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Abstract 

The suitability of six concrete mixtures for use in direct containment of liquefied natural gas 

(LNG) was assessed using nuclear magnetic resonance (NMR), x-ray computed tomography 

(XRCT) and acoustic emission (AE). The mixtures were prepared with river sand as fine 

aggregate using different coarse aggregates. The mixtures were cooled from ambient to 

cryogenic temperatures at a cooling rate of 3°C/min. Proton NMR measurements and XRCT 

imaging were carried out before and after cooling to monitor changes in porosity and pore size 

distribution, and internal microstructure, respectively. AE sensors monitored damage evolution 

during cooling and warming. NMR results indicated porosity increases of 0%, 0.3%, 1.4% and 

3.3% in the non-air-entrained trap rock aggregate, limestone aggregate, sandstone aggregate and 

lightweight aggregate concrete mixtures, respectively. The air-entrained trap rock and limestone 

mixtures showed porosity increases of 0% and 1.9%, respectively. There was a strong positive 

correlation between AE cumulative energy and NMR porosity change. XRCT imaging 

generally showed no frost-induced cracking in the concrete mixtures. Thus, pore structure 

changes and apparent damage were in the form of microcracks less than the XRCT resolution 

(22 microns). The results highlight the utility of trap rock aggregate in production of durable 

concrete for direct LNG containment.  
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Abstract 10 
The suitability of six concrete mixtures for use in direct containment of liquefied natural gas 11 
(LNG) was assessed using nuclear magnetic resonance (NMR), x-ray computed tomography 12 
(XRCT) and acoustic emission (AE). The mixtures were prepared with river sand as fine 13 
aggregate using different coarse aggregates. The mixtures were cooled from ambient to 14 

cryogenic temperatures at a cooling rate of 3°C/min. Proton NMR measurements and XRCT 15 

imaging were carried out before and after cooling to monitor changes in porosity and pore size 16 
distribution, and internal microstructure, respectively. AE sensors monitored damage evolution 17 
during cooling and warming. NMR results indicated porosity increases of 0%, 0.3%, 1.4% and 18 
3.3% in the non-air-entrained trap rock aggregate, limestone aggregate, sandstone aggregate and 19 
lightweight aggregate concrete mixtures, respectively. The air-entrained trap rock and limestone 20 
mixtures showed porosity increases of 0% and 1.9%, respectively. There was a strong positive 21 
correlation between AE cumulative energy and NMR porosity change. XRCT imaging generally 22 
showed no frost-induced cracking in the concrete mixtures. Thus, pore structure changes and 23 
apparent damage were in the form of microcracks less than the XRCT resolution (22 microns). 24 
The results highlight the utility of trap rock aggregate in production of durable concrete for direct 25 
LNG containment.  26 
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1.0 Introduction 35 
Traditional liquefied natural gas (LNG) tank construction utilizes 9% Ni steel walls and floor for 36 
the inner containment tank as it has greater ductility at cryogenic temperatures (≤ -165°C) 37 
compared to normal carbon steel. Nevertheless, this construction method is becoming 38 
increasingly expensive. However, available literature on concrete properties at cryogenic 39 
temperatures shows that most properties of concrete generally improve above their ambient 40 
temperature values at cryogenic temperatures [1]. Utilization of concrete for direct LNG 41 
containment would lead to huge cost savings. Moreover, the development of the American 42 
Concrete Institute (ACI 376-11) standard on concrete structures for containment of refrigerated 43 
liquefied gases [2] may increase the impetus for tank designs utilizing concrete for primary LNG 44 
containment. Therefore, a thorough understanding of the properties of concrete related to its 45 
ability to maintain liquid tightness and structural integrity required for LNG tanks is necessary.  46 
 47 
Concrete utilized for direct LNG containment must be dense, durable, nearly impermeable, and 48 
resistant to chemicals, with limited deflections and cracking. Its serviceability requirements must 49 
include gas-tightness to prevent leakage of LNG vapor and loss of product, and to promote 50 
durability [3]. It is evident from the foregoing that the permeability of concrete is of utmost 51 
importance in the design of concrete for use in direct LNG containment as it controls the rate by 52 
which LNG is lost from the primary container [1]. The permeability of concrete depends on the 53 
porosity, pore size distribution, pore roughness, constrictions of the pore space, and the tortuosity 54 
and connectivity of the internal pore channels [4, 5]. Moreover, the pore size distribution has a 55 
significant influence on the formation of ice and its expansion ability when concrete is cooled to 56 
cryogenic temperatures. This in turn affects the development of internal stresses in concrete due 57 
to freezing water [1]. One promising technique for quick and reliable determination of pore size 58 
distribution and porosity in porous materials like concrete is nuclear magnetic resonance (NMR). 59 
Proton NMR  (also 1H-NMR) is a fast, potentially non-invasive technique for the 60 
characterization of the internal structure of a porous material based on its mobile water molecule 61 
content [6]. Similarly, x-ray computed tomography (XRCT) allows for non-destructive 3D 62 
visualization of the internal microstructure of materials. XRCT is capable of viewing deeply 63 
buried microstructures that 2D surface imaging techniques – e.g. scanning electron microscopy 64 
(SEM) – may not observe. Thus, XRCT is a valuable tool used for visualization of internal 65 
microcracks and cracks in materials [7]. Furthermore, upon cracking, some of the strain energy 66 
of thermally stressed concrete is converted to wave energy, which flows through the material and 67 
is eventually released into the air making a sound [8]. This sound can be recorded by 68 
appropriately placed acoustic emission (AE) sensors. AE is a well-established, non-destructive 69 
technique for damage detection in concrete [9]. It has been successfully deployed for studying 70 
frost-induced cracking in rock and concrete [8, 10].  71 
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A 1H-NMR experiment provides information on the amount of hydrogen in the pore spaces of 72 
concrete and is thus a measure of porosity as the porosity can be obtained by comparison of the 73 
1H-NMR signal of concrete with that of an equivalent volume of water. Moreover, NMR 74 
relaxation times give information on the pore size distribution of porous media as the decay of 75 
the proton (from water molecules) magnetization depends on the length scales of the pores and 76 
on the pore-fluid-grain interactions [11]. For instance, it is well known that the transverse 77 
relaxation rate (1/T2) is directly proportional to the surface to volume ratio (S/V) of the pore 78 
system. Thus, if the constant of proportionality, ρ2 – the T2 surface relaxivity (relaxing strength 79 
of the pore surfaces) – is known alongside the T2 relaxation time, the pore size distribution of a 80 
material can be determined. Nevertheless, the presence of paramagnetic ions in concrete 81 
components (Portland cement and aggregates) such as Fe3+ presents difficulties. Paramagnetic 82 
impurities may shorten relaxation times or prevent observation of some of the 1H signal, as well 83 
as increase the surface relaxivity of materials [12]. Despite the challenge presented by impurities, 84 
NMR relaxometry has been deployed for different applications in cement-based materials. These 85 
include hydration kinetics of cement, compressive strength development, the physicochemical 86 
characteristics of water molecules according to their confinement level, study of the formation of 87 
the microstructure of hydration products, alongside porosity, pore size distribution and pore 88 
connectivity within the cement matrix [13-17]. Similarly, XRCT has been successfully deployed 89 
for related studies on frozen concrete mortars and cement paste. These include examination of 90 

