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Carbonation of cement-based building materials is not only a frequent trigger for corrosion of the reinforcement,
but also causes various significant property changes in the carbonated layer. In addition to the decrease in the pH
of the pore solution, carbonation is accompanied by a modification in the pore structure due to dissolution and
precipitation reactions. The progress of carbonation is currently commonly measured by the phenolphthalein
test. In this study, the non-destructive unilateral hydrogen nuclear magnetic resonance ("H NMR) was used to
determine the carbonation progress of mortars as well as changes in the pore structure. The 'H NMR results were
correlated and validated with known methods for characterizing the carbonation progress, including the

carbonation depths, but also other structural and mineralogical changes. These results serve as a proof-of-concept
which gives reason to apply this non-destructive method to further building materials, especially new
environmentally-friendly binders.

1. Introduction

The carbonation of concrete plays an important role both in the field
of low CO5 construction and in the preservation of structures. On the one
hand, concrete has the ability to bind CO3 from the atmosphere, which,
in case of Portland cement, can result in reduced porosity while
increasing strength. On the other hand, the transformation of the hy-
drate phases to form calcium carbonate (CaCOs3) leads to a lower pH of
the pore solution in the carbonated area [1,2]. The pH reduction due to
carbonation has a negative effect on the durability of reinforced con-
crete by causing a depassivation of the steel reinforcement and, later on,
cracks and spalling on the component surface due to the increase in
volume of the steel during corrosion. In contrast, the reduction of the
total porosity causes a reduced moisture transport within the component
and thus allows a reduction of the penetration of corrosion-promoting
substances such as chlorides [3,4]. Regardless of which of the above
two carbonation-based processes is considered, the change in the
transport properties of the carbonated area plays a fundamental role in
the durability of the structure [5].

Currently, the carbonation depth is usually determined with the
color indicator phenolphthalein (Cy0H1404) indicating the transition
point of a pH value below 8.2 of the surfaces to which it is applied [6].
However, it should be noted, that the carbonation is not a process
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characterized by a sharp boundary, but rather by a tortuous transition
zone [7-9]. Starting from the high alkalinity of Portland cement (pH ~
13), a pore solution with a pH of 11 already indicates a carbonation
progress that would not be indicated with phenolphthalein [10]. Espe-
cially when alternative binders are used, the phenolphthalein test does
not seem to be fully applicable when it comes to determining the real
progress of the carbonation reaction [11]. Alternative binders, such as
low-Calcium binders produced by supplementary cement materials
(SCM) substitution using e.g. Metakaolin, seem to undergo a different
carbonation process with respect to the development of the alkalinity of
their pore solution, according to the current state of knowledge.
Therefore, there is an additional need for new investigation methods for
the carbonation of binders in the future.

While many studies have been conducted on the repair of carbonated
structures by surface treatments or by restoring the alkalinity of the pore
solution of the concrete, e.g. [12-14], new approaches that link the
change in porosity, the resulting transport properties and the evolution
of the phase composition of the material are in need [15-17]. By linking
these properties, an improved understanding of the carbonation process
can be achieved and thus new conditions for repair measures can be
formulated and the possible applications of new binders expanded.
Complementary to the determination of carbonation depth by the
phenolphthalein test, there are several methods to investigate the
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change of cement-based materials during the carbonation process, such
as XRD, TGA and FTIR [18-20]. In addition to their destructive char-
acter, they are all based on the analysis of prepared powder samples,
which are limited in their result's accuracy by the precision of the
extraction and preparation process. This leads to the fact that in the
research work carried out to date with the above-mentioned methods,
often only an approximation is made to the processes under
consideration.

Initial attempts have been made to characterize accelerated
carbonated cement-based structures using hydrogen nuclear magnetic
resonance (‘"H NMR) [7,21,22]. The method has yield very good results
in the study of porous materials and polymers, making it a promising
tool for in situ observation of building materials [23-30]. It was found
that 'H NMR offers a possibility to determine the carbonation depth of
cement paste samples. In addition, 'H NMR allows a more accurate
characterization of the structural changes during the carbonation pro-
cess with respect to the pore size distribution in water-saturated sam-
ples. As aresult, the carbonated region of the studied system was divided
into two layers, referred to as the carbonated layer and the transition
zone [7]. The distinction of these zones is based on different relaxation
times, which indicate a decrease in the total porosity in the carbonated
layer, accompanied by a shift to larger pore sizes.

