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Abstract 

Typically, 9% Ni steel is used for primary containment of liquefied natural gas (LNG). 

Utilization of concrete in place of 9% Ni steel for primary containment would lead to significant 

cost savings. Hence, this study investigates changes in the microstructure of concrete due to 

cryogenic freezing that would affect its relevant engineering properties for containment. The 

study also evaluates the effect of aggregate type on the damage potential of concrete subjected 

to cryogenic freezing. The aim is to investigate design methodologies to produce damage-

resistant cryogenic concrete. The study employed four concrete mixture designs involving river 

sand as fine aggregate, and coarse aggregates with different coefficient of thermal expansion 

(CTE) values. Specifically, the coarse aggregates were limestone, sandstone, trap rock and 

lightweight aggregate. Concrete cubes were cured under water for at least 28 days and thereafter 

frozen from ambient (20°C) to cryogenic temperature (-165°C). Acoustic emission (AE) sensors 

were placed on the concrete cubes during freezing. X-ray computed tomography (XRCT) was 

employed to study the microstructure of concrete cores, before and after cryogenic freezing. 

The impact of the microstructural evolution thus obtained from AE and XRCT on relevant 

engineering properties was determined via water and chloride permeability tests. Microcrack 

propagation determined from AE correlated with changes in permeability. There were no 

observable cracks in the concrete mixtures after freezing. This implies that microcracks detected 

via AE and increased permeability was very well distributed and smaller than the XRCT’s 

resolution. Damage (microcracking) resistance of the concrete with different aggregates was in 

the order limestone ≥ trap rock >> lightweight aggregate ≥ sandstone. 
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Abstract 12 

Typically, 9% Ni steel is used for primary containment of liquefied natural gas (LNG). 13 

Utilization of concrete in place of 9% Ni steel for primary containment would lead to significant 14 

cost savings. Hence, this study investigates changes in the microstructure of concrete due to 15 

cryogenic freezing that would affect its relevant engineering properties for containment. The 16 

study also evaluates the effect of aggregate type on the damage potential of concrete subjected to 17 

cryogenic freezing. The aim is to investigate design methodologies to produce damage-resistant 18 

cryogenic concrete. The study employed four concrete mixture designs involving river sand as 19 

fine aggregate, and coarse aggregates with different coefficient of thermal expansion (CTE) 20 

values. Specifically, the coarse aggregates were limestone, sandstone, trap rock and lightweight 21 

aggregate. Concrete cubes were cured under water for at least 28 days and thereafter frozen from 22 

ambient (20°C) to cryogenic temperature (-165°C). Acoustic emission (AE) sensors were placed 23 

on the concrete cubes during freezing. X-ray computed tomography (XRCT) was employed to 24 
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study the microstructure of concrete cores, before and after cryogenic freezing. The impact of the 1 

microstructural evolution thus obtained from AE and XRCT on relevant engineering properties 2 

was determined via water and chloride permeability tests. Microcrack propagation determined 3 

from AE correlated with changes in permeability. There were no observable cracks in the 4 

concrete mixtures after freezing. This implies that microcracks detected via AE and increased 5 

permeability was very well distributed and smaller than the XRCT’s resolution. Damage 6 

(microcracking) resistance of the concrete with different aggregates was in the order limestone ≥ 7 

trap rock >> lightweight aggregate ≥ sandstone. 8 

 9 

Keywords: Acoustic emission; microcracking; LNG storage; permeability, x-ray computed 10 

tomography. 11 

 12 

Introduction 13 

Utilization of concrete for primary containment of liquefied natural gas (LNG) would lead to 14 

huge cost savings compared to 9% Ni steel, which is currently used. However, there is 15 

insufficient information on concrete behavior at cryogenic temperatures (i.e., temperatures less 16 

than -165°C) [1]. Therefore, studies are in progress to understand and improve design 17 

methodologies to produce concrete that resists damage during cooling to cryogenic temperatures. 18 

The behavior of a material depends on its microstructure and chemical composition. Hence, 19 

defects in the form of microcracks and voids at the microstructural level can affect the durability 20 

of concrete [2, 3]. Therefore, it is important to understand the deterioration process of ‘cryogenic 21 

concrete’ at the microstructural level in order to make improvements to its damage resistance. 22 