cracking in non-air entrained mortars subjected to 35 freeze-thaw cycles between 25°C and -91 

25°C. The study showed that cracks attempt to follow the weaker interfacial transition zone 92 

between sand and cement paste in frost-damaged mortars [18]. XRCT has also been deployed for 93 
characterization of the formation and distribution of ice crystals inside and around air voids in 94 
air-entrained hydrated cement paste. These investigations revolved around development of air-95 
entrainment admixtures for prevention of frost damage in concrete [19].  96 
 97 
Furthermore, as non-destructive techniques, NMR and XRCT have the advantage of 98 
investigating the internal structure of the same specimen before and after environmental changes 99 
or mechanical stress. In spite of their enormous advantages, there is a paucity of literature on the 100 
aforementioned non-destructive techniques in the study of the microstructure of concrete 101 
subjected to cryogenic temperatures, or for evaluating concrete suitability for LNG storage. The 102 
majority of previous investigations on concrete behavior for cryogenic applications have focused 103 
on mechanical and thermal properties such as compressive and tensile strengths, Young’s 104 
modulus, creep, coefficient of thermal expansion (CTE) and thermal conductivity [20]. However, 105 
Bamforth [21] measured water and gas permeability at cryogenic temperatures using 106 
permeability cells, as well as porosity and pore size distribution of frozen concrete using mercury 107 
intrusion porosimetry. A similar study in this direction considered the effects of cryogenic 108 
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temperatures on hydrating white cement pastes using NMR [22]. Albeit, this study mainly 109 
investigated pore structure evolution (pore size distribution) as a function of hydration times with 110 
a view to understanding cement hydration in the lunar environment.  111 
 112 
The present work sought to evaluate the potential of different concrete mixtures for LNG storage 113 
by complementing other assessment techniques with XRCT imaging, NMR and AE 114 
measurements of the mixtures. It builds on the findings of a previous related study [8], which 115 
showed the utility of AE for studying the potential of frost-induced microcracking in concrete 116 
during cryogenic cooling only, in relation to water and chloride permeability testing and XRCT 117 
imaging on replicate specimens. However, the present work studied the same concrete specimens 118 
before and after cryogenic cooling using NMR and XRCT, while AE measurements were made 119 
during the cooling process as well as during warming to ambient temperature. The aim of the 120 
study was to relate observed changes in porosity, pore size distribution and internal 121 
microstructure to cracking determined from cumulative energy emissions from the materials 122 
during the cooling and warming processes. It is thought that even though paramagnetic ions 123 
affect NMR relaxation times, changes in relaxation time distributions after cryogenic cooling can 124 
be attributed to pore size distribution changes since cooling is unlikely to change the 125 
paramagnetic content of a given concrete mixture. It was the object of the study to investigate the 126 
potential of the different aggregates to produce frost-damage-resistant concrete. 127 
 128 

2. Materials and methods 129 
2.1 Production of concrete specimens 130 
Concrete specimens were produced using river sand as fine aggregate, and coarse aggregates 131 
with different CTE values, namely, limestone, sandstone, trap rock and TXI Streetman expanded 132 
shale lightweight aggregate. All aggregates were obtained from quarries in Texas, USA. Key 133 
physical properties and mineralogical composition of the aggregates have been detailed 134 
elsewhere [8]. Type I portland cement was used for casting of all concrete specimens. Table 1 135 
shows the composition, mixture proportions and selected properties of the six concrete mixtures 136 
studied. Four of the six concrete mixtures were without air-entrainment, while two mixtures were 137 
air-entrained with 6% air content. Cubes (150 mm) of the non-air-entrained mixtures produced 138 
with ≤ 12.5 mm aggregates were initially tested after 28 and 56 days of water curing. The 139 
findings of the AE measurements, XRCT imaging and water and chloride permeability carried 140 
out have been reported elsewhere [8]. Thus, the air-entrained mixtures were produced with only 141 
limestone and trap rock aggregates, using Master Air AE 200 air-entraining admixture (BASF, 142 
Ohio, USA), based on the findings of the initial experiments. The grain size distributions of the 143 
aggregates used here are shown in Figure 1. The non-air-entrained mixtures had a water/cement 144 
(w/c) mass ratio of 0.42, while a w/c ratio of 0.35 was used for the air-entrained mixtures.  145 
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Table 1. Composition, mixture proportion and selected properties of the concrete mixtures 146 

