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Abstract Unilateral magnetic resonance was used to

obtain the CPMG T2 decay at different positions along

6 cm long cement paste samples. The aim was to

detect the carbonation front based on changes in the

pore structure caused by accelerated carbonation and

to compare the results with the phenolphthalein test.

Cement pastes at water-to-cement ratios of 0.60, 0.50,

and 0.40 were prepared using ordinary Portland

cement. After moist curing and conditioning at 65%

RH and 35 �C, the pastes were subjected to acceler-

ated carbonation with 4% by volume CO2 at 65% RH

and 35 �C. Carbonation increases the magnetic reso-

nance T2 lifetime compared with the control and

compared with the noncarbonated region of the

samples. A reduction in porosity and changes in the

pore size distribution are caused by carbonation. The

position with the highest rate of T2 change was

consistent with the fully carbonated front determined

by the phenolphthalein test.

Keywords Carbonation � Magnetic resonance �
Cement paste � T2 relaxation time � Pore size

distribution � BET

1 Introduction

Carbonation of concrete results from the chemical

reaction of CO2 with calcium hydroxide (CH) and

calcium silicate hydrate (CSH), the main cement

hydration products. Carbonation is a surface driven

process since CO2 in air diffuses into the concrete

cover. Carbonation reduces the pH of the pore solution

from 12.6–13.5 to\9 [1]. This negatively affects the

protection of the reinforcing steel provided by a thin

passivating layer of oxide formed on the steel surface.

Carbonation also reduces the total porosity of

ordinary Portland cement (OPC) and alters the pore

size distribution. The volume of calcium carbonate

formed is 11–12% greater than the specific volume of

calcium hydroxide. A reduction in total porosity

increases the strength and brittleness of concrete [2].

Ngala and Page [3] found that upon carbonation the

proportion of large pores (diameter[ 30 nm)

increased only slightly for OPC, but was more

significant for pastes containing fly ash and slag. In

these blended cement pastes where CH is consumed

by pozzolanic reactions, carbonation of CSH plays a

significant role. Carbonation affects the CSH even at

low CO2 concentrations by producing a porous silica

gel with a very coarse pore structure. The silica gel
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pores are approximately 300 nm in radius [4]. There-

fore, the combined effect of carbonation of CH and

CSH is a reduction of total porosity and coarsening of

the pore structure [3].

The principal technique used to determine the

carbonation depth, in the laboratory or in the field, is to

spray a phenolphthalein solution over a freshly broken

concrete surface [5]. Phenolphthalein, a pH indicator,

marks the depth of carbonation through a color

change. However, since the colour change occurs at

pH = 8.6, it underestimates the carbonation depth.

Previous research using thermogravimetric analysis

(TGA), powder X-ray diffraction (XRD), and Fourier

Transform Infrared Spectroscopy (FTIR) has identi-

fied three spatial regions associated with carbonation,

carbonated, transition or partially carbonated, and

noncarbonated. It has been suggested that the fully

carbonated depth (indicated by the phenolphthalein

technique) is approximately half the depth of the

leading carbonation front (fully ? partially carbon-

ated zones) measured by TGA, XRD or FTIR [6].

Nuclear magnetic resonance (NMR) is a non-

destructive technique that has been used to study

moisture movement in cement-based materials during

drying [7] and water absorption [8], as well as to

observe chloride and sodium ion penetration [9]. NMR

has also been used to observe changes in the pore

space of hydrated cement pastes [10–12]. The devel-

opment of portable [13–17] and embedded [18, 19]

NMR devices allows measurements of samples in the

laboratory or in field structures. Assuming the fast

diffusion limit (e.g. pores are small and the surface

relaxation is slow such that a water molecule crosses

the pore several times before relaxing [20]), the NMR

transverse relaxation rate of pore water in a hydrated

cement paste is given by Eq. 1 [12].

1

T2

¼ q2

S

V
ð1Þ

where 1/T2 is the relaxation rate, q2 is the surface

relaxivity, and S/V is the surface to volume ratio of the

pore space. The surface relaxivity is dependent upon

the chemical composition of the solid interacting with

pore water molecules.

