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A B S T R A C T

Moisture transport into concrete and mortar surfaces strongly influences the durability of structures. Transport
processes are foremost controlled by the material's porosity. Cementitious materials, such as concrete and
mortars, exhibit distinct changes in pore structure while drying and subsequent rewetting due to the internal
shrinkage and swelling of the layered calcium-silicate hydrates.

Mortars with different w/c-ratios and binders were dried and rewetted and the subsequent time dependent
changes in water filled pore structure were monitored with single-sided 1H nuclear magnetic resonance. This
technique combines a localized depiction of all pore water with a good time resolution. The NMR signal is split
into the four pore species C-S-H interlayer water, gel pore water, interhydrate water, and capillary water by
multi-exponential analysis. Two consecutive running processes in the swelling of cementitious mortars were
identified and discussed based on recent models of the cement microstructure as well as its implications on the
sorptivity.

1. Introduction

1.1. Pore structure of cementitious materials

On its smallest scale, cement stone is made up of hydrated calcium-
silicates (C-S-H), being responsible for cohesion and strength. C-S-H
forms the structural backbone and largely defines the pore structure. In
this, gel pores form with sizes as small as a few nanometres. These pores
strongly interact with water. Drying of gel pores leads to a shrinkage of
cement stone and conversely, if empty gel pores are filled again, a
swelling of the cement matrix occurs. [1–5] A currently widely adopted
model developed by Jennings describes C-S-H as a lammenar [6] colloid
[7] structure. This model is based on a composition of so-called glo-
bules with sizes of about 8 nm. Water is found in four different positions
inside the globular C-S-H structure: (i) as so-called interlayer water
between C-S-H sheets, (ii) in intraglobular pores (IGP) smaller than
1 nm, both inside the C-S-H globules, as well as (iii) in small gel pores
(SGP) with sizes of about 1–3 nm and (iv) large gel pores (LGP) with
sizes of 3–12 nm in interstitial spaces between globules. Within this
model, large gel pores show similarities to capillary pores to some ex-
tent. IGP originate in imperfections inside the C-S-H sheets. Though
being similar in size to small gel pores between globules, they largely
differ in their accessibility to e.g. nitrogen, leaving voids upon

emptying. In Fig. 1 a schematic representation of the pore spaces ac-
cording to Jennings colloid model CM-II is drawn.

The detailed nature of the on-going processes while drying and re-
wetting in cement stone has been a point of discussion for some time.
Mostly, two different processes at drying of hardened white cement
paste are distinguished [3]: (i) mesopores grow between a relative
humidity1 (RH) of 95% down to 40%, accessible to both, water vapour
and nitrogen and (ii) drying below 40% RH leads to the further increase
of mesopore volume, interpreted as a consolidation of C-S-H structure.
In the latter, differences in nitrogen and water vapour absorption are
explained by nitrogen inaccessible IGP formed inside the consolidated
C-S-H globules. Maruyama et al. [3] showed a temporary reduction of
drying shrinkage between these processes, explained as resolution of
capillary tension inside the pore structure. Similar results were ob-
tained by Setzer and his co-workers before [4, 5].

On a slightly larger scale, capillary pores are formed by an excess of
liquid water at the making as well as water emptied pore space due to
chemical shrinkage and self desiccation [8]. These pores are associated
with transport processes such as capillary sorption. The equations de-
veloped by Washburn [9] suggest, that sorptivity S is proportional to
the porosity Φ times the square root of the overall transport effective
pore radius R [10]. For simplicity, the contact angle between the wet-
ting liquid and the pore surface α usually is set to zero, thus its influence
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neglected [10, 11]. The overall curvature, described by tortuosity, and
the interconnection of pores, described by restrictivity, are also ex-
pected to be important influences [10].

