure. 

 The Grand Canonical Monte Carlo (GCMC) is the 

famous computer simulation method for the study of 

fluid adsorption in pore structure of porous materials. 

This method was applied on the experimental data to 

simulate the pore size distribution. 

 

3. RESULTS AND DISCUSSION 
 

3.1 Sorption isotherms 
 The nitrogen sorption isotherms of the L55 and 

H55 samples dried under different relative humidities are 

summarized in Fig. 1. The x-axis of Fig. 1 was shifted 

to better compare the shape of isotherm. Based on 

IUPAC classification of adsorption isotherms [11], the 

shape of the sorption isotherms of samples dried at 

higher relative humidity (from L55_100%RH to 

L55_58%RH and H55_100%RH to H55_70%RH) are 

similar to characteristic feature of the type IV isotherm 

with its hysteresis loop by a sudden drop observed on 

desorption branch at relative pressure between 0.40 and 

0.50. This type of isotherm indicates presence of small 

pores size and intermediate pores size in hcp. When the 

samples were further dried to 11% relative humidity, the 

shape of isotherms changed to the type V isotherm which 

do not present the small pores size in hcp and the 

cavitation-related sudden drop diminishes. 

 
(a) L55 

 
(b) H55 

Fig. 1 The nitrogen sorption isotherms for L55 and H55 hcp samples dried at different relative humidities 
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 Furthermore, for type IV isotherms, the amount of 

total sorption reduced continuously from the saturated 

condition to 58% relative humidity for L-hcp and to 70% 

relative humidity for H-hcp. When sorption isotherm 

changed from type IV to type V, total sorption amount 

increased, then decreased again until 11% relative 

humidity. Except with H-hcp dried at 50% and 60% 

relative humidity, total sorption was similar. For the 

same drying condition, L-hcp had a higher total sorption 

than H-hcp. 

 Fig. 2 presents the specific surface area of hcp as 

a function of the relative humidity. The nitrogen specific 

surface area decreased continuously from saturated 

condition to 40% and 60% relative humidity for L55 and 

H55, respectively. For samples dried lower than 40% 

relative humidity for L-hcp and 60% relative humidity 

for H-hcp, the nitrogen surface area remained constant. 
The large reduction in surface area appeared in samples 

dried at relative humidity range 40% to 90%. This result 

was similar to Parrott’s results [3]. Furthermore, L-hcp 

had a higher surface area than H-hcp for the same drying 

relative humidity. 
 

 
Fig. 2 Specific surface area of the hcp samples 

dried at different relative humidities 

 

 After drying for a long time, the loss of surface 

area illustrates that some capillary pores are closed [3] 

due to microstructural change of C-S-H under drying 

condition. The surface area remained constant because 

nitrogen cannot access to the pores created in the 

samples dried at relative humidity below 40% [12] and 

60% for L-hcp and H-hcp, respectively. 

 

3.2 The Grand Canonical Monte Carlo method 
(GCMC) 
 The Grand Canonical Monte Carlo method 

(GCMC) is a precise statistical simulation on the 

molecular level for the study of adsorption phenomena 

of fluids in pores [13]. This method simulates the 

adsorbed fluid condition in equilibrium by defining pore 

diameter and shape, placing the adsorptive molecules in 

the virtual space of pores, simulating the movement of 

adsorptive molecules based on thermodynamic criteria. 

Simulation of adsorption equilibrium gives the number 

of moles of molecules in the pores directly, and obtains 

the pore size distribution. In this process, GCMC 

requires a method to acquire an accurate equilibrium 

state by minimizing the difference between experiment 

and simulation. 

 GCMC was applied on the adsorption branch to 

obtain the pore size distribution by using BELMaster7 

software (MicrotracBEL). According to IUPAC [11], N2 

sorption isotherms of hcp showed the shape of hysteresis 

loops similar to type H3 loop and type H4 loop, which 

are associated with slit-shaped pores and narrow slit-like 

pores, respectively. So, the pore model was assumed as 

a slit-shaped pore, and graphitic carbon structure was 

used as adsorbent. Although the potential energy of 

nitrogen adsorption on the graphite structure and the 

microstructure of C-S-H are different, but the relative 

relation will not be changed and give the same tendency. 