In contrast to previous publications, this work focuses on com-
plementing the existing methods, including the phenolphthalein test
rather than classifying it as inaccurate for the determination of the
carbonation process. Using 'H NMR, the present study aims to explain
the carbonation depth given by the phenolphthalein test regarding the
associated structural and mineralogical changes within the material
during carbonation. This intends to associate the corrosion relevant
turning point of the pore solution's pH value below 8.2 to an alteration
process derived from the carbonation profile given by the 'H NMR.
Additionally, the potential of the 'H NMR as a non-destructive method
for the determination of the area affected by carbonation on various
materials in the water saturated and non-saturated state is tested.

2. Materials and methods

In the first attempt to develop a suitable method, the choice of ma-
terials was intended to minimize the negative influences on the signal
quality of the 'H NMR. The measurement principle of 'H NMR is based
on the behavior of the hydrogen nuclei in the material under investi-
gation as a result of an induced magnetic field. Therefore it is important
to minimize other magnetic influences, such as the iron content of the
material to be measured [31]. Accordingly, a white Portland cement
(WPQC) of the cement type CEM I was chosen, which is characterized,
among other things, by a low iron oxide content (<0.25 %). The oxide
composition obtained by XRF is shown in Table 1 as well as the phase
composition, determined by XRD. The XRD measurement was carried
out using a Panalytical X'Pert Pro X-Ray diffractometer equipped with a
Panalyitcal X-Celerator detector. The analysis was done using the Bragg
Brentano configuration and a X-ray tube (Cu Ka) at a voltage of 40 kV.
The measurement range was 7 to 55°. As an internal standard, the
cement sample was mixed with rutile powder (4:1) with a crystalline

Table 1
Oxide and phase composition of the WPC used in this study.

Oxide wt% Phase Proportion [%]

CaO 68.10 Alite 72.4

SiO, 22.00 Belite 8.4

Al,03 4.77 Aluminate 5.3

Fe,03 0.22 Anhydrite 4.2

MgO 0.71 Bassanite 0.9

Na,O 0.06 Portlandite 1.5

K0 0.74 Calcite 2.6

TiO, 0.12 Lime 0.6
Amorphous 4.1
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proportion of 94.38 %. The diffractogram pattern was evaluated with
rietveld analysis which results in a proportion of amorphous compo-
nents of 3.3 %. The phase composition by XRD is given in Fig. 1. Small
amounts of Portlandite present in the raw cement can contribute to
minor prehydration processes during the storage of the material before
the preparation of the samples.

2.1. Sample preparation

Mortar samples containing aggregates in form of norm sand with a
w/b ratio of 0.50 and a binder to aggregate ratio of 0.29 were produced
in the form of standard prisms (dimensions 40 x 40 x 160 mm?) and
slabs (dimensions 300 x 300 x 40 mm?). As a proof-of-concept, further
'HNMR measurements were performed on two concretes following the
concrete class A4 according to [32]. Table 2 comprises the formulations
and strengths of the two concretes and the white cement mortar after 28
days.

The specimens of the WPC were demolded 24 h after casting
following storage under damp cloths and then stored in water for 6 days
to ensure a proper curing of the sample, and avoid the creation of
moisture gradients due to partial drying of the sample up to 7 days. It is
assumed that the microstructure is mostly fixed at 7 days, even if the
hydration continues slowly during the test. The water curing was fol-
lowed by storage for 21 days at a relative humidity of 100 %.

Cores with a diameter of 50 mm and 100 mm and a height of 40 mm
were extracted from the slabs by drilling and stored at a temperature of
(21 + 2) °C and a relative humidity of (65 + 5) % for natural carbon-
ation (0.05 %) for 10 months. It should be noted that carbonation under
accelerated conditions (CO,-Concentration > 3 %) causes different
changes in the microstructure and possibly different reaction products
compared to natural carbonation [16,33].

For the chemical investigations using Carbon-Sulfur Analysis (CSA —
carbon and sulfur content quantification based on infrared analysis of
volatiles after sample calcination) and Thermogravimetric Analysis
(TGA), powder samples from a 100 mm diameter drill core were pre-
pared and analyzed in 500 pm increments starting from the drill core
surface to a depth of 5 mm. Fig. 2 shows a schematic diagram of the
sample preparation for CSA and TGA analysis. In order to exclude an
influence of the carbonated marginal areas, the drill cores (@ = 100 mm)
were overdrilled with a diameter of 80 mm. Subsequently, the depth-
graded powder samples with a fineness of 125 pm were obtained by
partial grinding of the sample in 500 pm steps.

In addition, thin sections were prepared covering the cross-section of
the drill core with a diameter of 50 mm in 28 mm width and 48 mm
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Fig. 1. Results of XRD of the raw white Portland cement.