1.2. 1H nuclear magnetic resonance on cementitious materials

One particularly insightful way for detecting moisture inside porous
building materials is the use of 1H nuclear magnetic resonance (NMR).
This technique allows the quantification of moisture as well as an
identification of different pore species. A high frequency electro-
magnetic pulse excites hydrogen nuclei, thereby causing a measurable
response which is subsequently exponentially relaxing with time. The
frequency of the excitation pulse needs to be matched with the inherent
nuclei spin-frequency, which depends on the strength of the sur-
rounding magnetic field. Heterogeneities in the magnetic field cause
changes in spin-frequency and thereby a dephasing of the spins, leading
to faster relaxation. Dephasing, caused by a constant heterogeneity, can
be countered by certain pulse sequences, such as the well-known Carr-
Purcell Meiboom-Gill (CPMG) sequence [12, 13], generating a series of
rephasing echoes. This echo response is usually described by an ex-
ponential function with an amplitude at time zero and a relaxation
time, describing the exponential decay over time. The amplitude can be
directly and linearly correlated with the gravimetric water content
[14], as long as all water causing the gravimetric change is detected by
the NMR method. This might not be the case for hydrogen showing a
rather fast relaxation, such as solid portlandite and ettringite crystals
[15], C-S-H interlayer [16], or even gel pore water [11]. Furthermore,
different pore species can be distinguished by their volume to surface
ratio and therefore by their relaxation times [15, 17, 18].

Systematic and extensive research on fully and partly saturated
cement stone only recently enabled the attribution of relaxation times
to certain pore water species [14, 15, 19]. Working with a NMR fre-
quency of 20MHz in an enclosed magnet setup on white cement pastes,
five essential pore species were found. They were assigned to (i) water
in solid crystals such as portlandite and ettringite,2 (ii) to water inside
the lamellar C-S-H structure, (iii) to water inside C-S-H gel pores, (iv) to
smaller interhydrate pores and (v) larger capillary pores being a rem-
nant of hydration. The corresponding relaxation times are ~0.01ms,
~0.1 ms, ~0.4 ms, ~1ms, and ~10ms respectively. Such relaxation
times change to some extent with the frequency of the spectrometer
used, with the amount of paramagnetic impurities such as Fe2O3 in the

material [17], as well as with the saturation degree of the pores. Based
on the fast exchange model, a direct conversion from relaxation times
to pore size has been developed [20], that lately has been shown to give
comparable results to other porosity measurement techniques, such as
mercury intrusion porosimetry [21].

Concerning the swelling of C-S-H gel during capillary uptake ex-
periments, Rucker-Gramm and Beddoe [11] used NMR in combination
with other methods. They illustrated that a deviation from the square
root-law at sorption experiments is directly related to a decrease of
NMR amplitude. This is caused by the conversion of water in larger
capillary pores to water in smaller and faster relaxing gel pores. The
latter was not visible for the device used. These effects were dependent
on the initial water content, beginning at the first wetted surface, fur-
ther processing inside the material. Fischer et al. [16] used a different
NMR setup and illustrated the rearrangement of water from large ca-
pillaries to smaller gel pores directly by NMR. Due to the device used,
not all pore species inside the cement pore structure were detected.
Recently, an enclosed magnet setup was used for experiments on C-S-H
shrinkage and subsequent swelling [22]. To overcome the need for
spatial resolution, cement paste was crushed to pieces of several mil-
limetres and wetted as granules. They found irreversible changes only
to happen during the initial drying cycle and that a more severe drying
process leads to considerably more rearrangement of porosity. Con-
cerning the differentiation of the two subsequently happening processes
while drying described as above, they observed a close relationship
between growth of finer porosity and reduction of coarser porosity and
concluded, that the two processes mirror each other and represent the
opposite sides of the same process. In Fig. 2, the time dependent change
in the porosity of a sample of hardened white cement paste with a w/c-
ratio of 0.4, dried at 60 °C under slightly reduced pressure und subse-
quently rewetted is shown, data taken from Gajewicz et al. [22]. Here,
the continuous refinement of porosity can clearly be seen. The very first
signal of the redeveloping gel pores appear after 8 h. In their study, a
reduced emphasis was put on the timescale of the ongoing processes,
especially the very first moments after rewetting with the very first
measurement conducted after 2 h.