In this paper T2 NMR relaxation times are measured

with a three-magnet array unilateral NMR device to

detect changes in porosity, pore size distribution, and

the carbonation depth penetration in cement paste

samples subjected to accelerated carbonation in a 4%

by volume CO2 environment at 65% RH and 35 �C. A

comparison is given to results with the carbonation

front detected with the phenolphthalein test. The T2

lifetime distribution, which is a proxy for the pore size

distribution, is also compared to BET pore size

distribution measurements.

2 Materials and method

Cement pastes were prepared with ordinary Portland

cement (Table 1) at water to cement (w/c) ratios of

0.40, 0.50, and 0.60. Cylindrical samples 65 mm in

diameter and 60 mm in length were cast in plastic

containers, sealed and rotated continuously for the first

24 h at about seven rpm using a home-made device to

minimize segregation. After 24 h, the samples were

stripped and moist cured in saturated limewater for

90 days at 23 �C to reduce the effects of continued

hydration on the NMR measurements during carbon-

ation. The saturated samples were cut longitudinally in

four parts and conditioned at 65% RH and 35 �C until

constant mass was achieved. Since all samples were

conditioned under the same environment before

carbonation commenced, any drying shrinkage crack-

ing that may occur would affect to the same extent

control samples and samples for carbonation. Epoxy

resin was applied to all surfaces, except one of the

ends. Samples were exposed for 56 days to an

automatically controlled 4% by volume CO2 environ-

ment at 65% RH and 35 �C. The relative humidity of

65% was selected to produce a high carbonation rate

[1]. Carbonation penetrated the sample from the

uncoated end. Control samples were maintained at

the same temperature but inside a sealed plastic bag to

avoid carbonation.

Table 1 Cement chemical

composition
Oxide Mass (%)

SiO2 21.07

Al2O3 3.69

Fe2O3 4.50

CaO 61.93

MgO 1.83

Na2O 0.09

K2O 0.30

SO3 2.54

LOI 4.38
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At 56 days of carbonation the samples were tested

with a unilateral three-magnet array (Fig. 1) [13]. The

RF probe, a surface coil tuned to a frequency of

4.46 MHz for 1H was connected to a LapNMR console

(Tecmag, Houston, USA) with a 250 W RF amplifier

(Tomco Technologies, Stepney, Australia). The trans-

verse magnetization decay was measured with the

Carr–Purcell–Meiboom–Gill (CPMG) technique [21].

The samples were displaced longitudinally in steps of

1 cm (measured from the carbonating face) over the

center of the surface coil (Fig. 1). The RF probe in

combination with the magnet topology yields a

measurement spot of approximately 1 cm3 volume

displaced 1 cm from the face of the magnet. Because

of the low NMR signal in the samples studied, they

were then vacuum saturated with distilled water for

24 h and retested. Vacuum saturation is the recom-

mended technique to ensure that all the pores in

cement-based materials are filled with water [22–24].

The CPMG measurement parameters were pulse

width = 11 ls, echo time = 170 ls, number of

echoes = 256 for samples with w/c = 0.60, number

of echoes = 128 for samples with w/c ratios of 0.50

and 0.40, number of scans = 2048, for a measurement

time of 34 min per displacement. The CPMG decays

were fitted to a bi-exponential decay function (Eq. 2)

to determine the T2 lifetimes and their associated

signal intensities.

S tð Þ ¼ M0;1 exp � t

T2;1

� �
þM0;2 exp � t

T2;2

� �
ð2Þ

where S is the signal intensity, M0,1 and M0,2 are the

equilibrium sample magnetization components corre-

sponding to the T2,1 and T2,2 lifetime constants.

The CPMG decays at carbonated (1 cm) and

noncarbonated (5 cm) regions of the vacuum saturated

samples were processed by Inverse Laplace Transfor-

mation (ILT) to obtain the T2 distribution, which is

considered a proxy for the pore size distribution.

