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Abstract 
The objective of this study was to determine the influence of environmental conditions on the pore structure of mortar. 
For this purpose, the experimental program was designed with the following two series: Series 1 included both a 10-
year outdoor exposure test set and a laboratory test set and Series 2 included only a laboratory test set. The pore struc-
ture of mortar specimens was evaluated using the Mercury Intrusion Porosimetry method. In general, the pore structure 
change due to temperature in both the outdoor exposure test and the laboratory test showed the same tendency. The test 
results confirmed that the pore structure of mortar coarsened and that the volume of pores with a diameter range of 40 to 
2000 nm increased due to the increase in temperature and the decrease in relative humidity. Furthermore, this paper 
reports evidence for the relationship between pore structure change and maturity, and an improved maturity function is 
proposed. The change in the pore structure is determined by the proposed maturity function, which considers the curing 
temperature history and the relative humidity. The relative humidity is an additional and novel factor forming the new 
maturity function for the prediction of pore structure change.  
 

 
1. Introduction 

For a variety of reasons, pore structure has become the 
focus of modern building material science and has re-
ceived much attention for many years. Cement-based 
materials are porous materials; thus, pore structure char-
acteristics play a critical role in the engineering proper-
ties of cement-based materials (Mehta and Monteiro 
2014). Knowledge of the pore structure change is useful 
for exercising control on the durability properties and 
for predicting the deterioration behavior, such as frost 
damage and carbonation, of cement-based materials 
(Neville 2012; Taylor 1997).  

Much research in recent years has focused on the ex-
amination of the pore structure change of cement-based 
materials using the Mercury Intrusion Porosimetry 
(MIP) method (Aono et al. 2006; Atarashi et al. 2009; 
Choi et al. 2017; Diamond 2000; Gallé 2001; Gao et al. 

2016; Nakamura et al. 2015a; Nakamura et al. 2015b; 
Winslow and Liu 1990), which has become an impor-
tant tool for studying pore structure (Aligizaki 2006; 
Lamond and Pielert 2006; Scrivener et al. 2016). 
Changes in the pore structure of cement-based materials 
such as mortar can modify the engineering properties 
(Marusin 1981; Maruyama et al. 2017; Parrott 1992). 
Previous results showed that the change in the pore 
structure of hardened cement paste is probably related to 
the change in the nanostructure of the C-S-H gel, which 
is a main constituent of the hardened cement paste 
(Kamada et al. 1996; Powers 1958; Powers and Brown-
yard 1946). It was pointed out recently that the nanos-
tructure of the C-S-H and the micro-pore structure of 
concrete are remarkably changed by drying or drying–
wetting cycles (Chang et al. 2017; Parrott 1981). In ad-
dition, the change in the micro-pore structure is due to 
the polymerization of silicate anions coordinated with a 
CaO layer developed when the C-S-H was subjected to 
drying (Aono et al. 2007; Espinosa and Franke 2006). 
In spite of these efforts, the effects of different environ-
mental conditions on the pore structure change in the 
mortar are not fully understood. Moreover, the ambient 
conditions, such as the temperature and humidity during 
the in-laboratory drying period, might be different from 
actual ambient conditions in the outdoor exposure envi-
ronment. Therefore, it is of great significance to evalu-
ate the pore structure changes in outdoor exposure tests 
for mortar samples (Tonoli et al. 2011; Zhang and 
Zhang 2006). 

The main factors affecting the pore structure change 
of mortar are age, relative humidity, mix proportion 
parameters, and curing temperature. Espinosa and 
Franke (2006) showed that the surface area of hardened 
Portland cement paste reduces after chemical aging 
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while the pore structure becomes coarser due to the dry-
ing process. Adolphs et al. (2002) found that the 
changes in the mesoporous range (10 nm to 100 nm) of 
hardened cement paste exhibits a strong dependency on 
relative humidity (RH). Hamami et al. (2012) deter-
mined that the water-to-cement mass ratio and paste 
volume fraction were the main mix parameters affecting 
porosity. Moukwa and Aītcin (1998) pointed out that the 
oven-drying temperature affects the pore structure of 
hardened cement paste by opening pores in the range of 
0.02 and 0.1 µm. The influence of heat curing on the 
pore structure was also identified by Reinhardt and 
Stegmaier (2006) and Galan et al. (2016). Furthermore, 
a maturity function is defined in ASTM C1074 - 11 as 
follows: “a mathematical expression that uses the meas-
ured temperature history of a cementitious mixture dur-
ing the curing period to calculate an index that is indica-
tive of the maturity at the end of that period”. In addi-
tion, the maturity is a function of the product of the 
temperature multiplied by time (ACI 116R). As a result, 
it is believed that the pore structure change is closely 
related to the maturity function ( Nakamura et al. 2015a; 
Nakamura et al. 2015b). 