The present study uses a single-sided 1H nuclear magnetic resonance
device allowing a highly localized spatial depiction of all the pore
species involved with a good temporal resolution.

2. Experiments

2.1. Materials

Mortars made from two different cements, one ordinary Portland ce-
ment (OPC) as well as one blast furnace slag cement (BFC) according to DIN
EN 197-1:2011, mixed with sand according to DIN EN 196-1:2016 were
used. Table 1 gives the composition of the cements. The mortars were
prepared according to DIN EN 196-1:2016 and the mix designs are shown in
Table 2. Minor segregation between water and the sand-cement mixture for
higher w/c-ratios was observed during production.

After mixing the mortars were cast in prisms with dimensions of
40× 40×160mm3, left in the mouldings for two days and subse-
quently cured at> 95% RH for 28 days. Following, the prisms were cut
to small plates of 10mm thickness with a water-cooled diamond saw.

2.2. Methods

After sample preparation, two separate experiments were con-
ducted. First, samples were characterised in saturated and dried state by
single-sided 1H NMR for their moisture dependent pore volumes.
Another set of samples was dried and rewetted and the continuous
change in NMR signal was recorded to monitor the time-dependent
swelling of pore structure. Afterwards, such samples were investigated
by NMR for irreversible changes in pore structure. In Fig. 3 the work-
flow of the experiments is depicted.

Fig. 1. Schematic representation of the C-S-H structure and water binding
based on the CM-II model [6, 7]. The model is based on reoccurring units called
globules. The model incorporates interlayer water, intraglobular pores (IGP),
small gel pores (SGP), and large gel pores (LGP).

2 Only visible by NMR through a so-called solid echo sequence.
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For characterisation, two samples of each mortar were first satu-
rated at atmospheric pressure (1 bar) for about 14 days and subse-
quently dried at 40 °C and 105 °C,3 for about 28 and 7 days, respec-
tively. Every saturation and drying storage was kept until a constant
mass (Δm < 0.01 wt%/d) was reached. After every step samples were
weighed and measured by single-sided NMR for a more precise porosity
characterisation. Furthermore, the saturated sample's volume was
measured by immersion weighing to convert gravimetric to volumetric
results. For the more precise porosity characterisation, a profile with
five depths between 1.2 and 2.0 mm inside the sample was measured
with 1024 scans in each depth. The results of five depths were averaged
to increase the signal to noise ratio and to cover a larger, more re-
presentative volume of the sample.

For NMR measurements of time-dependent changes of pore struc-
ture, one sample of each mortar was dried at 40 °C and 105 °C until a
constant mass was reached. Before further experiments, they were
stored in an unregulated desiccator for a maximum duration of one
week to prevent an excess of moisture or CO2 to come in contact with
the samples. For the experiments, samples were placed on the NMR
device for a first dry measurement. After this, a thin felt was laid into a
specially prepared thin petri dish filled with tap water and together
placed on the sensor. The sample was placed inside the petri dish, first
slightly tilted to prevent air from being trapped underneath the sample,
and then brought to rest horizontally. The continuous NMR measure-
ment, in a depth of roughly 1mm inside the sample, was started in-
stantaneously. Measurements were performed continuously over at
least the initial 8 h. Afterwards, samples were stored under water and
taken out for measurements in increasing time intervals over 28 days.
During the first hour, measurements with 128 consecutive scans were
averaged, giving roughly one relaxation decay per minute. Afterwards
1024 scans were averaged, each lasting approximately 8.5 min. Fig. 4
illustrates the measurement setup. After completion of swelling, the
samples were measured by NMR in five depths between 1.2 and
2.0 mm, comparable to the measurements of precise porosity char-
acterisation.

All NMR measurements were carried out with a single-sided NMR
MOUSE PM5 (Nuclear Magnetic Resonance Mobile universal surface
explorer Profile Mouse 5mm), developed and manufactured by the
Institute of Macromolecular Chemistry of the RWTH Aachen University
[23]. While such devices can nowadays be acquired from Magritek
GmbH, Germany, the device used is an early prototype using a minispec
MQ20 spectrometer from Bruker cooperation. The NMR MOUSE uses a
sophisticated array of permanent magnets, generating a well-levelled
layer as the measurement field. This sensitive volume has dimensions of
roughly 20×20×0.2mm3, allowing the non-destructive assessment
of high-resolution hydrogen profiles through the surface of materials up
to a depth of 2mm. A CPMG sequence was applied with a total of 1000
echoes and an echo time TE of 0.03ms, using the parameters in Table 3.