After testing, the samples were fractured in the

longitudinal direction and the freshly exposed surface

was immediately sprayed with a 1% phenolphthalein

solution to estimate the carbonation depth [5]. Sam-

ples from one specimen w/c = 0.60 and one with

w/c = 0.50 at carbonated and noncarbonated regions

were taken for N2 BET analysis to obtain the pore size

distribution and the pore surface area. The samples

were dried for 24 h at 105 �C to eliminate the

evaporable water. N2 adsorption isotherms of the

samples were measured using a Belsorp-Max instru-

ment (BEL JAPAN, INC., Osaka, Japan). The adsorp-

tion isotherms were measured at 77 K in the relative

pressure range p/po = 10-8–0.997. Carbonated and

noncarbonated vacuum-saturated samples were mea-

sured to determine porosity on a volume basis.

3 Results and discussion

Figure 2 shows typical CPMG decays of a cement

paste sample (w/c = 0.60), obtained after the carbon-

ation process (Fig. 2a) and after vacuum saturation

with distilled water (Fig. 2b). According to the Kelvin

equation [25], when the sample is in equilibrium with

ambient conditions at 65% RH and 35 �C, pores with a

radius larger than approximately 2.3 nm will be

empty. This means mostly interlayer and gel water

would be found in the hydrated cement paste [1].

Figure 2a shows no difference in the CPMG decays in

carbonated (1 cm) and non-carbonated (5 cm) regions

of the sample, probably due to the low moisture

content which gives incomplete pore occupancy. In

both cases, the CPMG decays were best fit to a mono-

exponential function. The T2 lifetime of 0.27 ms

confirmed the presence of very tightly held water. The

signal to noise ratio (SNR) is very low (&40–50) for

the number of scans employed for a reasonable

Fig. 1 Unilateral three-magnet array with surface coil tuned at

a frequency of 4.46 MHz. The 6 cm long cement paste samples

were displaced in steps of 1 cm in the direction indicated by the

arrow, each position coinciding with the center of the surface

RF coil. The cement paste samples were sealed with epoxy resin

on all surfaces, except one face subjected to accelerated

carbonation at 4% CO2 by volume, 65% RH and 35 �C

Materials and Structures (2017) 50:150 Page 3 of 8 150



measurement time per position. A larger number of

scans would improve the SNR but the trends in the

behavior would remain unaltered.

Figure 2b shows that after vacuum saturating the

sample, which precludes a time-based study, there is a

major change in the CPMG decays at the same two

positions as reported in Fig. 2a. As expected, the SNR

([200) increases for the same acquisition parameters

due to the higher water content. The CPMG measure-

ments now reveal a bi-exponential behavior domi-

nated by the short T2 lifetime component, which

increases in duration in the carbonated region (1 cm)

compared to the T2 lifetime in the noncarbonated

region (5 cm). This suggests an increase in pore size of

the hydrated cement paste [3, 4] and/or changes in the

nature of the pore surface relaxivity [26].

Figure 3 shows the T2 lifetimes and signal intensi-

ties at different positions along samples with three

water-to-cement ratios. The T2 lifetime and signal

intensity values were obtained by fitting the CPMG

decays to Eq. 2. The short T2 lifetime component

contributed more than 90% of the total signal intensity.

There is a significant increase in the T2 lifetime where

the phenolphthalein test reveals the fully carbonated

zone, in comparison with the noncarbonated region. As

expected, the T2 lifetime of the noncarbonated zone is

similar to the T2 lifetime of the control samples. The

same trend is observed in cement paste with w/c ratio of

0.50 and to a lesser extent in the paste w/c ratio of 0.40.

The sample with w/c ratio of 0.40 seems to be only

partially carbonated as the phenolphthalein did not turn

completely purple in the outer zone.

Changes in the pore space during cement hydration

[19], micro-cracking [27], and autogenous self-heal-

ing of cracks [28], are reflected in T1 and T2 relaxation

times. Since carbonation changes the surface chem-

istry of the cement paste, the water molecules are now

in contact with calcium carbonate particles that may

not be as efficient in terms of relaxation as the original

noncarbonated surface. The original surface has

paramagnetic impurities (Fe2O3) which enhance

relaxation. Dalas et al. [26] obtained values of the

surface relaxivity (q2) of 2.74 and 5.51 lm/s for

synthetic calcite and C–S–H, respectively. These

values suggest that in our case the observed change

in T2 lifetime may be affected not only by changes in

pore size but also by changes in the surface relaxivity.