C. Glawe et al.

Table 2
Composition and compressive strength after 28 days of the investigated samples.
WPC MC040 MCO040MK
w/b 0.50 0.40
Type of binder CEM I white CEM I gray cement
cement
Cement kg/m® 455 455 318.5
Metakaolin - - 136.5
Water 228 182
Aggregates (quartzitic) 1593 1771.5  1771.5
0.0-0.25 (quartz 279.3 -
powder)
0.1-2.00 813.7 823.7
2.0-8.00 - 947.8
fe,28a N/ 52.0" 79.6" 82.3"

mm?

@ Tested according to DIN EN 196-1:2016.
b Tested according to DIN EN 12390-3:2009.

depth starting from the specimen surface. The thin sections were
embedded in fluorescent as well as non-pigmented epoxy resin and
ground to a thickness of 25 pm, polished and covered.

For the Proof-of-concept, testing of the concrete specimens was
reduced to 'H NMR measurements and phenolphthalein tests to corre-
late the determined carbonation depth or area affected by carbonation
respectively. The investigations of the concretes were carried out on
slabs of 100 x 100 x 50 mm? which were stored under damp cloth for
24 h after fabrication followed by water storage for further 6 days. After
water storage the samples were dried at 60 °C for 7 days. The accelerated
carbonation was conducted at a 3 %-CO»-atmosphere at (21 + 2) °C and
(65 + 5) % relative humidity for 90 days.

| 100 mm . | 80 mm
<
g
g
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2.2. Methods

2.2.1. Single-sided 'H NMR measurement

The relaxometry measurements were carried out using a single-sided
'H NMR MOUSE from Magritek, which allows a maximum measurement
depth of 25 mm and a radio-frequency (rf) of 13.12 MHz (see Fig. 3)
[34]. A CPMG measurement sequence was selected for measurement by
single-sided 'H NMR, which allows the acquisition of a depth profile in
specified step sizes. In the experiments, a total of 21 measuring depths
were measured at a step size of 500 pm up to a measuring depth of 10
mm. Each of the 21 depths was measured using 1024 scans and a
number of 200 echoes with an echo time of 0.158 ms and a recycle delay
of 500 ms for a measurement time of 3 h. During the CPMG sequence the
pulse length of the 90° as well as the 180° degree pulse was 10 ps to
maintain the excited bandwidth and therefore the size of the sensitive
volume while the amplitude of the pulses was changed by amplifying the
180° by 6 dB [35]. This measurement sequence was repeated 10 times
per depth automatically instead of measuring one long experiment to
minimize the risk of data loss. The same parameters were used for the
measurement of the concrete samples.

The repetition of the measurement sequence allows a reduction of
the scatter of the signal and results in an increased signal-to-noise ratio
(S/N) from 45.7 to 237.7. The S/N was calculated by the amplitude of
the first echo divided by the standard deviation of the last 20 echo
amplitudes. Fig. 3 shows the difference of the measurement signal of a
single measurement sequence compared to a signal, which was averaged
from 10 measurement sequences. The magnified section of the raw data
reveals the improvement of the data through averaging multiple ex-
periments. With regard to the evaluation of the measurement signal with
respect to the pore structure, which is based on a multi-exponential fit of
the measurement signal, this methodology offers the possibility of a
significantly more reliable result compared to a single measurement.

g
E1—

v

111 V)

Fig. 2. Scheme of the preparation of the TGA and XRD samples by overdrilling a disk of the WPC (I) with a smaller diameter (II) followed by separating (III) and
depth-graded partial grinding in 500 pm steps (IV) of the first 5 mm of the sample surface.
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Fig. 3. a) Single-sided 'H NMR MOUSE Type PM25 (Magritek) with a maximum measurement depth of 25 mm b) improved Signal-to-Noise by averaging 10 ex-

periments with 1024 scans each (right).
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The averaged measurement signals of each measurement depth in the
form of exponential decay curves were evaluated using the evaluation
routine according to [36], in which the signal is fitted using 4 individual
exponential functions according to