The term “maturity” was introduced for the first time 
in 1951 (Saul 1951), and is calculated from the tempera-
ture history according to the Nurse-Saul maturity func-
tion shown in Eq. 1,  

( )0
0

t

M T T t= − Δ∑  (1) 

where M is the maturity index (°C-days), T is the aver-
age concrete temperature (°C), To is the datum tempera-
ture (°C), t is the elapsed time (days), and Δt is the time 
interval (days). 

Eq. 1 shows the time-temperature relationship which 
is called maturity function. This function takes only the 
effect of temperature on the strength development of 
concrete into account and has mostly been used with the 
cold weather concreting.  

Although there are many studies related to this matur-
ity method (Abdel-Jawad 2006; Carino and Tank 1992; 
Galobardes et al. 2015; Jin et al. 2017; Liao et al. 2008; 

Malhotra and Carino 2004; Meneghetti and Meneghetti 
1985; Topçu and Toprak 2005; Voigt et al. 2006; Volz et 
al. 1981; Xuan et al. 2018; Yikici and Chen 2015), they 
have mostly focused on strength–maturity relationships 
for concrete; little attention has been paid to the pore 
structure–maturity relationships for mortar particularly 
(Nakamura et al. 2015b). Moreover, literature on the 
relationship between the maturity and pore structure 
change is rare and little evidence is available.  

Therefore, in this study, the influence of the environ-
mental conditions, i.e., the temperature and relative hu-
midity, on the pore structure of mortar is investigated. 
Mortar specimens were prepared and subjected to dry-
ing conditions in the laboratory and exposed to different 
real natural climate conditions. The experimental results 
show that the pore volume changed significantly due to 
changes in the environmental conditions. Based on the 
pore volume change of the pores of diameter 40–2000 
nm, a modified maturity function that is able to predict 
the change in the mortar pore structure caused by envi-
ronmental conditions is proposed. The results of this 
study strongly confirm previous predictions about the 
relationship between maturity and pore structure change. 

 
2. Materials and methods 

2.1 Materials 
Ordinary Portland cement (OPC) in accordance with 
Japanese Industrial Standard was used to make the mor-
tar in Series 1 and 2. The physical properties and min-
eral compositions are given in Table 1. The mineral 
composition of the OPC was quantified by the X-ray 
diffraction (XRD) Rietveld method. The sand used as 
fine aggregate was obtained from a natural origin. The 
properties of the fine aggregates were determined as 
follows: the total water absorption was 1.52%, the den-
sity at a saturated and surface-dried condition (SSD) 
was 2698 kg/m3, the bulk density was 1487 kg/m3, and 
the fineness modulus was 2.6. 

Table 2 shows the proportions to prepare the mortar 
samples in Series 1 and Series 2. In Series 1, the main 
mix variables were the free water-to-cement mass ratio 
(W/C) of 0.35 and 0.55 and the sand-to-cement ratio 

Table 2 Mix proportions. 

Material contents (kg/m3) Series Water-cement ratio 
(W/C) 

Sand-cement ratio
(S/C) Water Cement Sand 

Flow 
(cm) 

0.35 248 709 1418 15 1 0.55 2.0 342 621 1242 28 
0.35 247 706 1412 16 
0.45 297 660 1320 23 2 
0.55 

2.0 
340 619 1238 29 

Table 1 Physical properties and chemical composition of OPC.  

Mineral composition (Rietveld) (%) Series Specific gravity 
(g/cm3) 

Specific surface 
(cm2/g) C3S C2S C3A C4AF Others

1 3.16 3460 60.2 16.2 4.7 5.4 13.5 
2 3.15 3510 68.7 11.7 7.5 5.5 6.6 
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(S/C) of 2 : 1 without any chemical admixture. In Series 
2, the main mix variables were W/C of 0.35, 0.45, and 
0.55 and with the same S/C as that of Series 1. 

 
2.2 Methods 
(1) Preparation and curing of mortar specimens 
The materials were mixed in a pan mixer. The cement 
and fine aggregate were mixed first. After the materials 
were uniformly dispersed, water was added and mixed 
until a consistent mixture was obtained.  

 For each mortar mixture, 40 × 40 × 160 mm prisms 
were cast. After casting, all the prisms were left in the 
casting room and covered with plastic sheeting for ap-
proximately 24 h. They were then demolded and cured 
in the laboratory and outdoor exposure sites according 
to the experimental program. 