Constituent/property Limestone 
mixture 

Sandstone 
mixture 

Trap rock 
mixture 

Lightweight 
mixture 

Air-entrained mixture 
Limestone Trap rock 

Cement (kg/m3) 512 512 512 512 543 543 
Coarse aggregate (kg/m3) 868 889 1056 661 868 1056 

Fine aggregate (kg/m3) 694 687 670 550 614 591 
Water (kg/m3) 

Master Air AE 200 (kg/m3) 
215 

- 
215 

- 
215 

- 
215 

- 
188 
2.9 

188 
2.4 

Bulk density (kg/m3)* 
Compressive strength (MPa)* 

2460 
36 

2370 
37 

2650 
40 

2040 
36 

2415 
29 

2615 
31 

% Fe2O3 in coarse 
aggregate+ 

0.05 2.40 2.47 5.54 - - 

*Value at 28 days curing age; % Fe2O3 in fine aggregate+ = 0.84; +determined through x-ray fluorescence;  147 
% Fe2O3 in cement = 2.92% (product information from Qatar National Cement Company). 148 

 149 
 150 

 151 

Figure 1. Grain size distribution of the coarse and fine aggregates. 152 

 153 
The exact dimensions of the concrete specimens used were 75 mm diameter by 150 mm long for 154 
molded cylinders, and 23 mm diameter by 50 mm long for cores drilled from replicate 150 mm 155 
cubes for each mixture. The non-air-entrained and air-entrained specimens were cured under 156 
water for 365 and 28 days, respectively, before testing. The non-air-entrained specimens were all 157 
casted at the same time while the air-entrained specimens were casted 11 months later. Hence, as 158 
the difference in curing age might have some influence on experimental results, the non-air-159 
entrained mixtures should only be compared qualitatively with the air-entrained mixtures. The 160 
28-day compressive strengths (tested on cylinders according to ASTM C39 [23] as 161 
recommended by ACI code 376 [2]) of the non-air-entrained samples were > 34.5 MPa, while 162 
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those of the air entrained samples were > 27.6 MPa (Table 1). The strength values correspond to 163 
the minimum specified for concrete for refrigerated liquefied gases, when containing liquids 164 
(34.5 MPa), and for other reinforced concrete (27.6 MPa) in the relevant ACI code [2].  165 
 166 
 167 

   168 
 (a) (b) 169 
 170 

               171 
 (c) (d) 172 

Figure 2. Experimental set-up showing arrangement of (a) & (b) thermocouples and AE 173 
sensors, and (c) & (d) temperature chamber with data acquisition system and LN2 dewar. 174 

 175 
2.2 Cooling and warming of concrete specimens 176 
The moist concrete specimens were placed in a Cincinnati Sub Zero temperature chamber and 177 
cooled from ambient to cryogenic temperatures by liquid nitrogen (LN2) injection (Figure 2). 178 
The temperature chamber is equipped with an inbuilt fan for air circulation inside the chamber. 179 
The highest possible cooling rate the temperature chamber can easily accommodate (3°C/min) 180 
was used to encourage microcracking and to better differentiate the performance of the concrete 181 
mixtures [8]. The temperature chamber was programmed to cool at the aforementioned rate 182 
down to its lowest temperature capacity (-180°C) with a guaranteed soak at that temperature until 183 
the temperature of all concrete specimens were ≤ -165°C. The temperature of the concrete 184 
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specimens was measured and monitored by Type T thermocouples, placed at a surface of the 185 
concrete polished with grade 120 abrasive paper (exposing the smaller aggregates), and also 186 
inserted into the concrete through drilled holes (Figure 2a). The thermocouples were connected 187 
to a data logger, all from Onset Computer Corporation, Massachusetts, USA. Thereafter, the 188 
cooling program was turned off and a single set point of ~21°C was used to warm the concrete 189 
specimens back to ambient temperature. The warming process was not programmed at a certain 190 
rate as the study focused on cryogenic cooling, since in practice, most LNG storage tanks do not 191 
undergo thermal cycling [1, 20]. This is in contrast to the procedure employed in Kogbara et al. 192 
[8], who studied the behavior of some of the mixtures here during cryogenic cooling, wherein the 193 
temperature chamber was simply cooled to -165°C. Upon warming to ambient temperature, 194 
concrete specimens for NMR measurements were re-saturated, while those for XRCT imaging 195 
were air-dried prior to imaging.  196 
 197 
2.3 NMR measurements 198 
NMR measurements were carried out on two replicate 23 mm diameter concrete cores for each 199 
of the concrete mixtures, before and after cryogenic cooling. The measurements were performed 200 
with a 2 MHz rock core analyzer using a 54 mm probe (Magritek, Wellington, New Zealand). 201 

The NMR system uses a heater to keep the magnet temperature at 30°C for field stability.  202 

