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Abstract. The durability of Portland-limestone cement with high limestone content was monitored at 
conditions promoting thaumasite formation. Pore structure and deterioration characteristics were 
assessed with X-ray micro-computed tomography and correlated with material’s strength. Changes in 
crystalline and amorphous phases of the cement paste were investigated with X-ray powder diffraction 
and solid state nuclear magnetic resonance spectroscopy. Rapid deterioration was observed, evolving 
as a front causing concentric crack patterns followed by detachment of the part of specimen in contact 
with the corrosive solution. This ultimately led to loss of structural integrity after 4 months of exposure. 
During sulfate attack, thaumasite, ettringite and gypsum formed at the expense of portlandite, calcite 
and monocarboaluminate hydrate. Furthermore, polymerization of silicate chains in C-S-H and 
deterioration of C-S-H also occurred.  
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1 Introduction 
Portland-limestone cements (EN 197-1:2011), developed as alternative to ordinary Portland 
cement, are characterized by competitive properties and lower environmental impact (Tsivilis 
et al., 2000; Worrell et al., 2013). These features are in line with the global trend towards the 
reduction of CO2 emissions and energy needs of the cement production process, and with the 
rationalization of raw materials usage as well. However, the high limestone content increases 
the risk for a specific type of sulfate attack, occurring at low temperature and excess humidity. 
Under such conditions, sulfate and carbonate ions react with calcium silicate hydrates 
(C─S─H), leading to the formation of thaumasite (CaSiO3·CaCO3·CaSO4·15H2O) and, 
subsequently, to the deterioration of the hardened material (Irassar, 2009). 

Long-term mechanical performance of limestone cement concrete exposed to conditions 
promoting this type of chemical attack is, thus, a crucial issue in real structures. A model able 
to predict the mechanical properties of cementitious materials in sulfate-bearing environments 
would allow for optimizing concrete composition both in terms of durability and environmental 
impact. Aiming at the development of a predictive mathematical model, this study is focused 
on obtaining necessary data concerning the microstructure and strength of the material. 

Insights into the pore structure of Portland-limestone cement paste specimens were obtained 
with X-ray micro-computed tomography (XmCT), following an approach similar to previous 
studies (Yang et al., 2018; Ma et al., 2018). Paste compressive strength was correlated with the 
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damage observed in the specimens. Changes in phase composition were monitored with X-ray 
powder diffraction (XRPD) with the Rietveld method and solid state nuclear magnetic 
resonance spectroscopy (ssNMR); the usage of these techniques allowed for assessing both 
crystalline and amorphous fraction of the hardened cement paste (Álvarez-Pinazo et al., 2012; 
Richardson et al., 2010). 

2 Experimental 

2.1 Materials 
Portland-limestone cement paste was produced (water-to-cement ratio of 0.45) employing a 
commercial CEM II/B-LL cement (Cement Hranice, a.s.), and casted in the form of cylinders 
(d=20 mm; h=50 mm). The paste remained in the molds for 24h. After demolding, the 
specimens were water-cured for 27 days, and then exposed to magnesium sulfate solution (S) 
of 20 g/L SO42─ content until loss of structural integrity, and in water (W) as reference, both at 
5 °C. 

2.2 Tests 
Tests were performed after initial curing (at 28 days) and then regularly on specimens stored in 
magnesium sulfate solution and water. 