 
(2) Experimental program 
The experimental program was designed for the follow-
ing two series. In Series 1, one test set involved subject-
ing the mortar specimens to drying conditions in the 
laboratory and another test set involved exposing the 
specimens to different climate conditions at three out-
door locations. The experiment plan was conducted in 
the laboratory as shown in Table 3. After demolding, 
the specimens were cut into cubes of 40 × 40 × 40 mm 
and subjected to initial curing. First, the initial curing 
was performed in water at 20°C for 4 weeks for all mor-
tar specimens. Next, drying curing and drying–wetting 
curing were applied at 20°C and 50°C, respectively. In 
the case of drying at 50°C in controlled chamber, differ-
ent relative humidity levels (5% RH and 60% RH) were 
used. The 5% RH level set up by controlled chamber. 
The 60% RH level was performed using Potassium Io-

dide (KI) which is saturated salt aqueous solution, and 
the drying period was varied from 2 and 4 weeks as well. 
Simultaneously, the outdoor exposure test was also per-
formed. After 4 weeks of initial curing, the mortar 
specimens were exposed to different natural climate 
regions for 10 years at three outdoor sites in Japan: 
Muroran (M), Tokyo (T), and Okinawa (O) (see Fig. 1). 
The latitude and longitude of M, T, and O are (42° 
N/141° E), (35° N/139° E), and (26° N/127° E), respec-
tively. Muroran (a city is located in the northernmost of 
Japan) has a much cooler climate than Tokyo and Oki-
nawa, long and heavy snowfalls dominate in winter. 
Tokyo (the Japanese capital) has the weather is temper-
ate, hot, humid and rainy in summer; the winter is the 
sunniest and driest season of the year and snowfall is 
sporadic; sometimes can be affected by typhoons. The 
climate of Okinawa (southern island of Japan) is sub-
tropical, with no snowfall in winter, and long, hot, moist 
and rainy summers and especially is the most affected 
areas by typhoons. The annual mean temperature (°C) 
and the annual mean relative humidity (% RH) at the 
three outdoor sites were M (8.9°C, 81% RH), T (16.4°C, 
60% RH), and O (23.4°C, 71% RH). The total experi-
mental time in Series 1 was 10 years, after which the 
experiments in Series 2 were performed. 

In Series 2, the experiments were only performed in 
the laboratory (see Table 3). After demolding, the mor-
tar specimens were cut into 40 mm cubes and subjected 
to the initial curing for 4 weeks at 20°C in water. Next, 
the specimens were immediately placed in the secon-
dary curing conditions in various environmental condi-
tions for a period of 2, 4, 8, 13, or 26 weeks. In this 
stage, drying temperatures of 20°C, 35°C, and 50°C 
were applied to mortar specimens; the relative humidity 

Table 3 Experimental in-laboratory plan. 

Environmental conditions after initial curing Series Symbols Initial cur-
ing Temperature (°C) Humidity (%) 

Time interval 
(weeks) 

4WK - - - 
20D-4W 20 60 4 
50DL-2W 50 5 2 
50DL-4W 50 5 4 
50DH-2W 50 60 2 
50DH-4W 50 60 4 
50DW-2W 2 (4cycles) 

1 

50DW-4W 

Water cur-
ing at 20 ℃ 
for 4 weeks 

Dry/Wet cycles (*) 
4 (8cycles) 

 
20oC-23%RH 20 23 
20oC-60%RH 20 60 
20oC-75%RH 20 75 
20oC-100%RH 20 100 
35oC-13%RH 35 13 
350C-60%RH 35 60 
50oC-6%RH 50 6 
50oC-23%RH 50 23 
50oC-60%RH 50 60 
50oC-75%RH 50 75 
50oC-100%RH 50 100 

2 

50oC-DW 

Water cur-
ing at 20 ℃ 
for 4 weeks 

Dry/Wet cycles (*) 

0, 2, 4, 8, 13, 26

(*) 1 Dry/Wet cycle = Drying at 50℃ (5% RH) for 3 days then wetting at 50℃ for 0.5 day. 
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setting (% RH) corresponding to each drying tempera-
ture level were as follows: 23% RH, 60% RH, 75% RH, 
and 100% RH (in case of 20°C); 13% RH and 60% RH 
(in case of 35°C); and 6% RH, 23% RH, 60% RH, 75% 
RH, and 100% RH (in case 50 of °C). To reach 23% RH, 
60% RH and 75% RH level, the saturated salt aqueous 
solutions were used: for 23% RH using Potassium Ace-
tate (CH3COOK); for 60% RH using Potassium Iodide 
(KI); for 75% RH using Sodium Chloride (NaCl). 100% 
RH condition was in water. The drying–wetting cycle 
was set at 50°C and 6% RH for 3 days and then at 50°C 
in water for 12 hours. 