 203 
2.3.1 Determination of porosity and pore size distribution  204 
The NMR instrument measures the volume of pores in a saturated cylindrical core, which in 205 
combination with bulk volume measurement of the core and a known volume of the saturation 206 
fluid, is used to calculate porosity. In an NMR experiment, a saturated sample is placed in a 207 
magnetic field; it is then excited with a series of radio frequency (RF) pulses. After each RF 208 
pulse, a small RF signal or echo is generated by the nuclei within the fluid, which is recorded as 209 
a train of echoes with a defined spacing, known as the echo time. The signal amplitude that 210 
makes up the echo train decays away with one or more relaxation times (T2) that are 211 
characteristic of the fluid and its environment. The initial amplitude of the echo signal indicates 212 
the total amount of fluid in the sample. The relaxation time distribution gives information about 213 
the environment of the fluid, such as the pore size distribution in the sample [24].  214 
 215 
A water-saturated concrete core covered with plastic cling wrap (to prevent moisture loss) was 216 
measured using the NMR instrument calibrated with 20 ml of tap water and correction for 217 
background signal. The bulk water T2 was found to be ~ 3,000 ms. The Carr-Purcell-Meiboom-218 
Gill (CPMG) sequence was used to measure T2, with 100 μs echo time, inter-experimental delay 219 
time of 6,500 ms and 200 scans. The CPMG decay was analyzed with a Lawson and Hanson 220 
non-negative least square fit method using Prospa software (Magritek, New Zealand). A suitable 221 
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smoothing parameter was chosen, which gives a chi-squared close to the ideal value specified by 222 
the data, and prevents misplaced residual and data-noise statistics curves, and oscillations in the 223 
residuals curve. The software then outputs in excel format the cumulative porosity of the sample 224 
alongside the T2 distribution. The logarithmic mean of the T2 distribution, which represents the 225 
mean pore size, was used for comparison of average pore sizes before and after cryogenic 226 
cooling according to the equation 227 
 228 
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where,  is the logarithmic mean T2,  and  are the relaxation times and intensities, 231 

respectively, in the relaxation time distribution. 232 
 233 
2.3.2 Estimation of surface relaxivity  234 
As mentioned previously, the surface relaxivity (ρ) is required alongside T2 relaxation time for 235 
estimation of pore sizes. The presence of paramagnetic ions in concrete affects accurate 236 
determination of the parameter. It is currently unclear whether the presence of paramagnetic ions 237 
increases surface relaxivity by the same order of magnitude it decreases relaxation time. 238 
Nevertheless, the surface relaxivity of the different concrete mixtures in this work has been 239 
estimated in order to provide some idea of the pore sizes in the concrete specimens. Surface 240 
relaxivity was determined following the method described by Slijkerman and Hofman [25]. This 241 
entailed performing T2 decay measurements in a fixed gradient field for two different echo 242 
times, which allows the extraction of surface relaxivity by modelling the effect of restricted 243 
diffusion, using the relation  244 
 245 

 ,    (2)  246 

 247 
where, T2D is T2 decay in a gradient field due to the combined effect of diffusion decay and 248 
surface relaxation decay; T2S is the surface relaxation time; D0 is the bulk diffusion coefficient; α 249 
is a constant equal to 0.2223; ρ is the surface relaxivity; Te is the echo time; γ is the proton 250 
gyromagnetic ratio (= 2.675 x 108 rad s-1T-1) and G is the sensed field gradient.  251 
 252 
T2 decay measurements were performed on the concrete cores in a gradient of 34 G/cm (i.e. 0.34 253 
T/m) at echo times of 0.5 and 2 ms at 2 MHz. The water diffusion coefficient was determined in 254 
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a separate NMR diffusion (pulsed gradient spin echo – PGSE) experiment as 2.73 x 10-9 m2/s. 255 
The logarithmic mean T2D at both echo times determined above was used in Equation (2). The 256 
surface relaxivity was then determined from the solution of the resulting simultaneous equations. 257 
The measurements were also carried out on sandstone and river sand samples as a check for the 258 
method since the surface relaxivity of both materials have been documented in several works 259 
[26-28].   260 
 261 
2.4 AE monitoring of concrete specimens 262 
A Vallen AMSY-6 multichannel AE measurement system (Vallen System GMBH, Germany) 263 
was employed for monitoring of damage accumulation events (hits) during cooling and warming 264 
of the concrete specimens. The AE acquisition device is equipped with two AEP4 preamplifiers 265 
with a gain of 34 dB and a frequency range of 25–850 kHz. Pancom P15 sensors were coupled to 266 
the top of two 75 mm diameter cylindrical concrete specimens from different mixtures using a 267 
high vacuum sealing compound, HIVAC-G (Shin Etsu, Japan), in a given cooling and warming 268 
run. These provided AE hits to the preamplifiers. One sensor was used for each specimen (Figure 269 
2b). The sensors are specially designed for composite applications. The resonant frequency is 270 
150 kHz and the case material is stainless steel. It has been shown that several commercially 271 
available sensors with similar characteristics are rugged enough and have sufficient fidelity to be 272 
used in a cryogenic environment [29]. The detailed procedure for the AE data acquisition and 273 
post-processing of acquired data is documented elsewhere [8].  274 
 275 
2.5 Microstructural examination 276 
The internal microstructure of the same 23 mm diameter by 50 mm long concrete core from each 277 
of the six mixtures was observed before and after cryogenic cooling using a MicroXCT-400 278 
equipment (Carl Zeiss Microscopy, GmbH, Jena, Germany). The concrete cores used here were 279 
replicates of those used in the NMR measurements. During the CT scanning, a maximum 280 
electron acceleration energy of 140 kV was used with a HE #1 filter and the system acquired 281 
2,500 projection images in approximately 2 hours 15 minutes. A Macro-70 (0.4X) detector was 282 
used, the detector-rotating axis (RA) distance was 28.3 mm, while the x-ray source-RA distance 283 
was 120 mm. The same procedure was used for all concrete cores. ImageJ, a public domain 284 
software, was employed for further image processing. During image processing, raw 16-bit CT 285 
data were converted to 8-bit gray scale images. The slices of the frozen specimen of a given 286 
mixture were then transformed (rotated) to match the corresponding slices of the unfrozen 287 
specimen, where necessary. There were no further adjustments to the brightness and contrast of 288 
the converted images to avoid distortion of the details captured.  289 