Nevertheless, there is a paucity of literature on microstructural examination of cryogenically 23 
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frozen concrete due to the challenges involved, especially with regard to handling and equipment 1 

operation.  2 

 3 

The basic form of concrete deterioration and damage when cooled from ambient to cryogenic 4 

temperatures, as can occur during filling of a concrete tank with LNG, is internal cracking. As 5 

the concrete is cooled, water in the free state within the larger pores changes into ice, 6 

accompanied by volumetric increase, thus expanding the recess in which freezing occurs [4] by 7 

pressurizing the unfrozen pore fluid (within the smaller pores). When the tensile stress generated 8 

in the solid skeleton surrounding the expanding pore network exceeds the tensile strength of 9 

concrete, the material cracks [1, 5, 6]. Furthermore, volume changes associated with 10 

transformation of water to ice may cause deterioration either of the hardened paste or of the 11 

aggregate, or both. Cracks may occur at the aggregate-paste interface, through aggregates, and 12 

through the paste [7, 8].  13 

 14 

The cooling rate greatly influences the extent of cracking in concrete; this is why LNG tanks are 15 

cooled very slowly, typically at the rate of 1°C per hour [9]. Moreover, freeze-thaw cycling 16 

increases the amount and interconnection of internal microcracks and cracks, which further 17 

accelerates concrete deterioration1. This manifests in increase in the permeability of water, gas 18 

and chloride ions as well as reduction in the overall strength and stiffness of concrete [7].  With 19 

respect to the durability of concrete, permeability seems to be an adequate measure of (or proxy 20 

                                                           
1Freeze-thaw cycling is typically not much of a problem for all-concrete LNG tanks since the primary 

containment tank never undergoes full freezing-and-thawing cryogenic cycles. LNG storage tank systems 

are in continuous operation such that the tank never goes empty once filled with LNG. The only exception 

is the case of continuous filling and emptying of a tank at a receiving terminal [1, 5].  
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for) its microstructural properties such as the size, distribution, and interconnection of pores and 1 

microcracks [2].  2 

 3 

Several studies have investigated the effects of elevated temperatures on the microstructure of 4 

concrete and its influence on concrete behavior [10-12]. However, there are very few similar 5 

studies for cement or concrete exposed to freezing temperatures, and such studies for cryogenic 6 

temperatures are rare in the literature. Most of such studies for freezing temperatures used 7 

scanning electron microscopy (SEM) for microstructural examination. Skripkiunas et al [13] 8 

reported that 56 cycles of freezing-thawing (between 20°C and -20°C) of concrete exposed to 9 

deicing salt caused an increase in the micro-cracks and cavities in the surface layer of hardened 10 

cement paste. Similarly, freeze-thaw tests between the afore-stated temperature ranges showed 11 

that there are two main groups of microstructural damage caused by freeze-thaw action [6]; these 12 

are de-bonding at the interfacial transition zone between coarse aggregate/paste and 13 

microcracking. After 56 cycles, microcracks appeared more frequently in the paste than along 14 

the aggregate/paste interface and less frequently across the coarse aggregate. Cracks spread 15 

perpendicularly outward from the aggregate surface, across the aggregate/paste interface, and 16 

into the paste [6]. The study showed that the choice of aggregate significantly affects the freeze-17 

thaw resistance of concrete. Furthermore, examination of the internal microstructure of non-air-18 

entrained mortars subjected to 35 freeze-thaw cycles between -25°C and 25°C using x-ray 19 

computing tomography (XRCT) also showed that most of the cracks meander around the 20 

aggregates. This suggests that the cracks attempt to follow the weaker interfacial transition zone 21 

between the sand and the cement paste in the frost-induced damage mortars [14].  22 

 23 
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The creation of cracks in concrete results in a release of mechanical energy, which can propagate 1 

throughout the material and be recorded by appropriate acoustic emission (AE) sensors [15]. AE 2 

is a well-established, non-destructive technique for the detection of damage in concrete 3 

structures [16]. The method entails generation of transient elastic waves by rapid release of 4 

energy from localized sources within a material [17]. Temperature gradients during cryogenic 5 

freezing of concrete generate stresses in the material due to differential thermal expansion [1].  6 