 
(3) Determination of pore structure 
First, after curing under each environmental condition, 
the mortar specimens were cut into 5 × 5 × 5 mm cubes, 
excluding the material within 1 cm of the surface. Next, 
they were soaked in acetone for 24 hours immediately 
to stop the hydration reaction of cement and then kept in 
D-drying conditions for 24 hours. Figure 2 (a) shows 
the D-drying apparatus. The temperature of a dry ice–
ethanol bath in the trap of this apparatus was kept at 

−78°C, the temperature at which the water vapor pres-
sure was about 0.5 µHg. Finally, the pore size distribu-
tions of the mortar specimens were characterized using 
MIP. The MIP test was performed using the Pore Mas-
ter33 (U.S. Quantachrome Corp.) according to JIS R 
1655 with operation pressures of up to 228 MPa, corre-
sponding to 6 nm of minimum pore diameter. Figure 2 
(b) shows the MIP apparatus. The contact angle be-
tween the mercury and pore wall was 140° and the sur-
face tension of the mercury was 0.4854 N/m. 
 
3. Results and discussion 

3.1 Effect of exposure and curing conditions on 
the pore size distribution of the mortar 
As mentioned previously, the aim of the tests was to 
determine the pore size distribution using MIP. It was 
possible to obtain information about the pore structure 
change, which is observed in terms of the critical pore 
entry diameter of differential curves (Cook and Hover 
1999). The critical pore entry diameter is one of three 
important parameters characterizing the pore structure 

 

Trap

Specimen chamber      

 

Low pressure part 

High pressure part

 
(a)                                              (b) 

Fig. 2 Testing equipment: (a) D-drying apparatus (b) Mercury Intrusion Porosimetry (Pore Master33, U.S. Quantachrome 
Corp.). 

 
Fig. 1 Locations of outdoor exposure test on a map of Japan. 
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(which are: total percolated pore volume, threshold pore 
entry diameter and critical pore entry diameter) can be 
determined from cumulative or differential curve of 
MIP results (see Fig. 13). Critical pore entry diameter is 
the pore diameter where the steepest slope of the cumu-
lative curve is recorded (Scrivener et al. 2016). In the 
other way, critical pore entry diameter is the pore di-
ameter corresponds to the highest peak of differential 
curve. Figure 3 shows the curve of differential pore size 
distributions for OPC mortar (OPC-0.35 and OPC-0.55), 
which were measured at initial curing, and after 1.5, 5, 

and 10 years of exposure in Series 1. The pore size dis-
tribution curves of OPC-0.35 and OPC-0.55 typically 
exhibit at least two sharp peaks. The critical pore entry 
diameter corresponding to highest peak in differential 
curve was showed in Table 4. These diameter of pore 
increased with increasing the W/C ratio. There was a 
slowdown and downward trend in the increasing of the 
critical pore entry diameter after 5 years exposure. A 
clear difference can be observed for the 1.5-, 5-, and 10-
year exposure testing samples (see Fig. 3: OPC-0.35-M, 
OPC-0.35-T, and OPC-0.35-O, respectively). By com-

Table 4 The change of the critical pore entry diameters. 
The critical pore entry diameters (nm) Sample 

Initial 1.5 years 5 years 10 years 
OPC-0.35-M 32.19 9.19 9.64 9.83 
OPC-0.35-T 32.19 43.2 46.48 145.58 
OPC-0.35-O 32.19 85.03 95.22 69.2 
OPC-0.55-M 62.15 57.92 155.41 162.09 
OPC-0.55-T 62.15 65.64 171.81 29.06 
OPC-0.55-O 62.15 153.21 195.41 205.28 
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Fig. 3 The characteristic curves of the differential pore volume as a function of pore diameter for cement-based mortars 
in Series 1. (Note: V is the pore volume and d is the equivalent pore diameter; OPC- identifies the cement type; 0.35 and 
0.55 – are the water-to-cement ratio; M, T and O identify Muroran, Tokyo and Okinawa, respectively).  
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paring the differential curves of OPC-0.35-M and OPC-
0.55-M (or OPC-0.35-T and OPC-0.55-T or OPC-0.35-
O and OPC-0.55-O, respectively) in Fig. 3, it can be 
found that the highest peak is higher with increasing 
W/C ratio. Furthermore, the higher the temperature of 
the exposure area, the sharper the peak of the differen-
tial pore size distribution curves in case of OPC-0.35. 
The diameter envelopes and the increased pore vol-
ume show that the exposure samples have a coarser pore 
size than the initial curing samples. The coarsened pore 
structure most probably resulted from the increased 
temperature, as confirmed by the differences in 
the weather conditions of the exposure sites. The coars-
ening pore structure results are in general agreement 
with previous work (Rostásy et al. 1980). The drying 
process causes the coarser the pore structure and a sig-
nificant compression of the cement gel. In addition, the 
formation of large amounts of inkbottle pores due to the 
drying process reveals the change of the pore structure 
(Espinosa and Franke 2006). The amount of capillary 

pores, i.e, the 40–2000 nm pore size range, and the total 
pore volume increase mention a large coarsening of the 
pore structure.  