2.3. Data evaluation

For data evaluation, echo amplitudes were normalized by the am-
plitude of pure water AW, measured with a sufficient waiting time be-
tween subsequent scans of 20 s. Furthermore, the first two echoes were
corrected for transient effects [24, 25] and a slight “spurious oscilla-
tion” [26] in the relaxation signal, which resulted in the normalized and
corrected signal amplitude Ac/AW. In the following, this corrected and
normalized NMR signal is called the NMR porosity ΦNMR. Exponential
decays were evaluated by curve fitting with four independent ex-
ponential components using a least-squares algorithm:

Fig. 2. NMR signal intensity over time, normalized to the maximum value
obtained, showing the time-dependent change in porosity of hardened white
cement paste with a w/c-ratio of 0.4, dried at 60 °C under slightly reduced
pressure. Data obtained from Gajewicz et al. [22].

Table 1
Cement composition according to DIN EN 196-2:2013.

Contents CEM III/A 32.5 N-LH CEM I 52.5 R

wt%

Portland cement clinker 51.1 90.7
Granulated slag 42.2 0.0
Limestone 2.9 3.9
Setting regulator (sulphate) 3.8 5.4
Na2O 0.32 0.26
MgO 3.45 0.74
Al2O3 7.91 3.70
SiO2 27.30 22.00
SO3 3.79 3.36
K2O 0.54 0.47
CaO 52.80 65.80
TiO2 0.56 0.21
MnO 0.16 0.04
Fe2O3 1.46 1.30

Table 2
Mortar mix design.

Cement w/c-ratio Cement Sand

– – g

CEM III/A 32.5 N-LH 0.4 550 1350
0.5a 450
0.6 375
0.7 315

CEM I 52.5 R 0.4 550
0.7 315

a Standard mortar mixture for cement testing according to DIN EN 196-
1:2016.

3 The drying chambers were standing in a surrounding laboratory climate of 23 °C and
65% RH. On the assumption of constant absolute air water content, relative drying
temperatures would correspond with a RH of 26% and 2% at 40 and 105 °C respectively.
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Here, F (t) is the echo value of CPGM-Fit at time t, n is the number of
the fit component, t is the time, An is the fitted amplitude and T2-n is the
fitted relaxation time. Values for relaxation times were limited between
three times the echo time TE and the T2-relaxation time of pure water
due to diffusive attenuation [27, 28], thus between 0.09ms and 115ms.
Furthermore, the individual relaxation times were limited between
three times the next shorter and one third of the next longer relaxation
time, to prevent overlapping. The comparatively low signal to noise
ratio of the continuous NMR measurements demanded a different ap-
proach, since a fit with eight free values lead to distorted results. To be
able to better compare the results, all relaxation times were fixed, based
on the more precise characterisation measurement. This selection of
relaxation times is addressed further in the discussion. A full compre-
hensive description of the experiments can be found elsewhere [29].

3. Results

The results of the NMR signals for porosity characterisation mea-
surements are given in Fig. 5 and the corresponding T2-relaxation times
in Table 4. For the measurement of saturated samples, the four fitting
components A1 to A4 are shown. The corresponding relaxations times
T2 are around 0.12, 0.4, 1.5 and 10ms respectively, matching earlier
results in the literature [15, 22]. In the following, they are interpreted
as the four signal components of (A1) interlayer water bound in dense

calcium silicate hydrate (C-S-H) sheets, (A2) water bound in small gel
pores around 2 nm in size, (A3) water in so-called interhydrate pores
(~10 nm), and (A4) water in larger capillaries (> 10 nm) respectively.
It has been shown before that a continuous drying empties pores con-
secutively, starting from the larger capillaries proceeding to the smaller
pores [20]. When drying at 40 or 105 °C, most pore spaces are emptied
completely and even the signal of C-S-H interlayer water is decreased
considerably [22]. Therefore, in Fig. 5 the signal of interlayer water is
split into the remnants after 105 °C drying, additional remnants after
40 °C drying and total signal of C-S-H interlayer water, which is mea-
sured upon complete saturation.