Alr) = iA,. (e_) ¢))

where A corresponds to the amplitude of the signal and Ts; to the
relaxation time of the corresponding mode. The fit is obtained using a
non-negative linear least-square algorithm. Another method for evalu-
ating the data is the inverse Laplace transformation. However, this
method requires a high quality of data, which is rarely the case in the
case of CPMG measurements in an inhomogeneous magnetic field. Ac-
cording to [37-39], each of the four functions corresponds to one of the
water classes interlayer, gel, interhydrate and capillary represented by four
different relaxation times in the signal of the studied volume and pro-
vides information about the pore structure of the material. The interlayer
component allows a conclusion to be drawn about the proportion of the
C-S-H phases by showing the amount of water in the interlayer of the
phases which are assumed to have a layered silicate like structure [37].
The cylindrical sample of the WPC was measured in the dried and water
saturated state, using the single-sided 'H NMR. For the dried state, the
sample was stored until equilibrium at 55 % RH. The water saturation of
the samples during the investigation is defined as the water storage up to
constant mass under atmospheric pressure. The signal was evaluated
with respect to the different T, water classes according to [37,38]. To
avoid overinterpreting the results due to the low S/N, fix T, were chosen
for the analysis. Although it is expected to observe an evolution of the Ty
distribution, this approach allows us to more reliably analyze the rela-
tive distribution of the different pore classes. For the multiexponential
fit in this study Ta-values of 0.15, 1.0, 3.0 and 30.0 ms, respectively,
where used to obtain the different water classes. The proportion of the
different water classes in percent was calculated by normalizing the
amplitudes of the different Ty to the maximum amplitude of a mea-
surement of pure water.

2.2.2. Chemical analysis

For validation of the 'H NMR method, further investigations were
carried out to characterize the carbonation progress on naturally
carbonated WPC. For the phenolphthalein test, the carbonation depth
dEH was determined according to [6]. A naturally carbonated drillcore
was cracked in the middle and a 1 % phenolphthalein solution was
applied on the fresh broken cross section. To obtain the carbonation
depth, the thickness of the uncolord edge of the cross section was
measured 24 h after the application of the phenolphthalein solution. The
value for d?" was obtained by measuring the uncolored edge at three
locations, according to the central points of the division of the edge
length into quarters. The same procedure was carried out on the con-
crete samples after accelerated carbonation. To verify the standardized
method for the determination of the carbonation depth of the mortar,
the thickness of the uncolored edge was calculated in every point over
the full length of the air side, which was also used for the measurement
according to the standard. The thickness was calculated using the image
analysis software ImageJ by tracing the outer edge and the edge of the
uncolored edge in the direction of the sample core with a segmented
line. The subtraction of the line's pixel coordinates yields the distance
between the lines which then was converted into pm.

In case of the WPC and in addition to the phenolphthalein test,
carbon-sulfur analysis (CSA) and thermogravimetry (TGA) were per-
formed. Thermogravimetric analysis was carried out on the powder
samples which were also used for the CSA in a depth-graded manner.
The TGA was carried out using a METTLER TOLEDO TGA/DSC 1 Stare
System thermo balance at a temperature range of 30 to 890 °C and a
heating rate of 10 K/min in a nitrogen atmosphere. To calculate the
proportion of the different phases, the mass loss in specific temperature
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ranges was assigned to different components of the sample based on
[40]. From O to 400 °C the mass loss can be assigned to water bound in
the C-S-H, AFm and AFt phases while the mass loss between 400 and
500 °C results from the decomposition of Portlandite. In the range from
500 to 800 °C the carbonates are decomposed. No distinction between
the different carbonate polymorphs was made. For the CSA, the Carbon-
Sulfur Analyzer CS2000 manufactured by Eltra was used. The sample
was heated up to 2000 °C in an induction stove to quantify the released
carbon dioxide (CO») and sulfur (SO3) using an infrared gas analyzer.

2.2.3. Microscopy

The investigation of the thin sections of the WPC was carried out by
light microscopy and scanning electron microscopy (SEM). For the SEM
analysis, an uncovered thin section was coated with a 3 nm carbon layer
under vacuum. The back scattered electron (BSE) images were taken,
using a Zeiss Supra 55 scanning electron microscope. The working dis-
tance was set to 8.5 mm using an operating voltage of 15 kV. The used
magnification was 100 x resulting in a resolution of 2048 x 1536 pixel.

The covered thin section was examined using a light microscope
Olympus BX 53 M equipped with an Olympus DP 23 camera and an
automated table.

3. Results
3.1. Subdivision of the carbonated area based on 'H NMR

In the phenolphthalein test the naturally carbonated WPC sample
which were measured with the single-sided 'H NMR shows an uncolored
edge, indicating carbonation in this area after natural carbonation.
Starting from the surface, the carbonation depth d?f was 0.57 mm in the
case of the WPC. This value was obtained by averaging the carbonation
depth measured on three different locations as shown in Fig. 4, ac-
cording to the standard [6]. The minimum carbonation depth is 0.32
mm and the maximum carbonation depth is 0.74 mm The other three
sides show a carbonation depth apparently twice as high as a result of
the core drilling process. As comparison to the standard, the mean
carbonation depth was calculated based on the penetration depth profile
which is shown as an overlay on Fig. 4a. The calculation results in a
mean carbonation depth of 0.87 mm with a maximum at 1.73 mm and
minimum at 0.32 mm.