Results of the pore volume change for each pore size 
range are summarized in Fig. 4. As can be seen in Fig. 4, 
the effect of the curing and exposure conditions cause 
significant changes in the pore volume of mortar for 
Series 1. For OPC-0.55 mortar, the pore volumes of the 
10-year exposure mortar samples (M, T, and O) are 
higher than in the case of initial curing only (4WK). On 
the other hand, the pore volume of the 10-year exposure 
mortar samples (M) decreases and is nearly lower than 
initial curing only (4WK) for OPC-0.35 mortar. Fur-
thermore, the pore volumes of specimens OPC-0.55 and 
OPC-0.35, which were cured at 50°C in the laboratory, 
are considerably higher than those of the 10-year expo-
sure specimens (M, T, and O). High curing temperature 
does affect the pore structure change in a significant 
way, increasing the pore volume of large capillary pores. 
This effect is much more important in the range 40–
2000 nm. Analysis of the incremental pore size distribu-
tion data shows that the laboratory curing mortar speci-
men has a much higher proportion of pore sizes with 
diameters in the range of 40–2000 nm than the 10-year 
exposure specimens (M, T, and O). The volume of these 
pores apparently increased with increasing W/C ratio. 
Previous studies (Atarashi et al. 2009; Kamada et al. 
1996; Nakamura et al. 2015a; Nakamura et al. 2015b) 
have shown that the volume of pores of diameter 40–
2000 nm significantly affects the mechanism of frost 
damage in cement-based materials. Therefore, pore 
sizes in this range must be taken into account when ana-
lyzing the pore structure change of cement-based mate-
rials. The change in volume of the aforementioned pores 
is presented in Section 3.2. 

In Series 2, the effect of the relative humidity on the 
pore structure change was examined. Figure 5 shows 
the differential pore size distribution of mortar at 50°C 
corresponding to the increase of the relative humidity. In 
general, the curves show the envelope of differential 
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Fig. 4 Influence of the environmental conditions on the pore volume of mortar in Series 1. 

Fig. 13 The determination of the critical pore entry di-
ameter and threshold pore entry diameter from the cu-
mulative and differential curve (Scrivener et al. 2016). 
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pore size distributions for OPC-0.35 mortars, which 
were measured at 0, 4, 8, 13, and 26 weeks. From the 
differential pore size distribution shown in Fig. 5, the 
26-w mortar presents the highest derivative peak with a 
pore diameter of approximately 100 nm (except for 
75%RH and 100% RH). By observing the pore size dis-
tribution, the critical pore entry diameter is found to be 
obviously larger, expanding from 10 nm at initial curing 
to 100 nm at 26-w curing. A larger critical pore entry 
diameter indicates that the pore is coarser. Furthermore, 
it is clear that the highest derivative peak strongly de-
creases as the relative humidity increases, especially for 
the 50°C and 100% RH mortar. The results in Fig. 5 

clearly show that the highest derivative peak dropped 
sharply when the relative humidity reached 75% RH 
and it could not observe in case of in water (100% RH). 
It is interesting that the differential pore volume does 
not change in water. Based on these observations, it can 
be concluded that the relative humidity has a significant 
effect on the pore structure change of mortar. In other 
words, the pore structure change is a function of relative 
humidity. This conclusion agrees with that of other in-
vestigations (Adolphs et al. 2002). The gel pores remain 
continuously water-filled. Furthermore, at intermediate 
and low relative humidity, the capillary pressure works 
in the water-filled pulling the pore walls together. Beau-
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Fig. 5 Differential pore size distribution for OPC-0.35 mortar in Series 2. 
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doin and Tamtsia (2004) pointed out that the microstruc-
tural change of C-S-H is influenced by drying at a low 
and intermediate humidity and the collapse of the C-S-H 
structure due to drying may occur. This is the reason for 
the coarsening of the pore structure at lower relative 
humidity. 