Upon cracking, the strain energy of the stressed material is mostly converted to surface energy 7 

and some to wave energy that flows through the material, eventually reaching a surface where 8 

some is reflected but much is released into the surroundings (i.e., the air) making a “sound”. The 9 

sound made is the source of AE in this context. The majority of AE studies have focused on 10 

damage detection in concrete due to high loading before rupture. However, very few studies [18-11 

20] have investigated microcracks with AE. This is probably because microcracks are generated 12 

during lower level loading, which does not lead to much AE activity [15]. Moreover, there is a 13 

dearth of literature on AE studies of cryogenic concrete.  14 

 15 

In light of the above, this study sought to improve our understanding of microcracking in 16 

concrete induced by thermal stresses during cryogenic freezing. It integrates information from 17 

our recent conference paper [21] on AE and water permeability studies on cryogenic concrete. 18 

Consequently, this study aims to relate, for the first time, changes in the internal microstructure 19 

of concrete to freezing-induced microcracking as determined from AE. The study correlates 20 

observed changes in microstructure and microcracking detected in AE tests with water and 21 

chloride permeability tests. The objective was to investigate the effect of type of aggregate on the 22 

ability of concrete to resist damage during cryogenic freezing. 23 
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Experimental Procedure 1 

Raw materials, concrete sample production and curing 2 

The study employed river sand as fine aggregate in casting concrete samples, and coarse 3 

aggregates with different coefficient of thermal expansion (CTE) values. Specifically, the coarse 4 

aggregates were limestone, sandstone, trap rock and TXI Streetman expanded shale lightweight 5 

aggregate. We obtained all five aggregates from quarries in Texas, USA. The nominal maximum 6 

size of the coarse aggregates used was 12.5 mm. We employed Type I portland cement for 7 

casting of all concrete samples. Table 1 shows average values of key physical properties of the 8 

aggregates, and their mineralogical composition determined through x-ray fluorescence.  9 

Table 2 details the composition and mixture proportions of the four different concrete mixtures 10 

used. The water/cement mass ratio used for all mixtures was 0.42. The mixtures were 11 

proportioned such that the 28-day compressive strength exceeds the minimum value (34.5 MPa) 12 

specified for the tank wall of structures for refrigerated liquefied gases [22].  13 

 14 

Concrete cubes (150 mm x 150 mm x 150 mm) were produced and cured under water until 15 

tested. Cylindrical cores (25 mm diameter by 50 mm long) were obtained from replicates of the 16 

concrete cubes for each mixture design after 7 days of underwater curing. The cores were 17 

employed for x-ray computing tomography (XRCT) studies, and were cured under water until 18 

tested. The curing duration for the concrete cubes and cores before testing was 28 and 56 days, 19 

respectively. Table 2 shows the bulk density and compressive strength of the concrete cubes, 20 

determined at 28 days according to BS EN 12390-3 [23]. 21 

 22 

 23 
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Table 1. Physical properties and mineralogical composition of the aggregates 1 

Property/constituent River sand Limestone Sandstone Trap rock Lightweight 

CTE (x10-6 °C-1) 10.8 - 11.5* 5+ 10+ 6+  7** 

Bulk specific gravity 

(saturated surface dry) 

2.61** 2.60++ 2.63++ 3.05++ 1.72** 

Absorption capacity (%) 0.41** 1.75++ 1.3++ < 1.0++ 25.5**  

Dry rodded unit weight 

(kg/m3) 

1730++ 1570++ 1490++ 1715++ 1065++ 

CO2 (%) 8.84 43.3 21.8 26.6 6.20 

CaO (%) 5.28 50.5 20.5 29.6 3.20 

SiO2 (%) 79.8 2.69 39.3 28.4 56.2 

B2O3 (%) 2.27 2.32 2.20 2.19 2.39 

MgO (%) 0.209 0.51 1.38 1.34 2.92 

Al2O3 (%) 2.05 0.51 6.14 4.43 17.3 

K2O (%) 0.43 0.013 3.74 2.66 3.13 

TiO2 (%) 0.069 -- 1.06 0.96 0.71 

Fe2O3 (%) 0.84 0.051 2.40 2.47 5.54 

P2O5 (%) 0.089 0.007 0.35 0.39 0.22 

SO3 (%) 0.04 0.04 0.38 0.39 0.77 

Na2O (%) 0.08 0.02 0.33 0.15 1.02 
+
Mehta and Monteiro [24]  