With increasing w/c-ratio, an increase in interhydrate and capillary

Fig. 3. Workflow of the experiments.

Fig. 4. Setup for single-sided NMR measurements of internal swelling.

Table 3
NMR measurement parameters used.

Parameter Value Unit

Magnetic field gradient 21.6 T/m
Measurement frequency 18.15 MHz
Recycle delay 500 ms
Echo-spacing TE 30 μs
Pulse-length 4.5 μs
Acquisition window 5 μs
Number echoes 1000 –
Number scans 128/1024 –
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Fig. 5. Results from NMR characterisation measurement of the amplitudes for
saturated mortar samples and an age of 35 days; NMR signal amplitudes are
split into four components in dependence of their corresponding relaxation
times T2 in Table 4 and furthermore, according to the signal remnants after
drying at 40 and 105 °C.

Table 4
T2-relaxation times for the mortar samples obtained from characterisation
measurement.

Cement w/c-ratio T2–1 (interl.) T2–2 (gel) T2–3 (interh.) T2–4 (cap.)

– – ms

CEM III 0.4 0.121 0.40 1.34 9.2
0.5 0.132 0.43 1.46 8.9
0.6 0.137 0.50 1.76 8.3
0.7 0.140 0.49 1.85 9.8

CEM I 0.4 0.098 0.30 1.15 7.3
0.7 0.137 0.44 1.55 6.0
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porosity can be observed. Furthermore, the amount of gel porosity is
almost independent of the w/c-ratio. Lastly, the amount of signal in
dense C-S-H is decreasing with increasing w/c-ratio which is expected
due to the reduced amount of cement in the mix. In general, this
matches the original predictions for porosity composition of Powers
[8], though absolute numbers might differ due to a different hydration
degree or an influence of aggregates. Signal remnants after drying are
considerably increased for mortars with lower w/c-ratios, indicating a
slightly coarser pore-structure for higher w/c-ratio and a denser pore
structure for low w/c-ratio. On average, 3% more C-S-H interlayer
water is evaporated at 105 °C compared to 40 °C. Larger differences
occur between mortars made with BFC and OPC. The amount of C-S-H
interlayer water for OPC is considerably larger than for BFC. This is
surprising to some extent, since BFC containing cements are reported to
develop an overall denser structure [30]. Though having had the same
age, the samples might have had a different degree of hydration due to
the slower reaction of BFC, as also indicated by the remnants of water
after drying. Nonetheless, we found similar differences between OPC
and BFC for well-hydrated samples too.

Fig. 6 depicts the change in volumetric water content between sa-
turation and drying at 40 °C compared to the difference in the corre-
sponding NMR signal. The results show a direct and linear correlation
between the NMR signal ΦNMR and the volumetric change on drying.
The deviations from the diagonal are most likely caused by hetero-
geneities in the samples as well as minor drying dependent changes in
mass, not visible to the NMR technique employed. Furthermore, dif-
ferences in the signal might by influenced by binder inherent features as
well as the data evaluation by multi-exponential fitting. Further insight
into the pore structure of mortars and concretes incorporating different
binders might be obtained by more complex inverse Laplace transfor-
mation on more comprehensive data sets, though beyond the scope of
this publication. Nonetheless, with the comparatively small deviations
from the diagonal line shown, the NMR signal can be regarded as the
volumetric water content, comparable to results of other porous ma-
terials and similar single-sided NMR devices before [31].