 
3.2 Pore structure change in the diameter range 
of 40 to 2000 nm due to temperature and rela-
tive humidity 
First, comparing the volume of the pores of diameter 
40–2000 nm in environmental conditions (PVd) and the 
volume of the pores of diameter 40–2000 nm in initial 
curing (PVi) in Series 1 shows that the change of the 
pore volume in the 40–2000 nm range tends to reach an 
upper limit due to exposure time in case of OPC-0.55 
(see Fig. 6(b)). The significant increase rate of the 
changes in the pore volume for the O site samples are 
particularly faster than for the M and T climate exposure 
sites. A clear difference in the rate of volume change can 
be observed in the case of OPC-0.35 (see Fig. 6(a)). 
Figure 6(a) shows an obviously faster rate of increase 
in volume change during the first 5 years of exposure, 
whereas the rate of increase slowed down for the fol-
lowing 5 years. For OPC-0.55 mortar, the pore volume 
of mortar in the 40–2000 nm diameter range at the O 
site increased by a factor of approximately 2 during the 
first 5 years of exposure, after which the increase sig-
nificantly slowed down with almost no change for the 
subsequent 5 years. As such, it can be concluded that the 
higher the temperature, the greater the rate of pore vol-
ume change for the pore size range of 40–2000 nm. Fur-
thermore, the pore volume in this range can reach a lim-
iting value after long-term exposure.  

In addition, our results in Series 1 provide compelling 
evidence for the pore structure change of 40–2000 nm 
pore size range due to long-term exposure but they may 
still not be sufficient. An increase in environmental 
temperature highly influences the deterioration proc-
esses of cement-based materials (Bastidas-Arteaga et al. 
2010, 2013; Stewart et al. 2011; Yoon et al. 2007). The 
deterioration such as frost damage can be affected by 
the pore structure change of 40–2000 nm pore size 
range. The frost resistance is higher with lower amount 

of pore in the 40–2000 nm pore size range (Kamada et 
al. 1996). Therefore, this study provides a framework 
for future studies. Future work should therefore include 
a follow-up designed to evaluate the influence of the 
pore structure change of 40–2000 nm pore size range on 
frost resistance in the long term for different climate 
regions. 

Figure 7 shows the linear correlation between the 
change in the pore volume for 40–2000 nm pore diame-
ters and the environmental conditions in Series 1, i.e., 
the temperature and relative humidity for outdoor expo-
sure and for in-laboratory curing. Figure 7 also shows 
that there exists a meaningful correlation between the 
volume of pores in the 40–2000 nm diameter range and 
the temperature as well as between the same pore vol-
ume and the relative humidity. The tendency is clearly 
illustrated in Figs. 7(a) and (b). The linear correlation in 
Fig. 7(a) has the best fit for the experimental data. For 
the case of the OPC-0.35 mortar specimens, Fig. 7(a) 
indicates that the pore volume of the pores of diameter 
40–2000 nm exhibits the highest correlation with the 
temperature, with a coefficient of determination R2 
reaching 0.984. For both OPC-0.35 and OPC-0.55, there 
is an upward trend in the volume of the pores of diame-
ter 40–2000 nm with increasing temperature and in-
creasing W/C (see Fig. 7(a), except for 20D-4W), which 
is in agreement with similar experiments performed by 
Nakamura et al. (2015b). However, unlike previous 
investigations that were only concerned about the effect 
of the temperature, in this study, the effect of the rela-
tive humidity on the volume of the pores of diameter 
40–2000 nm is also observed. The results illustrated in 
Fig. 7(b) highlight that the pore volume decreases with 
an increase in the relative humidity. Alternatively, it can 
be anticipated that the linear correlation line may meet 
the 4WK line at 100% RH. Meanwhile, the volume of 
40–2000 nm diameter pores does not change in water. 

Finally, an interesting observation in this study is that 
the pore volume changes due to both temperature and 
relative humidity in Series 2, as shown in Figs. 8 and 9. 
The results in Fig. 8 show that the temperature increases 
with increasing pore volume. In most cases, the 40–
2000 nm pore volume started to increase after 2 weeks, 
then dramatically increased and reached the highest 
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Fig. 6 Pore volume change of the 40-2000 nm-diameter pores of mortar after 10 years of outdoor exposure in Series 1.
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value, close to the upper limit, after about 13 weeks. 
This is similar to the trends seen in Nakamura et al. 
(2015b). These observations are important since they 
refine findings in the literature concerning the influence 
of temperature on the 40–2000 nm diameter pore vol-
ume. Previous studies (Nakamura et al. 2015a; Naka-
mura et al. 2015b) have identified the high drying tem-
perature as a reason for the coarsening of pore structures. 
However, the results presented in this paper show that 
the relative humidity is another factor contributing to 
the coarseness of the pore structure, and as shown in Fig. 
9, this contribution can be significant. A significant dif-
ference in the pore volume change is observed, as seen 
in Fig. 9, where the volume of the pores of diameter 40–