 290 
 291 
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 292 
3. Results and discussion 293 
3.1 NMR results 294 
The T2 distributions of the different concrete mixtures are shown together with the cumulative 295 
porosities in Figure 3 and Figure 4. Table 2 shows the logarithmic mean T2 of the relaxation time 296 
distributions. It also shows the surface relaxivity determined for the different concrete mixtures 297 
and the materials used as a check for the method of determination. In the T2 distributions, areas 298 
higher than zero (peaks) represent pores of different sizes. The first and second peaks, which are 299 
present in all mixtures, are for the gel and capillary pores, respectively. Peaks beyond the second 300 
peak represent larger pores, cracks and very large pores. The air-entrained limestone mixture 301 
apparently showed a lower porosity compared to the corresponding non-air-entrained mixture, 302 
contrary to the higher porosity associated with air-entrainment. This is because the former did 303 
not achieve complete saturation like the latter since entrained air bubbles do not readily become 304 
saturated. Further, the rate at which an aggregate can absorb water is inversely proportional to 305 
the size of the pores [30]. The former had a much higher mean pore size than the latter (Table 2). 306 
The T2 distributions here are generally similar to those of Diaz-Diaz et al [16], in which the T2 307 
values of gel pores of portland cement concrete incorporating gravel and river sand with w/c 308 
ratios of 0.3 and 0.6 were around 0.1 ms and 0.2 ms, respectively (Figures 3 and 4).  309 
 310 
The logarithmic mean T2 data shows that there was no change in the pore size distribution of the 311 
non-air-entrained limestone and trap rock concrete mixtures as well as the air-entrained trap rock 312 
mixture (Table 2). However, there were increases in the logarithmic mean T2 of the non-air-313 
entrained sandstone and lightweight concrete mixtures, and the air-entrained limestone concrete 314 
mixture. The increase in logarithmic mean T2 suggests mean pore size increase by a factor of 315 
approximately 1.5 for the sandstone and lightweight mixtures, and 2 for the air-entrained 316 
limestone mixture (Table 2). The same trend is also apparent in the cumulative porosity data, in 317 
which the trap rock concrete mixtures, with and without air-entrainment, showed no increase in 318 
cumulative porosity after cryogenic cooling. There was a 0.3% increase in the cumulative 319 
porosity of the non-air-entrained limestone mixture, which is within the error margin. Hence, 320 
there was effectively no increase in the logarithmic mean T2. In contrast, the sandstone and 321 
lightweight mixtures indicated 1.4% and 3.3% cumulative porosity increases, respectively. The 322 
air-entrained limestone mixture indicated 1.9% increase in porosity (Figures 3b, 3d and 4b). The 323 
generation of interconnected pores and pockets of microcracks during cryogenic cooling and 324 
warming probably engendered the porosity and mean pore size increases in the sandstone and 325 
lightweight mixtures. Sandstone and lightweight aggregates exhibit significant internal moisture 326 
movement, which causes disruptive volume changes [31]. On one hand, the expansion force 327 
associated with transformation of water into ice during cryogenic cooling could lead to 328 
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generation of larger pores as many smaller pores interconnect. On the other hand, the number of 329 
smaller pores increases such that some microcracks exist independently. This is in line with the 330 
findings of a recent study on variation of concrete pores during freezing using XRCT [32].  331 
 332 
 333 

   334 
(a)       (b) 335 

 336 

  337 
(c)       (d) 338 

 339 
Figure 3. T2 distribution and cumulative porosity of the non-air-entrained concrete 340 

mixtures, (a) and (b) before cryogenic cooling, (c) and (d) after cryogenic cooling. 341 

 342 

 343 

 344 
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  345 
(a)       (b) 346 

 347 
Figure 4. (a) T2 distribution and (b) cumulative porosity of the  348 

air-entrained concrete mixtures before and after cryogenic cooling. 349 
 350 

Table 2. Logarithmic mean T2 and surface relaxivity of the specimens 351 

 
Specimen 

 

Logarithmic mean T2 (ms)*  
Surface relaxivity 

(µm/s) 
Before cryogenic 

cooling 
After cryogenic 

cooling 
Limestone concrete 
Sandstone concrete 
Trap rock concrete 

Light weight concrete 

0.1 0.1 4.7 
0.1 0.15 4.9 
0.2 0.2 4.8 
0.7 1.0 5.4 

AE limestone concrete 
AE trap rock concrete 

0.5 1.0 4.7 
0.2 0.2 4.5 

Sandstone  
River sand  

- 
- 

- 
- 

9.3 
3.0 

*These are for the relaxation-time distributions in Figures 3 and 4;  AE: air-entrained 352 