Cylinders were scanned with the custom developed patented Twinned Orthogonal 
Adjustable Tomograph (TORATOM), made up of two imaging axes, each bearing an X-ray 
tube and a detector, with a shared rotational stage. In this study, the configuration involved a 
reflection-type cone-beam XWT-240-SE tube (X-ray WorX, Germany) (190 kV and 132 μA; 
power output of 25.1 W at the target), and a Dexela 1512 NDT detector (Perkin Elmer, USA) 
(active area of 1944 × 1536 pixels; 74.8 μm pixel size).  Scans were performed on one specimen 
for each exposure environment and storage period. Aiming at sufficient magnification for 
providing pixel size between 12 and 17 μm, the source-to-sample distance and sample-to-
detector distance were properly adjusted. A total number of 3200 projections were collected for 
each tomographic scan, which were flat-field corrected. VG Studio Max software was 
employed to obtain 3D models, using filtered back projection algorithm. Visualization of the 
data acquired was accomplished with ImageJ software. Quantitative image analysis of the 
cement matrix was carried out on volumes of interest, cut from the original volume and 
excluding large defects (pores, cracks), using Pore3D software which allowed for deriving 
porosity, specific surface area of pores (Sv), and integral of mean curvature of pores (Mv).  

Compressive strength tests were performed on five specimens for each exposure 
environment and storage period. The results are the average values from five measurements. 

Fractions from cylinders stored in water, and material obtained from the deteriorated surface 
of the specimens exposed to magnesium sulfate solution, were powdered (particle size below 
63 μm) and employed for XRPD and ssNMR spectroscopy measurements. One specimen stored 
in water and eight specimens stored in sulfate solution, were used for each storage period.   

XRPD data were collected with a Bruker D8 Advance diffractometer [CuKα radiation (λ = 
1.5418 Å)] in the angular range 5–80° 2θ, at 40 kV and 40 mA. Rietveld refinements of the 
XRPD patterns were performed with the TOPAS 4.2 software (Bruker AXS), allowing for 
quantitative phase analysis (QPA). The internal standard method was applied for determining 
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the amorphous fraction. 
One-pulse 29Si MAS NMR spectra were collected at 25 °C with a Bruker Avance-Neo 500 

spectrometer (magnetic field of 11.75 T), using a 4-mm CP/MAS probe at the Larmor frequency 
of 99.4 MHz. Samples were loaded into a zirconium oxide rotor (4 mm in diameter) spinning 
at 12.5 kHz. As external reference, 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) (0.0 ppm) 
was used. 10000 scans were recorded during each measurement with 4.0 μs pulse length, and 
20 s relaxation delay. Components of 29Si MAS NMR spectra were deconvoluted with PeakFit 
4.12 software (Systat Software). 

3 Results and Discussion 
Sulfate attack resulted in rapid disintegration of the specimens; structural integrity was lost 
already after 3.5─4 months, not allowing for performing further compressive strength tests. 
XRPD and ssNMR measurements on samples obtained from the deteriorated part of the 
specimens continued up to 5 months. 

In Figure 1, cross sectional XmCT slices of specimens exposed for 3 (left) and 4 (right) 
months to magnesium sulfate solution, are illustrated. The deterioration proceeded through the 
formation of concentric cracks, as indicated by the white arrows, resulting in expansion of the 
specimen and, eventually, detachment of the damaged part. As the process evolved, concentric 
cracks formed closer to the center of the cylinder, pointing to a layer-type deterioration. 

 
Figure 1. Cross sectional XmCT images of specimens exposed to magnesium sulfate solution for 3 months (left) 

and 4 months (right); white arrows indicate cracks formed due to sulfate attack. 

Quantitative image analysis of the reconstructed volumes allowed for obtaining detailed 
information about the microstructure of the specimens. The values determined for porosity, Sv 
and Mv are summarized in Table 1. They indicate that the microstructure of the sound part of 
specimens exposed to S solution resembles to that of the specimens stored in W, supporting the 
assumption that sulfate attack proceeded as a deterioration front moving from the surface to the 
center of the specimen. Although attention was paid for excluding large defects during analysis, 
slightly higher average values were calculated for the specimens stored in S solution. 
Considering that entrapped air should be on average the same in all samples, random 
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irregularities in the matrix of the deteriorated specimens were most likely included in the 
reconstructed volumes processed, affecting the results. 

Table 1. Numerical results derived from quantitative analysis of XmCT images relative to the sound part of the 
specimens (Sv: specific surface area of pores; Mv: integral of mean curvative of pores). 