The results of the 'H NMR in Fig. 4b and ¢ show the resulting dis-
tribution of the different modes of the measured water in %, referred to
as water classes, as a function of the measurement depth, for a dried
sample (4b) and re-saturated (4c). Starting from the sample surface, the
first 0.5 mm give a mixed signal due to irregularities at the surface of the
sample. Apart to the deviating signal of the first 0.5 mm, the overall
signal, referred to as total, represents the amount of water present in the
measurement volume. The total curve shows a lower water content up to
a measurement depth of 2.5 mm which was assigned to the NMR
carbonated Zone A, including dB¥. The Zone A based on 'H NMR is
connected to the structurally non-altered area referred to as NMR
non-carbonated Zone B which is characterized by a higher water content
and by the uniform total signal, which can be assumed to represent the
bulk structure of the sample.

In addition to the total water content, the 'H NMR signal can be
analyzed to determine the different water classes present in the sample.
Based on the results of [27], four different classes can be distinguished.
It must be clarified that only some bound water can be measured by 'H
NMR using CPMG, which is based on the fact that the relaxation times
(T3) of crystalline bound water for most minerals (e.g. Portlandite,
Ettringite) are too short to be detected. For this reason, previous
research often refers to the different water classes as pore types of
increasing size [27,28], according to the order of their appearance in
Fig. 4.

As seen in Fig. 4c in the NMR non-carbonated Zone B (>3 mm deep),
the water detected is mainly present in the gel class, followed by the
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Fig. 4. a) Carbonation depth over the sample cross-section as an overlay compared to the measuring points to calculate the carbonation depth and the results of the
Single-Sided H NMR on naturally carbonated WPC sample in the dried (b) and water saturated state (c).

interlayer class, which refers to the space between the layers of calcium method for measuring the carbonation depth on buildings, the ability to
silicate hydrates (C-S-H). The interhydrate and capillary classes were not measure non-water-saturated samples is a requirement, since building
detected in Zone B of the sample. In comparison, the NMR carbonated components cannot be guaranteed to be saturated.

Zone A, is dominated by a coarser structure. The coarser structure results

from the detected classes referred to as interhydrate and capillary 3.2. Characterization of the areas

describing larger pores.
The measurement of the dried sample shows that the measurable 3.2.1. NMR carbonated zone and NMR non-carbonated zone

water is mainly present in the interlayer. The interhydrate and capillary The NMR carbonated Zone A is characterized by a coarser structure as
component is not measurable which indicates that this type of pore is observed in the 'H NMR results and confirmed by microscopy. A darker
mostly dry in this system. Compared to the water saturated sample, the colored cement paste can be observed in Zone A of the thin sections in
total signal of the dried sample also shows a characteristic progression of Fig. 5. This is due to the precipitation of carbonates as a result of
the curve regarding the carbonation depth. Also, the proportion of the carbonation, which is accompanied by a decrease in the overall porosity
water present in the C-S-H in the dried state allows the distinction of that leads to a reduction of the transmitted light. In the SEM-BSE image
Zone A and Zone B. As shown in the chemical analysis (Section 3.2) the (Fig. 5b), the cement paste matrix in Zone A shows a more homogenous
change in the NMR signal is assigned to carbonation rather than only matrix compared to the NMR non-carbonated Zone B which consists of
drying due to the significant correlations between the depth at which less dense components to a higher proportion, represented by lower gray
chemical and physical changes typically attributed to carbonation were values.
observed. Some of these changes are also due to the inherent drying that Fig. 6 and Fig. 7 present the results from the chemical analysis. In
occurs during carbonation as shown in previous publications both the TGA and the CSA measurements, we can observe that the
[20,41,42]. The boundary of Zone A to Zone B was set in the area that amounts of carbonates (or total CO5) decrease as a function of the depth.
shows a change in the finer structure (ge) without simultaneously In particular, two observations are significant: 1) the content of car-
coarsening of the structure. bonates is not constant in Zone A, indicating that the carbonation process
For the application of the single-sided 'H NMR as a non-destructive is still ongoing; and 2) the content of carbonates is not constant in Zone B
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Fig. 5. Overview images taken by light microscopy (a) and SEM-BSE (b)
showing the cross section of the naturally carbonated WPC with highlighted
subdivision of Zone A and Zone B area and the area of surface irregularities
based on the NMR results as well as the carbonation depth by phenolphthalein.