*
Mindness, Young [25]  

**
Byard [26]   2 

++
Values provided by aggregate vendor  3 

 4 

Table 2. Composition, mixture proportion and physical properties of the concrete mixtures 5 

Constituent/property Limestone 

mixture 

Sandstone 

mixture 

Trap rock 

mixture 

Lightweight 

mixture 

Cement (kg/m3) 512 512 512 512 

Coarse aggregate (kg/m3) 868 889 1056 661 

Fine aggregate (kg/m3) 694 687 670 550 

Water (kg/m3) 215 215 215 215 

28-day bulk density (kg/m3) 2400 2380 2552 1971 

28-day compressive strength (MPa) 54 54 52 49 

 6 

 7 

 8 

 9 

 10 
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Cooling and storage of concrete samples 1 

The concrete samples were placed in a Cincinnati Sub Zero temperature chamber, cooled by 2 

liquid nitrogen, for cryogenic freezing. The temperature chamber has an inbuilt fan for air 3 

circulation through the chamber. Cooling of the temperature chamber commenced from 20±1°C 4 

to -165±1°C, using a cooling rate of 3°C per minute with guaranteed soak of 3 minutes at -5 

165°C. In contrast, the typical cooling rate for an LNG tank mentioned earlier is 0.017°C per 6 

minute. The highest possible cooling rate the temperature chamber could easily accommodate 7 

was employed to encourage microcracking since the cooling rate influences the extent of 8 

cracking [1, 9]. Since this work intends to screen different aggregates for use in production of 9 

damage-resistant concrete, the cooling rate employed was envisaged to help better differentiate 10 

the performance of the concrete mixes. Furthermore, it was anticipated that the results might 11 

indicate that typical cooling rate for LNG tanks is far too conservative (and thus overly 12 

expensive) if concrete is used for primary containment. The chamber was programmed to turn 13 

off as soon as it attained the target temperature. Thereafter, the chamber was opened and the 14 

cryogenically frozen concrete samples carefully taken out with the aid of cryogenic personal 15 

protective equipment. The frozen samples were immediately stored in Corafoam® thermal 16 

insulation material (i.e., rigid polyisocyanurate foams, Duna Corradini, Modena, Italy) until 17 

subjected to further analysis. 18 

 19 

AE measurement and data analysis 20 

The damage accumulation events (‘hits’) during freezing of concrete cubes were recorded using 21 

a Vallen AMSY-6 multichannel AE measurement system (Vallen System GMBH, Germany).  22 

The AE acquisition device is equipped with two AEP4 preamplifiers with a gain of 34 dB and a 23 
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frequency range of 25 kHz to 850 kHz. Due to the 34 dB gain used, the saturation amplitude was 1 

99.9 dB. Thus, any event greater than 99.9 dB was recorded as 99.9 dB, albeit the full energy 2 

emitted during the event was recorded. Two concrete cubes from each mixture design were 3 

tested in a given freezing run from ambient to cryogenic temperature. Pancom P15 sensors (with 4 

150 kHz resonant frequency) coupled to the concrete cubes in the temperature chamber provided 5 

AE ‘hits’ to the preamplifiers. A high vacuum sealing compound, HIVAC-G (Shin Etsu, Japan), 6 

was used for coupling of the sensors to the concrete cubes. The sensitivity of the sensors was 7 

checked using the standard pencil lead break (Hsu-Neilsen source) on the surface of the concrete 8 

cubes [27]. The settings used for the AE ‘hits’ included a discrimination time of 200 µs and a 9 

rearm time of 0.4 ms. A threshold of 34 dB was used to filter out the ambient noise. The 10 

sampling rate was 10 MHz.  11 

 12 

The post-processing of acquired data was carried out using Mathematica (Wolfram Research, 13 

