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Abstract 
In this study, thermoporometry by differential scanning calorimetry and proton NMR measurements of hardened cement 
paste equilibrated under different humidity conditions were carried out, and the results of both measurements were 
compared. The results reveal that thermoporometry by low temperature DSC measurement cannot detect the water pre-
sent in samples equilibrated at low relative humidity. On the other hand, it is possible to detect a signal at low relative 
humidity by proton NMR measurement. It is clarified that water strongly bound to the surface, which cannot be detected 
by low temperature DSC, exists at a relative humidity of 33% or less. If it is relevant to detect tightly held water, such as 
water present in the fine gel pores, it is recommended to apply proton NMR measurements. This paper is an extended 
English version of the authors’ previous work [Kurumisawa, K. and Jensen, O. M., (2020). “Measurement of cement paste 
at different humidities by thermoporometry and proton NMR.” Proceedings of the Japan Concrete Institute, 42, 347-352. 
(in Japanese)]. 
 

 
1. Introduction 

In order to improve the durability of concrete structures, 
it is important to minimize cracking. Since cracks are 
often caused by drying shrinkage, it is necessary to re-
duce the amount of shrinkage, and academic societies 
have thoroughly enforced specifications for this, for 
example, the Architectural Institute of Japan’s specifica-
tion JASS 5 for reinforced concrete work (AIJ 2018), for 
example. It is recommended that the drying shrinkage of 
concrete is less than 800 × 10-6. To mitigate drying 
shrinkage and crack formation a deeper understanding of 
water binding in concrete is needed. In recent years, the 
development of a method for measuring the state of 
water in hardened cement-based materials by proton 
NMR measurement has advanced. By this technique, the 
specimen can be measured non-destructively, and the 
state of moisture in concrete can be accessed (Muller et 
al. 2013a, 2013b, 2015; Maruyama et al. 2019; Kose et al. 
2013). Likewise, a technique based on low temperature 
differential scanning calorimetry (LT-DSC) has also been 
used to measure the state of water in pores. This so-called 
thermoporometric method was introduced by Kuhn et al. 
(1955), and further developed by Brun et al. (1977). This 
method has been applied to the behavior of water in 
porous materials (Brun et al. 1977; Ishikiriyama et al. 
1995; Landry 2005), and applied to hardened cement 
paste. The method is based on registration of the heat 

signal related to freezing and thawing of the water held in 
the hardened cement paste (Bager and Sellevold 1986a, 
1986b; Snyder and Bentz 2004; Sun and Scherer 2010; 
Wu and Johannesson 2014; Wu et al. 2014; Kurumisawa 
2015). This method is also used to evaluate the continuity 
of pores in cement-based materials (Snyder and Bentz 
2004). Only few studies include both these two methods 
(Yonemura et al. 2015), and no studies have investigated 
the difference in measurement results of hardened ce-
ment paste equilibrated at different relative humidity 
conditions. Therefore, the present study aims at clarify-
ing the application limits of low-temperature DSC and 
proton NMR as regards detecting water held in hardened 
cement paste at different relative humidities.  
 
2. Experimental details 

2.1 Materials used and sample preparation 
The cement used in this study was white Portland cement 
(WPC). It has a low iron content and was chosen for the 
sake of proton NMR measurement. Pure water con-
forming to the Japanese Industrial Standard JIS K0557 
(JSA 1998) was used as mixing water. The WPC has a 
solid density of 3.05 g/cm3, a Blaine specific surface area 
of 3510 cm2/g, and the chemical composition shown in 
Table 1. The water cement ratio (W/C) was 0.5. Mixing 
was done in a standard epicyclical 5-liter Hobart mixer. 
Specimens for low-temperature DSC measurement were 
cast in Teflon tubes with an inner diameter of 14 mm and 
a height of 50 mm, whereas tubes for proton NMR 
measurement had a diameter of 8 mm and a height of 40 
mm. After 1 day of hardening the specimens were de-
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Table 1 Composition of white Portland cement (wt%). 
 SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O

WPC 22.9 4.47 0.20 67.96 1.13 2.87 0.23 0.06
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moulded and subsequently cured in water at 20°C for 3 
months. Finally, the samples were allowed to equilibrate 
for at least 3 months at different relative humidities by 
the saturated salt solution method. At this time, the mass 
change of each sample at any relative humidity envi-
ronment was less than 0.02% per day. The sample re-
ferred to as equilibrated at 100% relative humidity (RH) 
was not exposed to drying after water curing. 
 