Tikhonov regularization was applied on simulation 

process to obtain the least deviation from the 

experimental data. 

 Many researches mentioned that N2 is adsorbed 

only on the outside surface of C-S-H but does not access 

into interlayer space [4, 12]. Thus, the nitrogen sorption 

measurement can draw the picture of the alteration in 

mesoscale, which is outside C-S-H under different 

relative humidity. To consider alteration outside C-S-H, 

the pore size distribution is classified into two types; 

pore area distribution ( d𝑉𝑝/d𝑊 ) and pore volume 

distribution (d𝑉𝑝/dlog𝑊). Pores with graphite structure 

were assumed to be slit shape with pore width (𝑊). The 

pore area distribution is suitable for comparing the area 

of the reactive site (i.e. adsorbent) on the catalyst (i.e. 

adsorptive) during the reaction process. Meanwhile, the 

pore volume distribution is suitable for evaluation of 

adsorption capacity during the adsorption process 

especially on larger pores 

 Fig. 3 shows the pore area distribution of sample 

dried at different relative humidities. For the samples 

dried above 58% relative humidity, the GCMC results 

captured a population of the first peak (1.5 nm), the 

second peak (3.5 nm), and the third peak (10 nm). The 

high intensity of small pores of size (pore width < 5 nm) 

decreased with the decrease of relative humidity. This 

means that the small pores started to disappear from the 

samples dried at the preliminary state of drying. 

Moreover, the intensity of the pore width between 5 and 

15 nm (i.e. intermediate pores of size) decreased 

simultaneously. For samples dried below 58% relative 

humidity, the first peak was at 10 nm and no distinct 

hump appeared at pore width smaller than 5 nm. The 

intensity of the first peak (10 nm) trended to increase 

with the decrease of relative humidity. Effect of strong 

drying induced the increase of intermediate pores and no 

appearance of small pores. For all relative humidities, 

the pore area distribution inclined from 15 nm to 100 nm 

and the difference for each drying condition cannot be 

observed. Furthermore, the peak intensity of L-hcp was 

higher than H-hcp. 

 It is noteworthy that the first peak (1.5 nm) and 

the second peak (3.5 nm) of samples dried above 58% 

relative humidity decreased with decreasing drying 

relative humidity in the same trend. The small pores 

under the first and the second peak region were lost 

significantly in the same proportion.
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(a) L55                                         (b) H55 

Fig. 3 Pore area distribution calculated by GCMC 

 When the intensity of the pore volume was plotted 

with pore width as shown in Fig. 4, different aspect can 

be observed particularly for large pores of size (pore 

width > 15 nm). The trend of pore volume distribution 

below 15 nm of pore width was similar to the pore area 

distribution. Surprisingly, the samples dried at 40% 

relative humidity clearly revealed a high intensity in the 

range 15-100 nm both L-hcp and H-hcp. There were two 

distinct peaks at 50 nm and 90 nm. For pore width larger 

than 15 nm, the pore volume of the samples dried at 

higher relative humidity was lower than the samples 

dried at lower relative humidity. 

 The change of pore size distribution by GCMC in 

hardened cement paste from saturated condition to 

drying condition reflected the alteration of C-S-H. The 

following evidences supports the above reason. Small 

pores in hcp at the beginning of drying state (above 58% 

relative humidity) gradually disappear due to capillary 

tensions. Meanwhile, for low relative humidities, no 

small pores were observed but the increase of 

intermediate pores (5-15 nm) were found (see clearly in 

Fig. 3 (a) and Fig. 4 (a)). If volume of small pores 

reduced, volume of large pores increased. For instant, the 

decrease of small pores in L55_58%RH (see Fig. 4 (a)) 
from saturated condition induced to the increase of the 

large pores from saturated condition. 