 Specimens exposed to W Specimens exposed to S 
Exposure period 

(months) 
Porosity 

(%) 
Sv 

(mm─1) 
Mv 

(mm─2) 
Porosity 

(%) 
Sv 

(mm─1) 
Mv 

(mm─2) 
REF 0.26 0.34 36.28 ─ ─ ─ 

1 0.34 0.85 529.71 0.78 1.50 215.11 
2 0.39 0.86 536.45 0.70 1.48 457.38 
3 0.65 0.95 66.25 0.64 2.82 606.24 
4 1.02 1.55 193.24 0.49 1.20 214.76 

Average 0.53 0.91 272.39 0.65 1.75 373.37 
 
In Figure 2, the compressive strength of the specimens exposed to sulfate solution relative 

to that measured for the specimens stored in water, is presented. Although the damage is not 
extensive at 3 months (Figure 1), the specimens had lost already 55% of their strength by this 
time, pointing to a rapid decline of compressive strength due to deterioration.  

 
Figure 2. Relative compressive strength of specimens exposed to sulfate solution and water. 

QPA results are summarized in Table 2. Decreasing amounts of belite were detected in the 
specimens stored in water, contrary to the other clinker phases which are absent already at 3 
months. Large quantities of portlandite and traces of hydrogarnet were detected in these 
specimens. Gypsum was consumed towards ettringite formation. Reduction in calcite content 
and formation of carboaluminate hydrates indicated the participation of calcite in the hydration 
process of cement. During sulfate attack, ettringite content increased, whilst gypsum and 
thaumasite formed. The formation of these minerals is directly linked to the consumption of 
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portlandite and carboaluminates, and to the decrease in calcite content. Sulfate attack led to 
significant reduction of the amorphous fraction, pointing to severe degradation of calcium 
silicate hydrate phase, which is the main amorphous component of the hardened cement paste. 
The presence of brucite was inherited from the magnesium content of the corrosive solution. 

Table 2. Quantitative phase analysis (wt.%) of the cement used, of the samples obtained from specimens 
exposed to W, and from the deterioated part of spesimens exposed to S. 

Phase Cement Exposure period to W (months) Exposure period to S (months) 
3 4 5 3 4 5 

Alite 32.5 ─ ─ ─ ─ ─ ─ 
Belite 6.0 1.0 1.4 0.7 ─ ─ ─ 
C3A 2.5 ─ ─ ─ ─ ─ ─ 

Brownmillerite 3.9 ─ ─ ─ ─ ─ ─ 
Hydrogarnet ─ <1.0 <1.0 <1.0 ─ ─ ─ 

Monocarboaluminate ─ 3.6 3.4 3.4 ─ ─ ─ 
Hemicarboaluminate ─ <0.5 <0.5 <0.5 ─ ─ ─ 

Portlandite ─ 12.6 11.6 10.4 <0.5 <0.5 <0.5 
Gypsum 3.2 ─ ─ ─ 26.8 38.3 39.3 
Ettringite ─ 6.1 5.5 5.8 7.6 7.2 9.2 

Thaumasite ─ ─ ─ ─ 4.5 1.1 2.3 
Calcite 22.7 13.4 16.0 16.8 7.1 8.8 9.5 
Brucite ─ ─ ─ ─ 3.5 2.8 2.7 

Amorphous 29.0 62.0 61.0 62.0 50.0 42.0 36.7 
 
One-pulse 29Si MAS NMR spectra are illustrated in Figure 3.  
 