indicating that CO, penetrated further than the carbonation depth dg.
Similarly, the portlandite content determined by TGA increases in Zone
B. Although it is almost constant in Zone A. On the other hand, the bound
water up to 400 °C is decreasing in Zone A, but near-constant at

Temperature [°C]
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maximum value in Zone B. This indicates that in Zone B, the portlandite
is the main buffering phase but in Zone A, the other hydrates (C-S-H-,
AFm, AFt) are carbonating even though Portlandite is not fully depleted.
This analysis is confirmed by the NMR results showing a depletion of the
C-S-H interlayer in Zone A. The sulfate content is also decreasing (Fig. 7)
in this layer. It is consistent with the results of [8,40] which shows a
similar segregation of sulfate and was related to the carbonation of
ettringite. The SO3 peak in Zone A could be attributed to excess ettringite
precipitation near the carbonation front [8]. From this interpretation, it
is logical that the phenolphthalein front is present in Zone A as it requires
most cement hydrates to be carbonated to reach a pH < 9 [40].

Based on the additional, chemical characterization by TGA and CSA
the width of the NMR carbonated Zone A was enlarged by combining
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Fig. 7. CO, and SO3 profiles measured by CSA with indicated carbonation
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both zones, giving the carbonation affected zone (CAZ). The NMR MOUSE
can only detect large structural changes, and therefore, some early
carbonation are not detected, even though they can be measured by
chemical analysis. This is due to the varying content of the different
components at depths higher than the first assumed boundary of Zone A
and Zone B. Further, the CAZ, which now at least extends to a depth of 5
mm of the investigated sample, is divided in two separate zones, a
chemical transition zone (CTZ) and a chemical/structural transition zone
(SCTZ). The chemical transition zone is characterized by a constant dis-
tribution of the different water classes by 'H NMR and a varying dis-
tribution of the different components given by TGA and CSA. The
chemical/structural transition zone shows a varying structure as well as a
varying distribution of the different phases. Overall, the results of the
chemical and the structural analysis give reason to define a fully
carbonated area. In the first assumption, this would be characterized by
a constant structure and by constant ratios of the individual phases.
However, this is not the case in any of the samples examined.

3.2.2. Transition between CTZ and SCTZ

The additional subdivision of the CAZ into two separate Zones rep-
resents the different phases of the carbonation process. From the 'H
NMR results (Fig. 4) the transition of the CTZ to the SCTZ is related to the
apparition of interhydrate and capillary pores, and the decrease in the
gel pore and interlayer volume. It can also be observed in the optical
microscopy results (Fig. 5) with a gradual shift towards a darker color.
According to our interpretation of the CTZ and SCTZ, this transition
corresponds to the area where portlandite finishes carbonation while the
other hydrates (C-S-H, AFm and AFt) starts carbonating. The length of
this area is attributed to the heterogeneity observed in Fig. 5 as well as
the low water content as observed by NMR (Fig. 4).

The comparison of 'H NMR and TGA results can be used to investi-
gate in more details the order of carbonation. Fig. 8 presents the cor-
relation between the 'H NMR, the TGA and the CSA results. The
carbonate content by CSA and TGA agrees well. However, 'H NMR and
TGA results deviate significantly in the SCTZ. Fig. 7 also indicates that
SOj3 decrease significantly in this layer. This would indicate that after
portlandite, the main phase to carbonate is the ettringite (initial
ettringite, and secondary ettringite from the excess sulfates in the
non-carbonated layer).

4. Measurements on concrete samples

For checking whether the results of the investigation of the
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Fig. 8. Correlation of the phase proportions resulting from the different anal-
ysis showing the sensitivity of the different methods regarding structural and
mineralogical phases through carbonation.
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carbonated WPC can be transferred to other cement-based building
materials, 'H NMR measurements were conducted on accelerated
carbonated concretes as described in Section 2.

The two concretes were measured before and after accelerated
carbonation after water-saturation. The derived ®ypgr signals as a
function of depth are shown in Fig. 9. The assumptions derived from the
investigations of the WPC can be applied to the two concrete types.
Although the aggregate grain size causes a coarsening of the overall
structure, the decrease in porosity with a simultaneous increase in larger
pores resulting from the carbonation process in the hardened cement
paste can be understood from the 'H NMR results. The superposition of
the results of the phenolphthalein test with the results of the depth-
graded 'H NMR measurements on the two concretes before and after
accelerated carbonation shows the characteristic course of the change in
microstructure as a function of depth derived from Fig. 10. Both con-
cretes show a decrease of the total porosity in the SCTZ, which is
accompanied by a decrease of the interlayer signal assigned to the C-S-H
phases.