The results of time dependent porosity NMR measurements of se-
lected mortars dried at 40 and 105 °C are shown in Fig. 7. For the
temporal analysis, relaxation times were set according to Table 4. In the

first hour, a stronger variation in amplitudes arises due to the reduced
amount of scans in this period accompanied by a lower signal to noise
ratio. In the following, we first concentrate on samples dried at 40 °C. In
the first minute after rewetting, water fills the pore system with the
total signal amplitude reaching almost 80% of the final value after only
four minutes (0.25 √h). With a steep initial increase, first, only coarse
capillary and interhydrate porosity is filled. Within 15min the signal
associated with the coarsest capillary pores as well as some interhydrate
pore volume is replaced by signal associated with gel pore spaces. For
mortars with a w/c-ratio of 0.5 and below, little to no coarse capillary
porosity is remaining. Interestingly, the increase of gel pores in the first
hour is accompanied by a temporary reduction of C-S-H interlayer
water. Finally, interhydrate spaces are further diminished by the
growth of first mostly gel spaces, followed by the growth of interlayer
C-S-H in a much slower reaction, continuing over the whole 28 days of
the measurement. While OPC binders generally reveal similar effects,
the late growth of C-S-H is even more prominent.

For mortars dried at 105 °C the initial filling of coarse pores with
water happens even faster. At the same time, a delayed increase of C-S-
H interlayer spaces occurs. Gel pore spaces are completely abundant in
the first hour after rewetting. Furthermore, the initial increase of gel
porosity is happening delayed, though as well accompanied by a re-
duction of C-S-H interhydrate spaces. For samples with a low w/c-ratio,
this process happens after 24 h. For higher w/c-ratio samples it is
happening at increased times, for a w/c-ratio of 0.7 after 48 h.

The mortar sample made with BFC and a w/c-ratio of 0.4 dried at
105 °C experiences a low point in coarsest pores at around 64 h (8 √h).
This was caused by a temporarily loss of water in the petri dish while
prolonged continuous measurement, causing a drying of the largest
pores. After the subsequent immersion in water, this low point van-
ishes, the largest pores are filled again.

The results of the characterisation measurement after drying, re-
wetting, and completion of swelling after> 40 days are shown in Fig. 8.
To be able to better compare the results with the results of the samples
as prepared (never dried), the same T2-relaxation times, given in
Table 4, were used and only changes compared to the results from
samples as prepared are shown. Positive values indicate an increase,
negative a decrease of such signal. Symmetry of positive and negative
results indicate an unchanged overall signal. While some overall trends
are visible, the results indicate a certain amount of scattering. For all
samples, an overall reduction of coarse pores, capillary and inter-
hydrate spaces, as well as an increase in finer porosity, gel or interlayer
spaces, is found. Samples dried at 105 °C rather show an increased gel
porosity, BFC samples dried at 40 °C an increase in C-S-H interlayer
water. All in all, a slight decrease in porosity is found for samples dried
at 40 °C of about 1%. Such change is not seen for samples exposed to
105 °C.

4. Discussion

4.1. Reversible changes while rewetting

The detailed nature of the on-going processes while drying and re-
wetting has been a point of discussion for some time. This study sheds
further light on the complex processes of moisture dependent porosity
changes while rewetting. For reference, we aim to base the following
descriptions on the terms and concepts of the colloid-model II [6]. Fig. 9
depicts the overall changes in C-S-H structure and swelling processes as
discussed below. Drying at 40 °C empties gel pores, resolves capillary
forces, and partly consolidates the C-S-H micro structure. Due to the
shrinking forces, gel pores partly open and form larger expanded gel
pore spaces (EGP) and partly shrink to consolidated gel pore spaces
(CGP). Drying at 105 °C leads to an almost complete consolidation of
gel pores though not increasing the overall porosity. The shrunken gel
pore space does not differ considerably from C-S-H interlayer water as
seen in NMR.