 
Figure 3. 29Si MAS NMR spectra collected at 4 and 5 months for specimens stored in water (a) and for samples 
obtained from the deteriorated surface of specimens exposed to magnesium sulfate solution (b). Black curves: 

experimental spectra; Colored curves: deconvoluted spectra. 
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Five components were detected in the water-cured specimens with isotropic chemical shifts 
at around ─85 ppm, ─82 ppm, ─79 ppm, ─76 ppm and ─72 ppm. The first three values 
correspond to Q2, Q2(1Al) and Q1 species, respectively, which are characteristic for the C─S─H 
phase (Walkley and Provis, 2019; Richardson et al., 1993; Kunther et al., 2015). The quite 
broad component at ─76 ppm is in close proximity to the isotropic chemical shift values 
assigned to anhydrated alite grains (Rawal et al., 2010), indicating an amorphous environment 
which is related to hydrated clinker grains. The isotropic chemical shift at ─72 ppm is 
characteristic of unreacted belite (Andersen et al., 2003), in agreement with XRPD results. 

Q2, Q2(1Al) and Q1 species were also identified in the samples obtained from the deteriorated 
surface of specimens exposed to S solution. Another component at around ─88 ppm, attributed 
to bridging SiO4 tetrahedra in C─S─H connected to each other through hydrogen bonding (Q2u 
species) (L’ Hôpital et al., 2015), was identified in these samples. In addition, two more 
components were detected; one at ─179 ppm assigned to SiO6 group, which is characteristic of 
the thaumasite structure (Grimmer et al., 1986), and another at ─91 ppm which is attributed to 
Q3(1Al) species in cross-linked aluminosilicate chains (Richardson et al., 2010). The presence 
of both components points to deterioration of C─S─H phase during sulfate attack. The broad 
shape of the component at around ─73 ppm, most likely, corresponds to partially hydrated 
clinker phases, since there is no indication of anhydrated grains in the XRPD patterns. 
Quantitative results derived from the deconvolution of spectra are reported in Table 3.  

Table 3. Intergrated area (%) derived from component deconvolution of 29Si MAS NMR spectra. 

  Exposure period to W Exposure period to S 
Isotropic chemical 

shift (ppm) 
Component 4 months 5 months 4 months 5 months 

─179 SiO6 ─ ─ 6.6 10.0 
─91 Q3(1Al) ─ ─ 21.8 19.2 
─88 Q2

u ─ ─ 10.9 12.9 
─85 Q2 26.1 25.2 25.5 23.4 
─82 Q2(1Al) 5.7 5.1 7.4 7.9 
─79 Q1 41.4 39.4 24.9 22.8 
─76 Q1 24.9 28.6 ─ ─ 
─74 Q1 ─ ─ 3.0 3.7 
─72 Q0 (belite) 2.0 1.7 ─ ─ 

 
Minor differences were observed between samples obtained from specimens exposed for 4 

and 5 months to the same environment. The main observation, regarding the water-cured 
specimens, is the increase of the component at ─76 ppm and the decrease of the one at ─72, 
indicating the ongoing hydration of clinker. In samples obtained from deteriorated specimens, 
the increase in the content of SiO6 component with time is related to the increase of thaumasite 
content, as confirmed by XRPD (Table 2). Comparison of the sulfate-affected specimens with 
those stored in water reveals that, besides thaumasite formation, sulfate attack led to 
consumption of Q0 phases and polymerization of silicate chains (formation Q2, Q2u and Q3(1Al) 
species at the expense of Q1). 
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4 Conclusions 
- The aggressive chemical environment employed in the study produced intense 

deterioration of the limestone cement paste specimens, which resulted in the rapid 
decline of compressive strength. 

- Deterioration proceeded as a front that initiated through the formation of concentric 
crack patterns, followed by detachment of the sulfate-affected external part from the 
sound core. 

- Thaumasite, ettringite and gypsum formed during sulfate attack at the expense of 
portlandite, calcite, monocarboaluminate hydrate and C─S─H; gypsum was the most 
abundant deterioration product, whose quantity increased with time. 

- Sulfate attack promoted polymerization of silicate chains in C─S─H (increase of Q2 
and increase of Q1 species), and extensive deterioration of C─S─H phase as indicated 
from the presence of Q3(1Al) component. 

- The collected quantitative data will be employed in the development of a 
micromechanical model for predicting mechanical properties of cementitious materials 
exposed to thaumasite sulfate attack. 
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