USA). Mathematica codes filtered out noise associated with the cooling function of the 14 

temperature chamber by discarding data detected by both sensors (attached to two distinct 15 

concrete samples) at the same instant. This filtering algorithm essentially assumes that the 16 

probability that both specimens will crack at the same instant is extremely low, while ambient 17 

noise from the chamber would result in simultaneous AE ‘hits’ in both samples.  18 

 19 

XRCT procedure 20 

An x-ray computed tomography (XRCT), MicroXCT-400 (Carl Zeiss Microscopy, GmbH, Jena, 21 

Germany) was employed to observe the internal microstructure of the concrete mixtures before 22 

and after cryogenic freezing. Two replicate cores of a given mixture were used for the XRCT 23 
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scanning; one core was unfrozen and the other frozen. The samples were air-dried prior to XRCT 1 

imaging. The maximum electron acceleration energy was 150 kV and the system acquired 2500 2 

projection images. The scan duration was approximately 3 hours for each sample. The method 3 

described by Promentilla and Sugiyama [14] was employed for further image processing using 4 

ImageJ, a public domain software. Image processing entailed rescaling the raw 16-bit XRCT 5 

data to an 8-bit gray scale image. The brightness and contrast of the converted image was 6 

adjusted to give a better contrast between surrounding air voids, aggregates and the cementitious 7 

matrix. 8 

 9 

Water and chloride permeability testing 10 

Water permeability testing was based on the depth of water penetration in the concrete cubes, 11 

determined according to BS EN 12390-8 [28]. The insulation material employed maintained the 12 

temperature of the frozen concrete cubes used for water permeability tests until tested. This 13 

insulation thus ensured the test commenced with samples in the frozen state to give some idea of 14 

the permeability at low temperatures. Nevertheless, there was no means designed to prevent 15 

temperature changes during the test. Hence, permeability tests eventually involved thawed 16 

samples. The water pressure applied to the concrete cube was 0.5 MPa, and the test lasted for 72 17 

hours. Thereafter, the weight of the concrete cube and the depth of water penetrated were 18 

determined. The water permeability was then calculated using Valenta’s equation and 19 

subsequently expressed in terms of the intrinsic permeability of the material. The details of the 20 

relations used are described in a related publication [21].    21 

 22 
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Chloride permeability tests were conducted on 102 mm diameter by 51 mm long cylindrical 1 

cores extracted from the concrete cubes, before and after freezing, according to ASTM C 1202 2 

[29]. The frozen samples were in thawed condition during extraction of the 102 mm diameter 3 

cylindrical cores. The total charge (in coulombs) passed through the concrete during a 6-hour 4 

period was obtained from integration of current over the time duration.  5 

 6 

Results and discussion  7 

AE data during cryogenic freezing 8 

Figure 1 shows the cumulative AE hits and cumulative released energy of the four mixtures 9 

studied, while Figure 2 shows the amplitude of the AE hits in the four mixtures. The sandstone 10 

mixture clearly had the highest cumulative hits and cumulative energy; its cumulative hits were 11 

double those of the other three mixtures (Figure 1a). Moreover, the cumulative energy and 12 

amplitude plots of the sandstone mixture show a very steep increase in cumulative energy. 13 

Additionally, the sandstone concrete mixture had its highest amplitude values beyond -120°C 14 

(Figure 1 and Figure 2b). The lightweight mixture had the lowest cumulative hits but had much 15 

higher cumulative energy than the limestone and trap rock mixes (Figure 1). Further, the 16 

lightweight mixture showed relatively higher concentration of high (> 70 db) amplitude values 17 

compared to the other mixtures, especially from -40°C to cryogenic temperatures (Figure 2d). 18 

These results also correspond with a steep increase in cumulative energy beyond -40°C (Figure 19 

1b).  20 

 21 
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 1 

(a) 2 

 3 

(b) 4 

Figure 1. Cumulative (a) AE hits and (b) Energy released by the concrete mixtures during 5 

cryogenic cooling. 6 

 7 
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  1 

(a)                                                                       (b) 2 

  3 

(c)                                                                      (d) 4 

Figure 2. Amplitude of AE events from the (a) limestone (b) sandstone (c) trap rock, and 5 