10
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25

10 15 20 25

CEM III

CEM I

difference in NMR in %

Fig. 6. Difference in volumetric water content and NMR amplitudes ΦNMR for
samples saturated at atmospheric pressure and dried at 40 °C.
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Upon rewetting a mortar, previously dried at 40 °C, first, all open
spaces are reinvaded almost instantaneously due to capillary forces.
Second, gel pore spaces, decisively shrunk though not entirely fused
together, are re-invaded in a process running for up to 15min. A tem-
porary decrease of C-S-H interlayer signal appears due to dried up gel
pore spaces quickly growing to their original size in the fast swelling
process. Third, the re-entry into consolidated C-S-H interlayer spaces as

well as intraglobular pores on the other hand is a considerably slower
process, overcoming the strong joining forces. For samples, dried at
105 °C and rewetted, gel space is strongly consolidated to condensed C-
S-H sheets. Water molecules re-entering into the original C-S-H inter-
layer as well as consolidated gel pore spaces have to overcome the
strong surface joining forces before the consolidated gel spaces can be
expanded again. The re-invasion becomes a tedious, long lasting pro-
cess running for several weeks.

Surprisingly, the first value for the coarsest capillary porosity is
higher for mortars dried at 40 °C and lower for mortars dried at 105 °C.
With a more severe drying process, one would expect an even coarser
porosity. One possible explanation is the reduction of the coarsest pores
after 105 °C in an even faster time scale after rewetting, not even re-
solvable with the procedure employed here. Another influence might be
the ionic concentration inside the pore solution, changing NMR re-
laxation without considerate change in pore structure [21]. However, it
might be questioned, why the samples dried at different temperatures
should react considerably different in this regard. Furthermore, recent
results comparing hardened white cement paste dried at 50 and 100 °C
with mercury intrusion porosimetry did as well show a minimally in-
creased coarse porosity for samples dried at 50 °C compared to a drying
at 100 °C [21].

The results obtained in this study differ to some extent from the
results reported in the literature [22], as well outlined in Fig. 2. While
putting more emphasis on the first hour after rewetting, the results here
show an increase in C-S-H interlayer water, not seen in Fig. 2. The
choice of relaxation times for the different pore types influence the
outcome of the results. Assigning a different relaxation time, for ex-
ample a relaxation time assigned to C-S-H that is closer to the range of
gel water, will lead to a C-S-H signal in NMR, mimicking gel pore be-
haviour. Fixed relaxation times were chosen in this study, which likely
caused at least some mimicking behaviour of pore types. On the other
hand, assuming a constant surface relaxivity of the samples, at least for
samples incorporating the same binder, allows direct comparison of
pore sizes and pore size changes.

4.2. Irreversible changes due to drying

The overall loss of coarse porosity due to drying, shown in Fig. 7, is
in accordance with the CM-II model, indicating irreversible shrinkage
[6], though recent results in the literature [22] did report opposite ef-
fects. Differences between these and our findings might be due to the
prolonged duration of our experiments of> 40 days between rewetting
and testing. In shorter durations, the swelling process might not have
come to an end. As well, some further hydration of the BFC samples
investigated here might have taken place during the drying and re-
wetting. It is, however, not entirely clear if the loss in signal of the
coarsest pores is as well influenced by an insufficient saturation of ink-
bottle pores by capillary processes. In a recent study, only minor
changes in degree of saturation were found for samples, saturated at
atmospheric pressure compared to a saturation with 200 bar [21],
which would presumably fill such pores. More accurate measurements
in enclosed magnet setups as well as measurements of macroscopic
shrinkage might give further insight.

Drying cementitious materials at temperatures as high as 105 °C
poses severe stress on the pore structure. In a recent study [30], the
development of microcracks (1 to 60 μm width) due to comparable
severe drying was investigated on paste, mortar, and concrete samples.
Such cracks might well be an influence on the values in capillary por-
osity seen in our experiments, though, a permanent distinctive rise of
coarse porosity due to micro cracking as previously reported for

Fig. 7. Change in NMR signals after drying at 40 °C (left) and 105 °C (right) subsequently rewetting for mortar with BFC w/c 0.4 and 0.7 and OPC w/c 0.4. Four pore
species are shown: C-S-H interlayer water (hatching), gel water (light grey), interhydrate water (medium grey) and capillary water (dark grey). Results are presented
on a square root of time axis split at 1 h into two different scalings.
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Fig. 8. Results from NMR characterisation measurement of the changes in
amplitude, after 40 °C drying and 40 days after rewetting and after 105 °C
drying and 50 days after rewetting. Saturation by atmospheric pressure; NMR
signal amplitudes are split into four components, in dependence of their cor-
responding T2-relaxation times. Positive values indicate an increase, negative a
decrease of such signals. Symmetry of positive and negative values indicates an
unchanged overall signal intensity.