The phenolphthalein test performed after the samples

with w/c ratio of 0.60 were characterized by NMR,

indicated an average carbonation depth of 2.5 cm.

This is in agreement with the observed T2 lifetime

changes in Fig. 3a. These changes are the greatest

between 2 and 3 cm, which is a transition zone

between the carbonated and noncarbonated regions.

The main advantage of NMR for studying carbon-

ation of cement-based materials compared to tradi-

tional techniques is that it is non-destructive. Samples

may be studied by bulk or spatially resolved measure-

ments. In this study, limited spatial resolution of the

unilateral magnet (1 cm) means it is difficult to

determine the actual shape of the carbonation front

for the cement pastes with w/c ratios of 0.50 and 0.40.

Improving the resolution to less than 1 cm would be

possible by reducing the size or modifying the shape of

the surface coil. Other alternative is by reducing the

width of the sensitive spot produced by the three-

magnet array. If resolution becomes higher, it will be

possible to detect more precisely the carbonation front

Fig. 2 Semi log plot of the transverse magnetization decay

from CPMG measurements for a partially carbonated sample

(w/c = 0.60) conditioned as follows: a in equilibrium with an

environment of 65% RH and 35 �C. The SNR of the signal at

1 cm = 43, SNR at 5 cm = 52, and b vacuum saturated with

distilled water. The SNR of the signal at 1 cm = 209, SNR at

5 cm = 248. The solid lines are the best fit to single and bi-

exponential decays. The carbonated and noncarbonated signals

were obtained at positions 1 and 5 cm from the carbonating face,

respectively
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Fig. 3 Long T2 lifetime component (solid line) and signal

intensity (dashed line) versus distance in 6 cm long carbonated

(cross) and control (circle) Portland cement pastes. a w/

c = 0.60, b w/c = 0.50, and c w/c = 0.40. The samples were

vacuum saturated after carbonation in an environment at 4%

CO2 by volume, 65% RH and 35 �C. Photographs to the right

indicate the carbonation front after spraying the freshly broken

surface with a 1% phenolphthalein solution. Carbonation front

moves from left to right. For the sample w/c = 0.40, the

carbonated part to the left did not remain colorless as it is not

fully carbonated. The error bars indicate one standard deviation

for every data point. One control sample was tested for each w/c

ratio
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in low permeability materials (i.e. low water to cement

ratio). For paste with a w/c of 0.60, as mentioned, there

is a transition zone that is in agreement with the results

obtained by Chang and Chen [6] using TGA, XRD,

and FTIR. Their investigations allowed identification

of three zones: fully carbonated, partially carbonated,

and noncarbonated. They found the fully ? partially

carbonated zones extended approximately twice the

depth indicated by the phenolphthalein test.

The initial CPMG signal intensity is proportional to

the amount of water in the sample. Figure 3 also

presents the signal intensity at various points along the

sample. Contrary to the behavior observed in the T2

lifetime, the signal intensity (water content) in the

carbonated zone is lower than the signal in the

noncarbonated zone. This means a lower porosity of

the cement paste caused by carbonation, as expected.

In ordinary Portland cement pastes, carbonation

reduces the total porosity by less than 10% while

slightly increasing the proportion of large pores

(diameter[ 30 nm) [3]. The latter partially supports

the increase in T2 in the carbonated region observed in

Fig. 3. It is known that carbonation not only affects the

calcium hydroxide in the hydrated cement paste, but it

also affects the CSH. A silica gel with a coarser pore

structure, pores approximately 300 nm in radius, is

produced when the CSH undergoes carbonation [4].

For the three w/c ratios, the CPMG signal intensity in

the noncarbonated region is similar to the signal

intensity of the control samples.