(d) lightweight aggregate mixes during cryogenic cooling. 6 

 7 

The limestone and trap rock mixtures eventually showed a higher cumulative hits rate than the 8 

lightweight mixture but had much lower cumulative energy levels. The cumulative energy 9 

released from the limestone mixture increased from about 0°C and reached a plateau around -10 

90°C (Figure 1b). The limestone mixture also had a high concentration of high amplitude values 11 

within the temperature range -20°C to -90°C (Figure 2a). The high amplitude values continued 12 

until about -130°C, after which much lower values were recorded. Furthermore, the cumulative 13 
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energy released from the trap rock mixture increased from -40°C and reached a plateau around -1 

90°C (Figure 1b). The traprock mixture also released a high concentration of high amplitude 2 

values in the -40°C to -90°C temperature range (Figure 2c). In contrast, the sandstone and 3 

lightweight mixtures showed steep increase in cumulative energy; both mixtures also had the 4 

highest amplitude values at temperatures below -90°C.  The AE event amplitudes in all mixtures 5 

studied generally increased from low to high levels as the temperature decreased, in agreement 6 

with Amitrano et al [30]. It is evident from the foregoing that the relationship between the 7 

cumulative hits and cumulative energy depends on the amplitudes of the AE events. For instance, 8 

in the -20°C to -60°C temperature range, the trap rock mixture showed higher cumulative hits 9 

than the other mixtures (Figure 1a). However, it had much lower cumulative energy probably 10 

because relatively lower amplitude events (~ 45 dB for the first half of the temperature range) 11 

occurred for the mixture (Figure 2). 12 

 13 

The significant increase in amplitude and cumulative energy in the mixtures in the -20°C to -14 

60°C temperature range may be attributed to increase in matrix stresses and microcracking due to 15 

ice growth [5]. Water transforms into ice in pores of small diameter in the afore-mentioned 16 

temperature range [31]. While water in the very small pores freezes between -60°C and -90°C. 17 

Specifically, structural water located in gel pores with radius between 3 nm and 10 nm freezes 18 

between -30°C and -80°C. This is in contrast to adsorbed water located in gel pores with radius 19 

less than 3 nm, which do not freeze within the range of 0°C to -160°C [5, 32]. Thus, ice-induced 20 

microcracking ceases around -90°C [5]. This may be responsible for the plateau attained by the 21 

cumulative energy plots of the limestone and trap rock mixes around -90°C. Further, wet 22 

concrete is known to contract in the temperature range 20°C to -20°C, expand in the range -20°C 23 
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to -70°C, and resume contraction again beyond -70°C [33], assuming there are no entrained air 1 

bubbles present [8]. Increase in matrix stresses resulting from the expansion phase following the 2 

initial contraction in the -20°C to -70°C is likely to cause microcracking. This likelihood of 3 

microcracking also accounts for the significant increase in the amplitude and energy of AE 4 

events in the aforementioned temperature range.  5 

 6 

The steep increase in cumulative energy released by the sandstone and lightweight concrete 7 

mixtures below -90°C, which corresponded with the highest amplitude values, likely indicate 8 

significant microcrack formation. The amount of energy released depends on the severity of the 9 

cracking [34]. This severe microcracking is probably because both sandstone and lightweight 10 

aggregates exhibit significant internal moisture movement, which leads to high internal stresses 11 

and in turn causes disruptive volume changes [24]. Thus, the sandstone and lightweight mixtures 12 

are more likely to show greater volumetric changes when wet concrete resumes contraction 13 

beyond -70°C. The results corroborate previous studies on strain measurements of cryogenic 14 

concrete [33].   15 

 16 

XRCT images before and after cryogenic freezing 17 

Figures Figure 3 and Figure 4 show the XRCT images of the four concrete mixtures. The data set 18 

obtained from the scanning of the concrete cores consisted of contiguous 1014 slices of 19 

reconstructed CT images, each with thickness ~ 50 micron. Thus, slices 200, 500 and 800 in 20 

Figures Figure 3 and Figure 4 represent the upper, middle and bottom parts of the scanned 21 

sections. Slices 350 and 650 are intermediates of the afore-mentioned parts. The matrix size of 22 

each of the gray scale images is 1024 x 1024 pixels, while the resolution in the x-y plane is 24 23 
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micron per pixel. Thus, the anisotropic dimensions of each volumetric pixel (voxel) in the raw 1 