Fig. 9. Schematic representation of the restructuring of dried C-S-H globules
including consolidated gel pores (CGP) and expanded gel pores (EGP). Upon
rewetting, water (1) almost instantaneously floods the available open pore
space and (2) reinvades gel pore space, if not fully consolidated. In a third (3),
considerably slower process, water ingresses into C-S-H interlayers and IGP.
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concrete heated to even higher temperatures [32] has not been found. If
the NMR signal A4 is related to the filling of microcracks, the reduction
and near disappearance of this signal might as well give some indica-
tion, why only comparatively small effects of microcracks were found in
the study while drying was said to pose a superior role in transport
properties. Microcracks, prominent in a dried state, close when samples
are rewetted.

4.3. Implications on sorptivity of cementitious materials

Keeping in mind that sorptivity is largely influenced by porosity and
overall pore size, a strong impact of the described changes in porosity
on the sorptivity is expected. The reinvasion of partly consolidated pore
space lasting for roughly 10min would most likely be only noticeable
between the start of any capillary water uptake testing and first
weighing. Such short time anomaly has been reported [33]. The longer
lasting process might induce deviation from simple square root time
behaviour over a duration of 12 to 36 h, depending on drying tem-
perature and material mixture [34].

Concerning the change rate of interhydrate porosities after roughly
1 h, an almost linear curve over a square root of time axis can be ob-
served. This agrees well with the recent arguments by Villagran
Zaccardi et al. [34]. They suggested a sorptivity function of cementi-
tious materials based on the fourth root of time. They argued, that such
behaviour is best explained, if changes in pore structure followed a
square root of time function. Such is indeed seen here. Capillary ingress
[9] as well as diffusive transport [35] both would explain such square
root of time ingress behaviour. However, it should be noted, that other
functions such as exponential or stretched exponential behaviour [36]
fit equally well the results presented.

5. Conclusions

In this study, dried mortar samples have been rewetted and the
change in porosity has been continuously monitored using single-sided
1H nuclear magnetic resonance. The relaxation signals have been in-
terpreted and assigned to four different pore species [14, 19]. The
following conclusions are drawn:

• Single-sided nuclear magnetic resonance allows the characterisation
of water bound in cementitious mortars and with it, the character-
isation of porosity. It is not necessary to determine the absolute
water content of samples by drying. Other than previously used
enclosed magnet setups, this allows investigation of the porosity of
heterogeneous samples or samples not suitable for enclosed magnet
setups.

• Upon drying, a considerable amount of water bound in C-S-H in-
terlayer spaces is evaporated. Looking closer at the porosities im-
mediately after rewetting, a reduction of fine pore space is seen up
to a drying temperature of 40 °C causing the opening of larger
cavities. At 105 °C, C-S-H interlayer water is further emptied. No
further open porosity volume is developed, though C-S-H interlayers
are further consolidated.

• After rewetting of mortars dried at 40 °C, three processes happen
simultaneously, though seen subsequently in the measurements.
First, water reinvades empty pores immediately. Second, a fast re-
invasion of beforehand shrunk gel pores causes swelling and reduces
the overall coarser porosity. Third, a much slower reinvasion of
consolidated C-S-H interlayer spaces proceeds over several weeks,
further reducing gel and capillary pore space. In mortars dried at
105 °C, gel pores are consolidated to an extent that no fast swelling
is observed.

• Links between the results of porosity change here and the change in
sorptivity in capillary water uptake experiments have been drawn,
that will be further addressed in future experiments. Altogether,
based on ours and recent findings in the literature [30] the role of
drying and its influence on transport properties and the durability of
concrete structures might be worth investigating further.
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