Figure 4 presents the T2 distribution obtained by

Inverse Laplace Transformation of the CPMG decays

in carbonated and noncarbonated zones of the cement

paste samples (w/c ratio of 0.60 and 0.50). For CPMG

decays with low signal-to-noise ratio, the ILT has

shown to be unable to resolve the two peaks

commonly reported in the literature for water in gel

and capillary pores [16]. This is the case for the

noncarbonated sample with low signal-to-noise ratio

CPMG decay (see Fig. 2b), where the ILT resolves

only one peak that represents an average T2 from water

in all the pores. In both cement pastes, the pore size

distribution indicates changes of the pore structure. A

refinement of the porosity is observed (short T2 values)

caused by precipitation of CaCO3 in small pores [29]

that contained water during the carbonation period at

65% RH. At the same time, there is an increase of the

pore size (long T2 values) corresponding to the

Fig. 4 T2 distributions obtained by ILT of the CPMG decays

for vacuum saturated cement paste samples. a w/c = 0.60, and

b w/c = 0.50. The positions for carbonated and noncarbonated

regions of the sample are points 1 and 5 cm, respectively

Fig. 5 BET pore size distribution for cement paste samples.

a w/c = 0.60, and b w/c = 0.50. The symbols indicate: cross

carbonated, circle noncarbonated regions
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amorphous silica gel produced by carbonation of the

CSH [4]. However, the porosity is reduced as shown

by the smaller area under the curves for the carbonated

zones in comparison with the noncarbonated parts of

the samples. Thiery et al. [30] measured T1 relaxation

times of carbonated and noncarbonated cement pastes

after saturation with liquid water. Contrary to our

results, their results showed no difference in T1

distribution between the carbonated and noncarbon-

ated samples.

In contrast to the results shown in Fig. 4, the pore

size distribution obtained by the N2 BET measure-

ments (Fig. 5) indicates a substantially different pore

structure of the carbonated and noncarbonated regions.

Regarding the pore size distribution, the carbonated

zone in Fig. 5a (paste with w/c = 0.60) exhibits

reduction of the pore size in the range of 10–100 nm

and an increase of the pore size in the range of

3–10 nm. The paste with w/c ratio = 0.50 indicates

increase of the pore size for the carbonated paste. None

of the BET pore size distributions show the pores

corresponding to the silica gel because the pore size

(radius[ 300 nm) is outside the range of analysis for

this technique. In addition, because the samples were

dried at 105 �C for 24 h for BET measurements,

micro-cracking and shrinkage changed the pore struc-

ture of the cement paste, especially by the collapse of

the delicate CSH structure. The NMR measurements

did not cause any damage to the samples and provide a

more reliable pore structure measurement of the

carbonated and noncarbonated samples.

Table 2 shows the BET results and the total porosity

for the cement paste samples with w/c ratio of 0.60 and

0.50. The surface area in the carbonated region of the

sample was increased nearly three times compared to

the noncarbonated sample. This is caused by the large

amount of small CaCO3 particles precipitated in the pore

space [31]. Note that the mean pore radius is increased

for the carbonated samples. The total porosity for the

noncarbonated cement pastes is within the range of

values found in the literature for Portland cement pastes

with similar w/c ratios [3, 32]. In addition, the porosity is

lower in the carbonated samples, which is also in

agreement with the literature [4].

4 Conclusions

Conditioning samples at 65% RH did not provide

sufficient NMR signal to detect changes in T2 lifetime.

However, NMR measurements on vacuum saturated

samples reveal significant changes in the porosity and

the pore size distribution in the carbonated regions of

the samples. The observed changes included an

increase of T2 lifetimes and decrease in NMR signal

intensity in the carbonated region. The position with

the highest rate of T2 lifetime change is in agreement

with the carbonation front indicated by the phenolph-

thalein test. The T2 distributions indicated both pore

size refinement due to precipitation of CaCO3 and pore

size increase due to porous silica gel formation by

carbonation of CSH. The BET results did not agree

with the literature nor with the NMR measurements,

probably because of the damage cause by oven drying

the samples. Unilateral NMR can be used in the

laboratory to non-destructively study the carbonation

process of cement pastes.

5 Future research

Extension of the measurements to mortars and

concrete subject to accelerated and natural carbona-

tion will be pursued in the future.
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