CT data are 24 x 24 x 50 µm. In the slices, with the exception of the lightweight mixture, the 2 

aggregates appear as patches with different gray shades, and much brighter than the dark gray 3 

shades of the surrounding cementitious matrix. The patches of lightweight aggregates are darker 4 

than the surrounding cementitious matrix. Air voids and cracks should appear as black or very 5 

dark in the images.  6 

 7 
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Figure 3. Sample cross-sections of the limestone and sandstone mixtures. 9 

1st and 3rd row: unfrozen samples, 2nd and 4th row: frozen samples. 10 
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Figure 4. Sample cross-sections of the trap rock and lightweight mixtures. 3 

1st and 3rd row: unfrozen samples, 2nd and 4th row: frozen samples. Red oval in slices 650 4 

and 800 of the frozen lightweight mix indicate cracks. 5 

 6 

There are differences between unfrozen and frozen samples, especially with respect to air void 7 

(spherical shapes) porosity. This is because the CT scans employed different replicate samples 8 

for both groups. Generally, the images do not show any clear difference between the 9 

microstructure of the samples before and after cryogenic freezing. However, the following 10 
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observations can be made from the images. There appear to be microcracks in a few limestone 1 

aggregate particles in the unfrozen limestone mixture, which did not necessarily get worse with 2 

cryogenic cooling. The microcracks in the frozen sample were originally in the limestone 3 

aggregate particles and are not due to cooling (Figure 3). The sandstone mixture, whose AE 4 

behavior showed the worst performance, apparently had slight increase in air void content after 5 

freezing (Figure 3). There is no evidence of cracking or increase in air void content in the trap 6 

rock mixture. Compared to the other mixtures, the lightweight mixture apparently manifested 7 

more microcracks and air voids in the frozen sample than the unfrozen sample. Most of the 8 

microcracks appeared across the coarse aggregate (see slices 650 and 800) and very few occurred 9 

along the aggregate/paste interface (Figure 4). This may be due to the inherent porosity of 10 

lightweight aggregates, especially as the images show a number of individual (dark) empty pores 11 

within the lightweight aggregate particle structure.  12 

 13 

It is noteworthy that SEM imaging was carried out on the concrete mixtures but there was no 14 

observable damage due to cryogenic cooling in any of the mixtures. Hence, the SEM images are 15 

not shown here. The lack of observable cracks in majority of the CT images implies that the 16 

damage (microcracks) formed due to cryogenic cooling is very well distributed, with 17 

characteristic crack sizes below the resolution of the CT. In other words, large cracks do not tend 18 

to form in the concrete cores, but rather well-dispersed microcracks. This is important from a 19 

durability perspective since studies have shown that the rate of permeation through a crack is 20 

proportional to the cube of the crack width [35]. Thus, one large crack will be much more 21 

permeable than two cracks of half the width of the larger crack. 22 

 23 
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 1 

Water and chloride permeability 2 

Figure 5a shows the intrinsic permeability of the concrete mixtures determined from water 3 

permeability tests. Figure 5b shows changes in chloride permeability of the mixtures resulting 4 

from cryogenic freezing. The trend of the permeability results is quite similar to the AE results. 5 

The limestone mixture showed reduced intrinsic permeability after freezing of about half an 6 

order of magnitude, as opposed to permeability increases in the other mixtures. The trap rock 7 

mixture showed a slight increase in permeability compared to the lightweight and sandstone 8 

mixes with large (~ one order of magnitude) permeability increases. Previous work has indicated 9 

that microcracking can change the permeability of cement-based materials by about one order of 10 

magnitude [36].  For consistency, the water permeability tests employed the same samples used 11 

for the AE tests for a given mixture. A second replicate was also tested for a given mixture to 12 

estimate the precision of the results. The two replicates tested for the mixtures yielded 13 

permeability values of the same order of magnitude. Further, the replicates also confirmed the 14 

water permeability reduction observed in the limestone mixture after freezing. It seems that there 15 

are two competing mechanisms responsible, for the decrease in permeability of the limestone 16 

mixture, and the increase in permeability in the other mixtures. Formation of ice in concrete 17 

pores reduces permeability as it impedes liquid travel through the pore system [1], while 18 

microcrack formation increases permeability. In the limestone mixture, it appears that the former 19 

mechanism is dominant while in the other mixtures, the latter. 20 

 21 

 22 

 23 
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 4 

(b) 5 

Figure 5. (a) Water permeability and (b) Chloride permeability of the concrete mixtures 6 

before and after cryogenic freezing. 7 
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 1 