 353 
The above results are consistent with previous investigations in which the non-air-entrained 354 
limestone and trap rock mixtures with no effective mean pore size changes showed very little or 355 
no increase in water permeability after cryogenic cooling. Whereas, there was significant 356 
increase in the permeability of the sandstone and lightweight mixtures, which showed increases 357 
in mean pore sizes [8]. Hence, the aforementioned permeability results support the NMR 358 
assessment of porosity and mean pore size changes as well as microcracking. Especially, as it 359 
has been shown that microcracking can increase the porosity, and hence change permeability of 360 
cement-based materials by about one order of magnitude [33]. The relative contribution of the 361 
different types and sizes of pores to permeability is beyond the scope of this paper. The poor 362 
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performance of the air-entrained limestone mixture compared to the non-air-entrained mixture is 363 
probably due to the unsuitability of the large aggregate sizes used for air-entrained concrete (see 364 
Figure 1). This resulted in a lower compressive strength than the recommended 34.5 MPa limit 365 
for refrigerated liquefied gas containment [2]. It has been shown that larger aggregates with high 366 
porosity and high permeability delay the pore pressure relaxation time, and thus exhibit high 367 
stress at the aggregate–matrix interface [34]. This in turn could create microcracks in the matrix 368 
shell, where fatigue tensile stress exceeds the fatigue resistance of the matrix. This, in addition to 369 
the aforementioned larger pore development mechanism may be responsible for the porosity 370 
increase of the air-entrained limestone mixture. Albeit, the air-entrained trap rock mixture with 371 
compressive strength lower than the afore-mentioned limit showed good cryogenic frost 372 
resistance. This can be explained by the lower total porosity of the air-entrained trap rock 373 
mixture compared to the corresponding limestone mixture (Figure 4b). With similar aggregate 374 
pore size distribution in concrete, a lower total porosity (or absorption) leads to higher frost 375 
resistance as the amount of water expelled from the aggregate into the paste during freezing is 376 
limited [30, 34, 35].  377 
 378 
The surface relaxivity of the sandstone and river sand samples (Table 2) used as checks for the 379 
method agreed well with values reported in the literature. A number of authors have reported 380 
surface relaxivity values of ~ 9 µm/s for sandstone [26, 28] and 3 µm/s for silica sand [27]. The 381 
estimated surface relaxivities of the concrete mixtures fell within a narrow range, 4.5 – 5.4 µm/s 382 
(Table 2) despite the different iron contents of the aggregates (Table 1). This agrees with Dalas 383 
et al. [36], who suggested that the amount of paramagnetic species is not a first-order parameter 384 
in determining surface relaxivity. These values are similar to the surface relaxivities of synthetic 385 
cement hydrates - calcium silicate hydrate (5.5 µm/s), gypsum (6.2 µm/s) and 386 
monocarboaluminate (1.65 µm/s) - reported by Dalas et al. [36]. Thus, the surface relaxivities 387 
estimated here are apparently the average of the relaxivities of the cement hydrates and the 388 
natural rocks used as aggregates. Therefore, with the surface relaxivity values (Table 2), 389 
assuming cylindrical pore geometry, the pore diameter of the different pores can be estimated 390 
from Figures 2 and 3 using the relation [37]:  391 
  392 

 ,   (3)  393 

where, is the T2 surface relaxivity;  is the surface-to-volume ratio of the pore; r, h 394 

and d, are the radius, height and diameter of the pore, respectively. For example, using equation 395 

(3), the estimated pore diameter of the gel pores of the non-air-entrained limestone concrete with 396 
T2 ~ 0.2 ms and surface relaxivity, 4.7 µm/s is calculated as 3.8 nm. For the same concrete, the 397 
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capillary pore diameter with T2 ~ 2 ms (Figure 3a) is calculated as 38 nm. These are within the 398 
range of values reported for the gel and capillary pore sizes [38, 39]. Similarly, the pore 399 
diameters of the largest voids in the unfrozen lightweight and frozen air-entrained limestone 400 
mixtures with T2 values ~ 1400 ms and 760 ms are calculated as 30 microns and 14 microns, 401 
respectively (Figures 3a and 4a). Nevertheless, caution should be taken when converting T2 data 402 
to actual pore sizes since the effect of paramagnetic species on the relaxation is not considered 403 
and the pore size is calculated for an equivalent cylindrical pore. In fact, it is common practice to 404 
use T2 as proxy for pore size instead of converting it to actual pore size [16]. 405 
 406 
3.1 AE data during cryogenic cooling 407 
Figure 5 shows the temperature of the concrete specimens during cooling and warming, together 408 
with the AE cumulative hits and cumulative energy. Figure 6 shows the amplitude of the AE hits 409 
for the different concrete mixtures. In Figure 6, the saturation amplitude is 99.9 dB due to the 34 410 
dB gain used. Thus, any event greater than 99.9 dB was recorded as 99.9 dB, although the full 411 
energy emitted during the event was recorded. The lightweight, air-entrained limestone and 412 
sandstone mixtures had the highest number of cumulative hits ranging from ~530,000 413 
(sandstone) to 1.1 million (lightweight), while the trap rock (79,000) and limestone (250,000) 414 
mixtures had the lowest cumulative hits (Figure 5c). A comparison of Figures 5a, 5b and 5c 415 
shows that the cumulative hits in most of the mixtures started showing a steep increase within the 416 
temperature range -20°C to -40°C. The cumulative energy and amplitude plots also showed the 417 
same trend, with the latter demonstrating increasing concentrations of high (> 70 dB) amplitude 418 
values beyond the above temperature range (Figures 5d and 6). The steep increase in cumulative 419 
hits progressed until the temperature range -90°C to -120°C, where there was attenuated 420 
increase, which continued until cryogenic temperatures were reached. The steep increase in 421 
cumulative hits within the -20°C to -90°C temperature range was occasioned by increase in 422 
matrix stresses and microcracking due to ice growth. In addition, since the specimens were tested 423 
at near saturation, expansion of the moist concrete, which has been reported to occur within the 424 
temperature range, -20°C to -60°C due to ice formation in the capillaries would also cause more 425 
AE hits [8, 20]. Further, ice-induced microcracking is reported to cease around -90°C [1, 20], 426 
which explains the aforementioned attenuated increase in cumulative hits from -90°C to 427 
cryogenic temperatures.  428 
 429 
On the other hand, the cumulative energy continued to increase down to cryogenic temperatures 430 
before reaching a plateau, for most of the mixtures (Figure 5d). After the attenuated increase as 431 
cryogenic temperatures were approached, the cumulative hits and energy of the concrete 432 
mixtures further showed a slight increase at the inception of warming to ambient temperature, 433 
and reached a plateau thereafter (Figure 5). The same rebound behavior at the inception of 434 
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warming is also obvious in the amplitude plots (Figure 6). The lightweight and air-entrained 435 
limestone mixtures still indicated significant increase in cumulative hits throughout the warming 436 
stage. These mixtures together with the sandstone mixture had higher cumulative energies, 437 
ranging from 33 nJ to 290 nJ (Figure 5d). This is in contrast to the other mixtures with lower 438 
cumulative energies (7nJ – 16 nJ range), whose hits rate levelled off within the -60°C to -20°C 439 
range. This probably explains the relatively higher change in porosity and mean pore size 440 
observed in both mixtures in the NMR experiments. Albeit, the increases in cumulative hits 441 
during the warming stage did not necessarily correspond to significant increase in cumulative 442 
energy since most of such hits had low energy levels.  443 
 444 
 445 