2000 nm increases with decreasing relative humidity. 
For the 6% RH, 23% RH, 60% RH, and DW mortars, 
there was a very rapid increase in the pore volume after 
2 weeks; the pore volume then slowly increased after 4 
weeks and remained constant after about 13 weeks. The 
volume of the pores of diameter 40–2000 nm increased 
slightly for the 75% RH mortar for case OPC-0.35-50°C. 
Interestingly, the pore volume does not change in most 
cases for the 100% RH mortar during the curing period. 
Therefore, the results in Figs. 8 and 9 show the need to 
consider both of relative humidity and temperature for 
predicting the change of pore volume of diameter 40–
2000 nm pores in mortar. Based on the temperature and 
humidity dependency of the pore structure change, the 
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Fig. 8 Effect of curing temperature on the pore volume of the 40–2000 nm-diameter pores of mortar in Series 2. 
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Fig. 7 Change in pore volume of the 40-2000 nm-diameter pores due to (a) temperature and (b) humidity in Series 1.
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datum humidity and datum temperature were considered. 
These parameters will be discussed in detail in Section 
3.3. 

 
3.3 Relationship between the structure change 
of 40–2000 nm pores and the modified maturity 
function 
As is well known, according to the origins of the matur-
ity method (Nurse 1949; Saul 1951), maturity is calcu-
lated using the Nurse-Saul maturity equation (see Eq. 
(1)); nevertheless, this equation is only applied for the 
strength prediction of concrete. It was suggested in the 
introduction that the pore structure change is closely 
related to the maturity function. There are very few re-
sults in the scientific literature about this relation. Na-
kamura et al. (2015a,b) found an empirical formula ex-
pressing the relation between the pore structure change 
and the maturity: 

( )
( )

0.0012 0.0097 0 598

0.0391 598

d p p

d p

P M M

P M

= + ≤ <

= ≥
 (2) 

where dP is the pore volume of pores with 40–2000 nm 
diameters after drying (cc/g) and pM is the maturity 
(°C·days). pM , which is a function of the drying tem-
perature corresponding to the pore structure change, is 
given as   

( ),
1

31
n

p d t
t

M tθ
=

= − Δ∑  (3) 

where ,d tθ is the curing temperature (°C) and t is the 
time (days). 

The function in Eq. (2) shows a strong correlation be-
tween the drying temperature and the pore structure 
change. Nonetheless, the maturity in Eqs. (2) and (3) 
does not include the relative humidity, as Eq. (3) con-
siders time and temperature as the only main factors. It 
is clear that the environmental conditions, including 
both temperature and humidity, strongly affect the pore 
structure change. The results in this study point to the 
need to consider the effect of relative humidity on the 
pore structure change as an equally major factor. This is 
in agreement with a study by Liao et al. (2008) in which 
it was concluded that the relative humidity needs to be 
accounted for when using a maturity function for con-
crete strength prediction. Therefore, it is necessary to 
improve these equations to establish proper and com-
plete expressions of the pore structure change. 

 The correlation between the change in the volume of 
the pores of diameter 40–2000 nm and the modified 
maturity can be illustrated in general by the following 
formula: 

( )0d ph ph

d ph

PV M M a

P M a

α β

γ

= + ≤ <

= ≥
 (4) 

where α is the slope of a straight line to the upper limit, 
β is the initial pore volume (cc/g) value before drying, γ 
is the upper limit of the pore volume (cc/g), and a is an 
empirical constant. Based on the experimental results in 
Series 2, all of these parameters can be expressed by a 
linear equation from a linear correlation with the W/C 
ratio: 

0.002( ) 0.0005W
C

α = +  (5) 

0.027( ) 0.0076W
C

β = −  (6) 

0.0695( ) 0.0062W
C

γ = +  (7) 

372.4( ) 307.67Wa
C

= +  (8) 

In this study, we propose the modified maturity func-
tion ( phM ) based on the results in Series 2, which is a 
function of temperature and humidity, expressed as the 
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Fig. 9 Effect of relative humidity on the pore volume of 
the 40–2000 nm-diameter pores of mortar in Series 2.
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following equation: 

( ),
1

n

ph t d t t
t

M RH D tΔ θ
=

= − Δ∑  (9) 

where ,d tθ is the curing environment temperature (°C), 
tD is the datum temperature at which the further in-

crease of the volume of the pores of diameter 40–2000 
nm does not occur (°C), t is the time (days), and 

tRHΔ is the added humidity factor. tRHΔ is  

( ),t t d tRH H ϕΔ = −  (10) 

where ,d tϕ is the curing environment humidity and tH  
is the datum humidity at which the further increase of 
the volume of the pores of diameter 40–2000 nm does 
not occur (% RH). 