2.2 Measurements 
2.2.1 Thermoporometry by low temperature DSC 
measurement 
After curing 100% RH samples had excess surface water 
wiped off with absorbent paper, whereas other samples 
were used with no further treatment. To carry out a 
measurement a sample was inserted into a cylindrical 
metal container (“sample holder”) just large enough to 
accommodate the sample. About 10 mg AgI was added 
as a nucleating agent to the surface of the cement paste to 
minimize supercooling of water during temperature 
lowering. A lid was put on the metal container, which 
was finally inserted into the low temperature differential 
scanning calorimeter (Calvet Micro Calorimeter, SE-
TARAM BT 2.15). Measurements were done relative to 
an identical, empty metal container (Bager and Sellevold 
1986a). Each sample was exposed to a single measure-
ment cycle where temperature at a rate of 3.3°C/h was 
changed from 10°C to -55°C, and back again to 10°C. 
This minimum temperature of -55°C was used as no heat 
exchange due to water/ice phase change has been ob-
served at lower temperatures (Bager and Sellevold 1986a, 
1986b). The pore size distribution was calculated based 
on the amount of frozen water during temperature low-
ering and the amount of melted ice during temperature 
increase. Assumptions and procedures for this calcula-
tion are described in previous research (Sun and Scherer 
2010). In the present study, pores are assumed cylindrical, 
and the thickness of the non-freezable water layer is 
assumed to be 0.8 nm. The formulas used are those 
shown in Eqs. (1) to (5), 
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= +
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 (1) 

32.33 0.69meltr
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 (2) 
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where rfreeze and rmelt are pore radii (nm) during freezing 
and thawing respectively, ∆T is the temperature differ-
ence (K) from 273.15 K, ∆Hfreeze and ∆Hmelt are the heat 
exchange during freezing of water and thawing of ice 
(J/g) respectively, vpore is the pore volume (ml), vice is the 

ice volume (ml), and r is the pore radius (nm). 
 
2.2.2 Proton NMR measurement 
In 1H NMR measurement, first, excess water above the 
test tube of 100% RH sample was discarded. Other 
samples were used with no further treatment. Two 
measurements, CPMG method and solid echo method, 
were applied and the relaxation time T2 was observed 
(Muller et al. 2013a). The CPMG method can mainly 
measure protons in a liquid state, and the solid echo 
method can separate protons in a solid component and a 
liquid component. In this measurement, a 0.47 Tesla 
main field NMR apparatus was used. It is known that the 
paramagnetic elements in cement causes line broadening 
and reduces resolution particularly of high-field NMR, 
so a low-field NMR device was used (Scrivener et al. 
2016; McDonald et al. 2017). In the solid echo method, 
the 90° pulse was 2.92 μs, the pulse interval (90° - τ  - 
90°) is 8.64, 15, 20, 30, 40 μs, the number of data ob-
servation points is 1024 times or more, the number of 
scans is 64, and the waiting time for repetition is 0.5 s. 
With the solid echo method, it is possible to separate 
chemically bound water and free water. This was done 
according to previous research (Scrivener et al. 2016). 
Solid echo data are fitted as the sum of a Gaussian part 
and an exponential decay by the following equation, 

2
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where M(t,τ) is the NMR signal at the observation time t, 
Asolid is the signal intensity of solid water, τ is the time of 
the center of the Gaussian part and σ is its width, Aliquid is 
the signal intensity of liquid water, and T2 is the relaxa-
tion time. For the separation of liquid and solid-like 
water at τ = 0, an exponential function was used for the 
back extrapolation, and the ratio of chemically bound 
water was calculated by approximation using all meas-
ured τ values (Scrivener et al. 2016). 