At the same time, an increase in the interhydrate and capillary signals
assigned to the larger pores was observed. These results agree with the
results of the 'H NMR measurements on the carbonated WPC. Likewise,
a transition from CTZ to SCTZ could be determined for both concretes,
which, in the case of the MC040 concrete, exceeds the maximum mea-
surement depth of the single-sided '"H NMR and a measurement of the
CTZ area was not possible. Compared to this, the concrete with a 30 %
substitution of the cement with metakaolin (MC040MK) after acceler-
ated carbonation for 90 days, shows a curve characterized by two pla-
teaus. The plateaus represent the SCTZ in the near-surface region up to a
depth of 4 mm and, on the other hand, the CTZ area from a depth of 6.5
mm. A comparison of the different signal components also shows a shift
towards a coarser microstructure in the SCTZ, which is mainly charac-
terized by an increase in the measured signals of the interhydrate and
capillary components. At the same time, there is a decrease in the water
bound in the interlayer component, which represents the C-S-H phases in
the microstructure. Overall, the 'H NMR results of the carbonated
concretes differ from the initial distribution of the water classes within
the maximum measurement depth before accelerated carbonation.
Therefore, the transition from the CAZ to the Bulk was not determined.

The correlation of the 'H NMR results with the phenolphthalein test
also results in a deviation of the determined depth related progress of the
carbonation. However, the difficulty of the determination of dP" due to
the aggregate grain size should be taken into account here. It leads to a
fuzzy boundary curve of the phenolphthalein test.

5. Discussion

Understanding the structural and mineralogical changes through
carbonation is fundamental to optimize the choice of repair measure to
prevent corrosion of the steel reinforcement. This paper provides in-
sights into the carbonation process using the non-destructive method
single-sided 'H NMR validated by further chemical and mineralogical
investigation techniques.

5.1. Comparison of the carbonation progress by 'H NMR and
phenolphthalein

From the "H NMR measurements on white cement mortar (Fig. 4)
and the two different concretes (Fig. 9) it can be observed that single-
sided 'H NMR yields a carbonation profile while phenolphthalein
gives you the state of carbonation at a certain point (d2Y, pH < 9). The
carbonation profile by 'H NMR is divided into the areas: 1) Carbonation
affected Zone (CAZ) and 2) Bulk while the CAZ is subdivided into a Zone
of a) chemical transition (CTZ) and b) structural and chemical transition
(SCTZ). In the present study dB" mainly lies within the STCZ layer while
the CTZ is not always included in the measured carbonation depth by
phenolphthalein. Furthermore, the determination of d?™ is limited in its
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accuracy by aggregates in the system and by the number of measuring
points which can be avoided by measuring d2 using image analysis as
shown in Fig. 4a). The impression that the carbonation depth by
phenolphthalein underestimates the progression of the carbonation
should not be generated by these results. In case of steel reinforced
structures, the phenolphthalein test enables the detection of the depth in
which the pH of the pore solution is lower than the value needed for the
passivation of the steel reinforcement. Based on this depth, the

progression of the carbonation can be calculated to remaining useful life
of a building structure. However, the results by single-sided '"H NMR
yield further information about the structural changes by carbonation
not only at d2 but also at higher depth. With it, the course of the
carbonation reaction leading to the drop in pH < 9 of the respective
material can be determined. In case of the investigated materials, this
drop lies in the area where the coarsening of the structure begins at the
boundary of the CTZ to the SCTZ. Here, the structural change during
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carbonation of the investigated materials causes a shift in pore sizes
towards larger pores with a simultaneous decrease in the overall
porosity (®nmr). These results are consistent with those of [20,22]
where an increase in larger pores as a result of carbonation of cement-
based materials was observed by 'H NMR and mercury porosimetry
(MIP). To yield a more precise characterization of the reactions leading
to the drop of pH < 9, samples of one material with different carbonation
depth can be analyzed.

5.2. Structural and mineralogical changes through carbonation by
different techniques

Next to 'H NMR and phenolphthalein, the carbonation progress of
the white cement mortar was investigated using chemical analysis like
CSA and TGA. Fig. 10 comprises the results of the different techniques.

Accordingly, there is a certain amount of CO3 which can be bound in
form of carbonates in the sample before the C-S-H of the cement paste
gets decomposed through decalcification. By this decalcification, the
concentration gradient between the hardened cement paste and the pore
solution resulting from the depletion of calcium, is counteracted. This
reaction is accompanied by the release of water and a decrease in the
volume of the reaction product, which leads to an increase in the larger
pore sizes. The overall decrease in pore space is a result of the precipi-
tation processes of CaCO3 during the carbonation reaction, which settles
in the space between the hydration products of the cement.