The datum temperature and datum humidity in Eqs. 
(9) and (10) were obtained based on Fig. 10. The datum 
temperature in Eq. (9) is the temperature corresponding 
to the highest coefficient of determination at which the 
further increase of the volume of the pores of diameter 
40–2000 nm does not occur, as shown in Fig. 10(a). The 
coefficient of determination was obtained by the corre-
lation between the change in the volume of the pores of 
diameter 40–2000 nm and the modified maturity. It is 
interesting to see that the datum temperature in Eq. (9) 
is 16°C for all W/C cases (see Fig. 10(a)). Similarly, the 

datum humidity in Eq. (10) is the humidity correspond-
ing to the highest coefficient of determination at which 
the further increase of the volume of the pores of diame-
ter 40–2000 nm does not occur was determined for each 
W/C. For W/C = 0.35, 0.45, and 0.55, the datum humid-
ity was 76% RH, 80% RH, and 83% RH, respectively 
(see Fig. 10(b)).  

Figure 11 indicates the relationship between the vol-
ume of the pores of diameter 40–2000 nm and the modi-
fied maturity which as a function of temperature and 
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Fig. 10 Coefficient of determination of the modified ma-
turity formula for each datum temperature and datum 
humidity. 
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Fig. 11 The pore volume of the 40-2000 nm-diameter 
pores changing as a function of the square root of the 
modified maturity. 
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relative humidity. It can be clearly seen that the line has 
a steep slope, which was measured over the square root 
of the modified maturity. An empirical formula can be 
obtained from the initial slope of the line, which shows 
a good correlation between the pore volume and the 
modified maturity of each W/C ratio (see Eq. (4)). The 
volume of the pores of diameter 40–2000 nm soon 
reached a maximal value (the so-called upper limit), at 
which most of the data converges to a straight line with 
a different upper limit value. The higher the W/C ratio, 
the larger the upper limit. As can be seen from Fig. 11, it 
is clear that the coefficient of determination R2 reached 
a higher value with increasing W/C ratio. It can be con-
cluded that the W/C ratio has a significant impact on the 
volume of the pores of diameter 40–2000 nm. In agree-
ment with the literature (Nakamura et al. 2015a; Naka-
mura et al. 2015b), this study found that the modified 
maturity has a close relationship with the pore structure 
of mortar. The relationship between the change of vol-
ume of the pores of diameter 40–2000 nm and the modi-
fied maturity due to laboratory and exposure condition 
is shown in Fig. 12. It can be seen that the correlation is 
good in both case of laboratory and exposure condition. 
The change of volume of the pores of diameter 40–2000 

nm due to laboratory is higher than the change of vol-
ume of the pores of diameter 40–2000 nm due to expo-
sure condition. Similar upward trends of the change of 
volume of the pores of diameter 40–2000 nm are ob-
served here for OPC-0.35 and OPC-0.55. Therefore, it 
can be understood that the pores of diameter 40–2000 
nm was coarsened due to environment condition.  

To sum up, the application of Eq. (4) to predict the 
change of volume of the pores of diameter 40–2000 nm 
based on modified maturity and the limits of this work 
open new perspectives for the future work. The predic-
tion equation of the current study investigated pore 
structure with only 40–2000 nm range. However, this 
pore size range strongly affects the frost resistance of 
cement-based materials according to Kamada (1996). 
Therefore, the application of Eq. (4) to predict frost 
damage needs to be taken into consideration. 

 
4. Conclusions 

The experimental results support the following conclu-
sions: 
1) Both the laboratory and outdoor exposure tests re-

vealed that the pore structure of mortar was coars-
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Fig. 12 The relationship between the change of pore volume of the 40-2000 nm-diameter pores and the modified maturity 
of mortar due to laboratory and outdoor exposure condition. (The black dot corresponds to laboratory condition and the 
color dot corresponds to exposure condition) 
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ened due to temperature and relative humidity; the 
volume of the pores of diameter 40–2000 nm in-
creased and reached an upper limit value.  

2) The drying temperature was more critical to the 
coarsening of the pore structure. The influence of 
drying on the pore structure change at 50°C was 
more severe than the effects of the outdoor exposure 
test on the mortar specimens. 

3) The relative humidity had a significant effect on the 
pore structure change of mortar. The pore volume of 
the 40–2000 nm diameter pores increased with de-
creasing relative humidity. The pore volume after 
initial curing did not change in water content. 

4) A modified maturity function, which can predict the 
pore structure change due to temperature and rela-
tive humidity, was proposed based on the experi-
mental results. The function shows a meaningful 
correlation between the volume of the pores of di-
ameter 40–2000 nm and the temperature and relative 
humidity. 

5) The higher the W/C ratio, the higher the upper limit 
value of the pore volume change. 
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