  446 
                                    (a)               (b) 447 

 448 

   449 
                                   (c)               (d) 450 

Figure 5. Variation with time of the (a) and (b) temperature (c) cumulative hits,  451 
and (d) cumulative energy of the concrete mixtures. 452 

 453 

 454 
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     455 
(a)                                                                        (b) 456 

 457 

     458 
(c)                                                                        (d) 459 

 460 

    461 
(e)                                                                        (f) 462 

Figure 6. Amplitude of AE events from the non-air-entrained (a) limestone (b) sandstone 463 
(c) trap rock (d) lightweight, and air-entrained (e) limestone, and (f) trap rock concrete 464 

mixtures during cryogenic cooling and warming. 465 
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The increase in cumulative hits during the warming stage can be attributed to stresses in the 466 
concrete due to the differential expansion of ice and concrete. Ice expands faster than concrete 467 
during the warming stage due to its higher thermal expansion level. Nevertheless, frozen ice then 468 
has sufficient free space for expansion without causing marked microcracking [20]. Thus, AE 469 
events during the warming stage may have high amplitudes due to the expansive action of frozen 470 
ice, but much lower energy as the expansion is less deleterious to the concrete. This probably 471 
explains why the cumulative energy-time curves of the concrete mixtures reach a plateau during 472 
the warming stage (beyond ~ 80 minutes), although there were quite a number of high amplitude 473 
events from cryogenic temperatures until about -20 to 0°C (~ 80 – 150 mins) (Figures 5d and 6). 474 
Further, the leveling-off of the hits rate within the -60°C to -20°C range during warming for the 475 
mixes with lower cumulative energies could be linked to the aftermath of the higher expansive 476 
action of previously frozen water in pores that takes place within that range [20]. Thereafter, ice 477 
changes back to water with an attendant reduction in internal stresses and concrete contraction 478 
leading to diminished AE hits rate and amplitude levels. Hence, the AE hit-time curves reach a 479 
plateau beyond ~ 150 minutes (Figure 5c).  480 
 481 
Generally, the results in Figures 5 and 6 show that there are more high amplitude AE activities in 482 
concrete during cooling to cryogenic temperature than during warming to ambient temperature. 483 
Further, it is also evident from the AE results that as concrete approaches cryogenic 484 
temperatures, matrix stresses, and hence the tendency for microcracking, declines significantly. 485 
This is a welcome behavior for concrete for direct LNG containment since a slower cooling rate 486 
as used in the industry would cause far less damage to the concrete during cooling and once at 487 
cryogenic temperatures, further damage is unlikely. Moreover, as previously mentioned, 488 
historical evidence suggests that most storage tanks are never emptied once filled with LNG, 489 
except for tanks at receiving terminals [1, 20] (thus there would be no warming and re-cooling 490 
cycles). 491 
 492 
Furthermore, the trend in the AE cumulative hits is very similar to the change in NMR 493 
cumulative porosity. The lightweight, air-entrained limestone and sandstone mixtures, which had 494 
the highest cumulative hits, also had the highest porosity changes of 3.3%, 1.9% and 1.4%, 495 
respectively. Moreover, there was no significant porosity change in the other mixtures with 496 
lower cumulative hits. The Spearman’s correlation coefficient indicated a very strong positive 497 
correlation (r = 0.90, p = 0.015) between the AE cumulative hits and NMR porosity change. The 498 
cumulative energy showed a similar trend, with the mixtures that indicated little or no NMR 499 
porosity change emitting the least energies, while those with significant porosity changes emitted 500 
more energy (Figures 3, 4 and 5d). There was also a strong positive correlation (r = 0.81, p = 501 
0.05) between the cumulative energy and NMR porosity change. These show that the association 502 
between the cumulative hits and energy recorded during cooling and warming of the concrete 503 
mixtures, and the resulting porosity change, is statistically significant. Similarly, a strong 504 
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positive correlation and statistical significance also exists in the association between the mean 505 
pore size, as determined from the logarithmic mean T2, and the cumulative hits, as well as the 506 
cumulative energy (r = 0.88, p = 0.02, in both cases) (compare Table 2 and Figure 5). 507 
 508 
3.2 Microstructural examination 509 
The XRCT images of the concrete mixtures are shown in Figures 7, 8 and 9. The data set 510 
consisted of 1014 slices of reconstructed CT images, each with a thickness of ~ 50 microns. The 511 
matrix size of the images is 1024 x 1024 pixels with a resolution of 22 microns per pixel in the x-512 
y plane. The rationale behind the millimeter scale of the CT observation is the maximum 513 
allowable crack width specified by the ACI 376 code [2]. The code specifies that calculated 514 
crack widths within the wall, base slab and roof of the secondary concrete container for 515 
refrigerated liquefied gases - there is none for the primary container - shall not exceed 0.012 in. 516 
(i.e. ~ 300 micron). A lower value of 0.008 in. (~ 200 micron) was specified within the thermal 517 
corner protection embedment zone. These are similar to maximum cracks widths in the order of 518 
250 microns reported for cryogenic concrete [38]. In light of the above, a large representative 519 
specimen that takes into account the nominal size of the coarse aggregates was employed such 520 
that significant cracking within the concrete could be inspected.  521 