3.3 Pore size classification 
 Based on the pore area distribution by GCMC, the 

pores in the hcp can be divided in three regions 

according to the distinct peaks: 1-5 nm; 5-15 nm; 15-100 

nm. As mentioned previously, the first peak (1-2.5 nm) 

and the second peak (2.5-5 nm) of samples dried above 

58% relative humidity changed proportionally in the 

same trend, so the region of those were merged into the 

pore width 1 to 5 nm for small pores. The pores that are 

detected by nitrogen sorption can be classified from the 

cumulative pore volume at given pore width. According 

to the previous literatures [1, 14], d𝑉5−1 are defined as 

pore volume in the range of pore width between 1 and 5 

nm as shown in Fig. 5 and reflect the gel pores in the 

hcp. Then, d𝑉15−5  is defined as the increment of the 

cumulative pore volume from the pore width of 5 to 15 

nm and is associated with the small capillary pores (i.e. 

interhydrate pores from 1H NMR relaxometry method 

[15]). Finally, d𝑉100−15 is defined as the difference of 

the cumulative pore volume between the pore width 15 

and 100 nm and is related to the large capillary pores. 

Fig. 6 summarized the cumulative pore volume of the 

samples dried under different relative humidity both L-

hcp and H-hcp.

 

    
(a) L55                                         (b) H55 

Fig. 4 Examples of pore volume distribution calculated by GCMC 
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Fig. 5 Typical cumulative pore volume of hcp 

 

 
(a) L55 

 
(b) H55 

Fig. 6 Cumulative pore volume of the samples 

 

 The nitrogen sorption proportions of the samples 

dried at various relative humidities are shown in Fig. 7. 

For L55, the d𝑉100−15  decreased from 100% to 85% 

relative humidity, increased from 85% to 40% relative 

humidity and then decreased from 40% to 11% relative 

humidity. As expected, H55 shows the similar trend for 

d𝑉100−15. For both type of hcp, the decrease of d𝑉15−5 

from 100% to ∼60% relative humidity and the increase 

from ∼60% to 11% relative humidity can be observed. 

The d𝑉5−1  decreased continuously from 100% to 

∼60% relative humidity and presented very small 

amount at low relative humidity both L-hcp and H-hcp. 

 The alteration of the large capillary pores (dV100-

15) associated with the disappearance of small pores 

(dV15-5 and dV5-1) under drying condition due to C-S-H 

agglomeration. The maximum volume of the large 

capillary pores at 40% relative humidity induced 

inevitably the minimum mechanical properties of hcp 

(i.e. bending strength and Young’s modulus) and mortar 

(i.e. compressive strength) reported by Maruyama [12, 

16, 17] and Pihlajavaara [18], respectively. 
 

 
(a) L55 

 
(b) H55 

Fig. 7 Nitrogen sorption proportions of the samples 

 

 To compare the effect of different cement paste, 

each range of pore volume was plotted against the 

relative humidity in Fig. 8. The large capillary pores of 

L-hcp and H-hcp were similar, but the volumes of small 

capillary pores and the gel pores shown different 

proportion. For the small capillary pores and the gel 

pores, L-hcp shown higher values than H-hcp. Many 

literatures [19, 20] assumed that the composition and 

microstructure of C-S-H in alite paste and belite paste 

are the same. However, in this study, L-hcp showed 

higher small capillary pores (5-15 nm) and higher gel 

pores (1-5 nm) than H-hcp due to the difference in the 

amount of C-S-H and also due to the difference of total 

porosity. 
 

 
Fig. 8 Comparison between L-hcp and H-hcp on 

each range of pore volume 
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4. CONCLUSION 
 

 The nitrogen sorption isotherm of two types of 

hardened cement pastes were measured and simulated by 

applying GCMC to obtain the pore size distribution. The 

change of microstructure outside C-S-H under different 

relative humidity can be presented: 
(1) Gel pores in hcp detected by nitrogen sorption at 

the beginning state of drying (above 58% relative 

humidity) gradually disappear. 

(2) The loss of nitrogen surface area and the reduction 

of total sorption amount indicate that C-S-H 

becomes denser from the removal of water. Gel 

structure gets closer. 
(3) The volume of large capillary pores reached a peak 

at 40% relative humidity both L-hcp and H-hcp. 

(4) Comparison between L-hcp and H-hcp, amount of 

large capillary pores are almost similar, but the 

small capillary pores and gel pores of L-hcp are 

higher than H-hcp. Even C2S in L cement and C3S 

in H cement give similar hydration products but 

those of L-hcp contain more C-S-H and porosity 

than H-hcp. 
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