In the CPMG method, the 90° pulse was 2.5 μs and the 
180° pulse was 5.0 μs, the pulse interval (90° - τ  - 180°) 
is 40 μs, the number of recorded echoes in the CPMG 
echo train is 256, the time between observation points is 
85 μs, the number of scans is 32 times, and the waiting 
time of repetition was set at 5 s. In addition, it was con-
firmed in a preliminary study that the number of inte-
grations gave a sufficient S/N ratio for analysis. In some 
of the previous studies, measurements were performed 
by changing τ, but preliminary to the present study, tests 
were conducted which confirmed that there is no dif-
ference between the results obtained based on a single τ 
(Scrivener et al. 2016). For this reason, the analysis in 
this study is based on measurements with a single τ. The 
Contin method (Provencher 1982) and the discrete 
method (Provencher 1976) have been proposed for the 
analysis (Scrivener et al. 2016). In the present study, the 
discrete method is used, in which the curve obtained by 
NMR measurement is represented by the sum of several 
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components i as shown in the following formula, 

01
2

( ) expN i
y ii

tM t M
T′ =

⎛ ⎞−
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⎝ ⎠
∑  (7) 

where, My'(t) is the NMR signal at the observation time t, 
0
iM  is the NMR signal of the ith component at the ob-

servation time of 0 seconds, and 2
iT  is the relaxation 

time of the ith component. In the present study, the 
number of components was not fixed and the best ap-
proximation result was used for the analysis. 
 
2.2.3 Evaporable water and chemically bound wa-
ter 
The moisture content, i.e. “evaporable water” was cal-
culated from the mass loss of crushed sample on heating 
up to 105°C, and the chemically bound water was cal-
culated from heating in the range 105°C to 950°C. Re-
garding the degree of saturation, its value at each relative 
humidity was calculated as the evaporable water relative 
to the moisture content at saturated surface-dry state. In 
addition, the crushed sample was ball-milled into powder 

and used for XRD measurement. The phase composition 
of the results obtained by XRD measurement was quan-
tified by Rietveld analysis (Doebelin and Kleeberg 2015), 
and the amount of chemically bound water was corrected 
by the amounts of water in ettringite and CO2 in calcite 
quantified by the method.  
 
2.2.4 Backscattered electron image measurement 
A sample was cut into (5 mm)3 cubes from a specimen 
that had reached the prescribed age, embedded in epoxy 
resin and its surface was polished. By observing the 
surface after polishing with backscattered electron im-
aging, due to the difference in brightness of each phase, 
unreacted cement (UH), calcium hydroxide (CH), a hy-
drate phase (C-S-H) and a coarse pores (Pore) were 
quantified. However, due to the resolution of the electron 
microscope, the size of one pixel, 0.32 μm, limits iden-
tification of phases with smaller geometry. In addition, 
the fraction of each phase was obtained by taking 16 or 
more images with a size of 200 × 150 μm and using the 
average value. The degree of hydration was determined 
by including measurements of unreacted cement. 
 
3. Results and discussion 

3.1 Backscattered electron imaging, evaporable 
water and degree of saturation 
Figure 1 shows an example of measurement results of 
backscattered electron imaging of hardened cement paste 
equilibrated at different relative humidity conditions. 
The white part is unreacted cement, light gray is calcium 
hydroxide, and dark gray is hydrate phase containing 
C-S-H. The residual amount of unreacted cement ob-
served in the backscattered electron image was 2% to 5%, 
and unreacted cement remained in the low relative hu-
midity samples. The degree of hydration varied from 
85% (RH 11%) to 93% (water cured), as a consequence 
of the different relative humidity conditions during 
equilibration affecting cement hydration subsequent to 
the initial 3 months of water curing. 

Figure 2 shows the measurement results of evaporable 
water and degree of saturation of hardened cement paste 
equilibrated at different relative humidities. For the 
hardened cement paste used in this study, the evaporable 
water decreased with decreasing relative humidity, and 
the degree of saturation also decreased, to the same ex-
tent as in previous studies (Maruyama 2010). 