 522 
In the slices, with the exception of the lightweight mixture, the aggregates appear as patches with 523 
different gray shades, and much brighter than the dark gray shades of the surrounding 524 
cementitious matrix. The patches of lightweight aggregates are darker than the surrounding 525 
cementitious matrix. Air voids (spherical shapes) and cracks should appear as black or very dark 526 
in the images [8]. Five slices are shown for a given concrete mixture, representing the upper, 527 
upper middle, middle, lower middle and bottom sections of the core. The slices of a given core 528 
shown after freezing are the corresponding, or the closest possible slices to those before freezing 529 
in order to facilitate direct comparisons and evaluate the effect of cooling on the cores. This 530 
contrasts with the use of replicate cores in a previous related study [8].  531 
 532 
There are no visible cracks due to cryogenic cooling in any of the mixtures (Figures 7, 8 and 9). 533 
The only evidence of cracking is in the lightweight mixture (Figure 8). The cracks existed across 534 
the coarse aggregate before cooling and there is no clear evidence of them being worsened by 535 
cooling. This is in contrast to previous findings based on use of replicate cores [8]. This agrees 536 
with the position that the damage (microcracks) formed due to cryogenic cooling is very well 537 
distributed, with characteristic crack sizes below the resolution of the CT. Thus, large cracks do 538 
not tend to form in the concrete cores, but rather well-dispersed microcracks [8]. It can also be 539 
seen from the CT images that the lightweight, sandstone and air-entrained limestone mixtures, 540 
which indicated significant NMR porosity changes and higher AE cumulative energies, 541 
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apparently had more pockets of large pores in their cementitious matrix compared to the other 542 
mixtures. Hence, the presence of such large pores (and cracks for the lightweight mixture) makes 543 
concrete more vulnerable to frost damage. 544 
 545 
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Figure 7. Sample cross-sections of the non-air-entrained  548 

limestone and sandstone concrete cores. 549 
1st & 3rd row: Core before cryogenic cooling, 2nd & 4th row: Core after cryogenic cooling. 550 
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Figure 8. Sample cross-sections of the non-air-entrained 
trap rock and lightweight concrete cores. 

1st & 3rd row: Core before cryogenic cooling, 2nd & 4th row: Core after cryogenic cooling.  
The ovals in some of the slices indicate cracks. 
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 556 

Attempts were made to investigate cracking in the concrete mixtures using SEM imaging in 557 
order to support the XRCT observations. This involved collecting micrographs from the same 558 
concrete core before and after cryogenic cooling, as well as on frozen cores stored in thermal 559 
insulation material, using the low-vacuum mode. Micrographs were also collected from cores 560 
subjected to cryogenic cooling, air-dried and gold-coated, in the high vacuum mode. However, 561 
the results of the SEM investigations were inconclusive; hence, they are not shown here. This is 562 
probably because the cores were not subjected to polishing steps to achieve conditions 563 
appropriate for microstructural evaluation as done in recent studies [40, 41]. Nevertheless, 564 
concerns abound with regard to the above. On one hand, the application here involves transport 565 
of liquid water or dissolved ions at cryogenic temperatures. Hence, evaluation of the still-frozen 566 
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microstructure is of interest - this precludes the option of polishing, which would cause surface 567 
melting due to frictional heat. On the other hand, in examining specimens allowed to thaw, 568 
microcracks formed during cooling could close up and the thawed microstructures would not 569 
adequately represent the microstructures of the materials in the frozen state. 570 

 571 
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Figure 9. Sample cross-sections of the air-entrained 
limestone and trap rock concrete cores. 

1st & 3rd row: Core before cryogenic cooling, 2nd & 4th row: Core after cryogenic cooling.  
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 572 

4. Conclusions 573 
Three non-destructive techniques, namely, NMR, XRCT and AE were deployed for evaluation 574 
of different concrete mixtures. The evaluation sought to identify concrete mixtures capable of 575 
resisting damage when cooled to cryogenic temperatures typical of LNG storage tanks. NMR 576 
signal intensities indicated cumulative porosity increases of 0%, 0.3%, 1.4% and 3.3% in the 577 
non-air-entrained trap rock, limestone, sandstone and lightweight concrete mixtures, 578 
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respectively. While there were porosity increases of 0% and 1.9% in the air-entrained trap rock 579 
and limestone mixtures, respectively. These corresponded to cumulative AE hits ranging from 580 
~79,000 to 1.1 million during cryogenic cooling and warming to ambient temperature. The non-581 
air-entrained trap rock mixture had the lowest, while the lightweight mixture had the highest 582 
number of hits. Similarly, AE cumulative energy released ranged from 7 nJ – 290 nJ, with the 583 
air-entrained trap rock having the least, and the air-entrained limestone having the highest energy 584 
emission. There was a strong positive correlation between AE cumulative hits and energy, and 585 
NMR porosity change and mean pore size. XRCT imaging did not show any visible cracking due 586 
to cryogenic cooling in the concrete mixtures. It is concluded from the above observations that 587 
the generation of interconnected pores and pockets of microcracks during cryogenic cooling and 588 
warming occasioned porosity increases in the affected concrete mixtures. Such changes to the 589 
pore structure and apparent damage were in the form of microcracks less than the CT’s 590 
resolution (22 microns). 591 
 592 
The above results corroborate previous data on water permeability of the non-air-entrained 593 
concrete mixtures. They suggest that the ability of a concrete mixture to resist frost-induced 594 
microcracking goes beyond the aggregate CTE and is mainly an interplay between the aggregate 595 
CTE, total porosity and pore size distribution. The inferior damage resistance of the air-entrained 596 
limestone mixture compared to the corresponding non-air-entrained mixture suggests the 597 
importance of the recommended compressive strength of 34.5 MPa in the design of concrete for 598 
LNG storage tanks. The compressive strength (29 MPa) of the former was less than the afore-599 
mentioned value. Albeit, this was not a problem in the air-entrained trap rock mixture with 31 600 
MPa compressive strength. These results suggest that trap rock is a highly durable aggregate for 601 
the production of concrete for direct LNG containment as it resists frost damage, with or without 602 
air-entrainment. Similarly, with the right mixture design, limestone aggregate can also serve as a 603 
competing alternative in production of durable concrete for direct LNG containment.   604 
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