Based on the observation by 'H NMR, that the carbonated layer is
characterized by a coarsening of the structure due to the degradation of
the C-S-H and thus a shift in the proportion of semi-crystalline bound to
free and physically bound water, the interface between the transition
zone and the carbonated layer can be understood as a drying front. This
drying front at around 1.5 mm is created by the release of the capillary
water until the water vapor pressure is minimized. Therefore, a higher
proportion of larger pores results in a lower water content in an envi-
ronment characterized by humidity below the water vapor capacity of
the air. The lower water content in this area as measured with 'H NMR
result in a non-local equilibrium carbonation front which is shown by

the diffusive carbonation front. This assumption is confirmed by the
results of 'H NMR measurements on a dried sample, also shown in Fig. 4,
which were conditioned in the same way as the samples measured in the
water saturated state during the manufacturing process. The measure-
ment shows that the total signal consists mainly of the signal of the water
semi-crystalline bound in the interlayer-space. The change in the slope of
the total signal agrees with that of the total signal of the water saturated
samples. This agreement leads to the assumption that the carbonation
depth could be measured on dried samples, which is important for the
application of the 'H NMR on site.

5.3. Requirements and limits for measuring carbonation by single-sided
'H NMR

Requirement for the application of the single-sided 'H NMR as a non-
destructive tool for measuring the Carbonation affected Zone (CAZ) on
site is that the carbonation depth lies within the maximum measurement
depth of the NMR device. In this study, the NMR MOUSE PM25 enables a
measurement up to a depth of 25 mm. According to [43], the concrete
cover of steel reinforced components varies dependent on the exposure
class and can be up to 50 mm. Although a detailed characterization of
the structure based on the different types of bound water is not possible
on dried samples, the CAZ could be determined in a non-destructive way
using the total water content.

6. Conclusion

It is the aim of this paper to give further insight into the carbonation
process of cement-based materials by the combination of different
investigation techniques. For that, the single-sided 'H NMR was tested
as a non-destructive method to determine the carbonation progress. A
comparison of the results of the different techniques among each other
allows a deeper understanding of the results.

The described investigations and the listed results show that with the
help of single-sided 'H NMR, the CAZ can be determined non-
destructively. The following results can be summarized:
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e The 'H NMR offers the possibility to determine not only the depths
but also the structural and mineralogical changes as a result of
carbonation.

o The progress of the carbonation could be measured on water satu-
rated samples as well as on dried samples.

e A comparison of the results with the currently used, destructive
method of the phenolphthalein test for determining the carbonation
depth showed that the structural changes as a result of carbonation
do not follow a sharp boundary, as the phenolphthalein test suggests.
The Phenolphthalein test therefore shows one point on the carbon-
ation profile given by the 'H NMR.

e With the aid of !H NMR, the decrease in the C-S-H phases with a
simultaneous increase in the carbonates and an associated reduction
in the overall porosity and coarsening of the pore structure as a result
of carbonation were measured for the binders investigated.
Materials containing alternative binders such as metakaolin could
also be investigated by 'H NMR with respect to their microstructure
and the changes caused by carbonation.
Combining H NMR with other techniques (such as TGA, CSA and
phenolphthalein) allows to obtain the carbonation order of the hy-
drates. In particular, in this system (WPC) it was observed that
Portlandite carbonates first, then Ettringite and C-S-H.
The results obtained showed a very diffusive carbonation front. It is
assumed that the large heterogeneities in addition to a kinetic inhi-
bition by low moisture content is responsible for the non-local
equilibrium carbonation front. The use of 'H NMR allows to better
characterize the moisture content and can help better analyze the
shape of the carbonation front.

Based on the results, the different states of the carbonation process
can be investigated using 'H NMR. For the possibility of optimizing the
repair measures of carbonated concrete, the influence of the different
carbonation states on the efficiency of the repair measures should be
analyzed. For example, a dense structure as a result of carbonation
prevents the introduction of hydroxide ions to restore alkalinity in the
concrete which makes the determination of porosity limits interesting.

Further, the non-destructive determination of the carbonation depth
dP® by 'H NMR is of interest. A requirement for this is the direct cor-
relation of the structural change within the carbonation and the asso-
ciated changes in the pore solution. For this purpose, carbonation
progresses of varying degrees can be generated on a material and
measured using 'H NMR and pH indicators.
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