 
3.2 Low temperature DSC 
3.2.1 Freezing process 
Figure 3 shows the low-temperature DSC measurement 
results on hardened cement paste during temperature 
lowering. For larger pore sizes its contained water 
freezes at higher temperatures, and similarly heat ex-
change is observed at lower temperatures for smaller 
pores. An exothermic peak is observed near -5°C in the 
saturated sample, and further exothermic peaks are also 
seen around -15°C, -25°C, and -42°C. The freezing 

RH11%

RH75%

RH100%

UH

CH

C-S-H

50μm

50μm

50μm

Pore

 
Fig. 1 Results of backscattered electron image meas-
urement at different relative humidities. 
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temperature of the water defines the pore type (Snyder 
and Bentz 2004). Capillary pore water freezes in the 
range 0 to -20°C, gel pore water between low density 
(LD) to high density (HD) C-S-H freezes in the range -20 
to -30°C, gel pore water in LD C-S-H freezes in the range 
-30 to -45°C. As seen capillary pore water is observed for 
the sample equilibrated at 98% RH. Gel pore water fro-
zen in the range of -20 to -30°C is found at RH levels 
above approximately 80%, whereas below this level only 
gel pore water in LD C-S-H is present. Furthermore, no 
clear peak was detected at 33% RH and below. 

The temperature at which the first peak occurs is in-
dependent of pore size, because pore water freezing 
occurs due to heterogeneous nucleation during initial 
cooling (Ishikiriyama et al. 1995). Therefore, the pore 
size distribution cannot be calculated from the freezing 
process. In order to solve this problem, a measurement 
method using an auxiliary cycle has been proposed 
(Ishikiriyama et al. 1995; Koniorczyk et al. 2018; Bed-
narska and Koniorczyk 2020), but it was not adopted in 
this study because of its detrimental effect on the specimen. 

3.2.2 Melting process 
Figure 4 shows the low-temperature DSC measurement 
results during temperature increase. Water (in the form of 
ice) present in the fine pores melts at low temperatures, 
whereas the large peak near 0°C represents water in 
relatively large pores. As seen the amount of water-filled 
coarse pores are reduced as the equilibration RH is low-
ered. In accordance with the freezing process, no clear 
peak is detected in samples with an equilibration RH of 
33% or less. Comparing the freezing and thawing proc-
esses, the peaks detected at -40°C in the freezing process 
should have been detected at -20°C in the thawing 
process, but no large peaks were detected. This may be 
due to the effect of nucleation or the presence of bot-
tle-neck pores. 

Figure 5 shows the freezable water content calculated 
by Eq. (2) applied to the measurement results of the 
melting process. Note that this is the pore size distribu-
tion of the water-filled pores. As seen, when the equilib-
rium RH is reduced the sample will contain less wa-
ter-filled porosity. Certainly, thermoporometry based on 
low-temperature DSC registers only a part of the total 
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pore volume when measurements are done on non-saturated 
samples. Additionally, as no peaks are detected at equili-
bration relative humidities of 33% or less, an analysis of 
the pores related to hardest bound evaporable water is not 
possible with this measuring technique. 

 
3.3 Proton NMR 
3.3.1 Solid echo method 
Figure 6 shows the results measured by the solid echo 
method. Strongly bound and constrained protons have a 
fast decay, whereas protons that can move more freely 
have a slower decay. It can be seen that almost the same 
signal is detected in the test specimens equilibrated at 
relative humidities of 60% or more. On the other hand, 
when the equilibrium RH is lowered to 33% or less, the 
attenuation rapidly decreases, i.e. the protons are less 
able to move at these low RH levels. 

As described previously the registered signal by the 
solid echo method can be separated as to quantify 
chemically bound water and free water (i.e. evaporable 
water). Figure 7 shows these results. The figure also 
shows the results of chemically bound water based on 
105 to 950°C heating. The two completely different 
measuring techniques give results that with some un-
certainty agree with each other. The amount of chemi-
cally bound water is relatively independent of the equi-
librium RH, whereas the evaporable water decreased 

with a lowering in the equilibrium RH. The amount of 
bound water obtained by proton NMR is slightly lower 
than the amount of chemically bound water obtained 
from heating. As pointed out in a previous study 
(Holthausen and McDonald 2020), the separation of 
protons in solids and protons in liquid seems to need 
further improvement. The sample equilibrated at 98% 
RH showed the highest amount of chemically bound 
water, because hydration proceeded during the RH 
equilibration. 

 
3.3.2 CPMG method 
Figure 8 shows the results by the CPMG method. The 
CPMG method can detect the state of evaporable water. 
For the saturated samples water-filled pores were de-
tected, but unsaturated samples may also have pores 
detected that were not water-filled. In other words, water 
that is strongly constrained on the pore surface is de-
tected at all humidity conditions. The fast decay com-
ponent is linked to protons in water within the range of a 
solid surface, and the slow decay component is linked to 
relatively free-moving protons as in water, which is not 
significantly affected by a solid surface. The maximum 
value of the detected signal decreases as the equilibration 
RH decreases, and only the components with faster de-
cay are detected in the low RH equilibrated samples.  

Figure 9 shows the result of separating the compo-
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nents in free water according to the classification of 
Muller (Muller et al. 2013b; Scrivener et al. 2016). The 
amount of capillary pore water is small in all samples, 
and water existing between hydrates (inter-hydrate wa-
ter) is present in samples equilibrated at a RH of 85% or 
more, and gel pore water and C-S-H interlayer water are 
present at all equilibration relative humidities. It can be 
seen that the amount of gel pore water decreases mark-
edly as the equilibrium RH decreases. 
 
3.4 Comparison of low temperature DSC and 
proton NMR 
Comparing Fig. 2 with Fig. 5, the water registered by 
low temperature DSC, is clearly seen to be only a part of 
the evaporable water since non-freezable water cannot be 
detected by this technique. Water held at RH levels of 
33% and below seems to be of this type due to its 
proximity to the solid surfaces. It will be the harder 
bound gel water and interlayer water. For samples 
equilibrated at a low RH of 11% and 33%, a proton NMR 
signal is detected. The amount of water obtained by 
low-temperature DSC measurement is comparable to the 
values obtained by NMR (Fig. 7) if the amount of water 
at an equilibration RH of 33% is subtracted. On the other 
hand, since the absolute amount of water cannot be 
measured by proton NMR, it is necessary to establish 
such a relation through a supplementary measurement as 
for example mass loss in the range from 105 to 950°C.  

Gel water was detected by low-temperature DSC 
measurement in the high RH range of 85% and above, 
which corresponds to inter-hydrate water detected by 
proton NMR. However, when the equilibrium RH was 
98% or more, the capillary pore water frozen at a tem-
perature higher than -20°C was clearly differentiated by 
the low temperature DSC, whereas proton NMR is 
hardly able to detect capillary water as a separate cate-
gory. It might be that water detected as inter-hydrate 
water with proton NMR also includes water corre-
sponding to the capillary pore water by low temperature 
DSC. 

From the presented measurements, it is seen that pro-
ton NMR is a very useful technique with a broad ability 
to measure water binding and thus also pore structure in 
cementitious systems. However, it has to be pointed out 
that the relaxation time will change significantly if the 
specimen to be measured contains a large amount of iron 
or aluminum (McDonald et al. 2017; Kurumisawa 2019). 
In the present study white Portland cement was used, but 
for many cements, including blended cements, the Pro-
ton NMR technique will be less useful or even difficult to 
apply. In such cases low-temperature DSC may be a 
more relevant technique. 

 
4. Conclusion 

Based on the observations the following main conclu-
sions are suggested: 
(1) Low-temperature DSC detects only a part of the 

evaporable water in hardened cementitious materials, 
in particular water bound at relative humidities of 
33% or less is not detected by this technique. This 
will include some of the gel pore water and interlayer 
water in C-S-H. 

(2) For the cementitious system examined in the present 
study proton NMR is able to detect a broad range of 
water binding, including water held at relative hu-
midities of 33% and below. 

(3) Low temperature DSC and proton NMR seem to 
detect different capillary pore volumes under the high 
humidity condition of 98% relative humidity. 
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