There are slight variations in trends between the water permeability and AE results. For instance, 2 

some mixtures show better performance in one test and lag behind in the other test. This may be 3 

due to conducting the AE tests during freezing and the permeability tests during thawing. The 4 

increase in water permeability of the lightweight mixture after freezing in relation to the normal 5 

weight mixtures differs from the findings of Bamforth [9]. In that work, air-entrained lightweight 6 

concrete made from sintered fly ash showed lower permeability values compared to normal 7 

weight concrete after freezing. However, the type of lightweight aggregate used differed from 8 

the one used here. Moreover, air-entrainment helps in preventing freeze-thaw damage. The 9 

behavior of the limestone and trap rock mixtures agree with Hearn [37] on the relationship 10 

between microcracking and water permeability. An abundance of microcracks does not 11 

necessarily increase concrete permeability. Significant change in liquid flow rate through 12 

concrete occurs only when cracks begin to interconnect [37].  13 

 14 

The chloride permeability results also showed a similar trend to the AE and water permeability 15 

results. Although all mixtures showed an increase in chloride permeability, the limestone mixture 16 

had the least (3.8%) increase2, followed by the trap rock mixture (9.4%). The lightweight and 17 

sandstone mixtures had very high chloride permeability increases (Figure 5b). The high increase 18 

in chloride permeability of the lightweight mixture after a single freeze-thaw cycle corroborates 19 

                                                           
2 The increase in chloride permeability and the decrease in measured water permeability for the limestone 

mixture may be explained by the fact that the chloride permeability test was performed on a thawed 

sample (i.e., no ice within the pore network) while the water permeability test was performed (at least a 

portion of the test duration) on frozen samples such that pore blocking by ice crystals would tend to 

reduce the permeability and counteract increases caused by microcracking. 
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the findings of Saito et al [38]; the lightweight aggregate used here is similar to that (fully 1 

saturated expanded shale aggregates) used in their work.  2 

 3 

It is noteworthy that the high increases in water and chloride permeability of the lightweight 4 

mixture in relation to the other mixtures corroborate previous observations on compressive 5 

strength of concrete made with different aggregates at cryogenic temperatures. Concrete made 6 

with expanded shale lightweight aggregate showed a markedly lower compressive strength 7 

increase when cooled to cryogenic temperatures compared to concrete from normal weight 8 

aggregates {limestone, basalt (trap rock), granite, silica and porphyry} [5, 39]. Whereas, there 9 

was no significant difference in compressive strength increase between the normal weight 10 

concretes. It is well known that the compressive strength of concrete increases with cooling and 11 

the increase is directly proportional to the moisture content, and independent of the mixture 12 

proportions, curing method or concrete age [5, 40]. Hence, the comparative compressive 13 

strengths between the different concrete mixtures during cryogenic cooling were not considered 14 

in this work. Similarly, the extent of improvement or variation of most concrete properties during 15 

cryogenic cooling is highly dependent on the moisture content [1, 5]. Thus, this work employed 16 

concrete that was kept continually moist for a reasonable period in line with findings from 17 

previous studies [1].  18 

 19 

Conclusions 20 

Microstructural observations of the concrete mixtures using XRCT showed no visible (micro) 21 

cracking in the limestone, sandstone and traprock mixtures due to one-time cryogenic cooling. 22 

However, the lightweight mixture manifested more microcracks and air voids after cryogenic 23 
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cooling. The microcracks mostly appeared across the coarse aggregate with very few occurring 1 

along the aggregate/paste interface. The absence of observable microcracks due to cryogenic 2 

cooling in majority of the mixtures implies that damage detected via AE and increased 3 

permeability was very well distributed. Such damage consisted of microcracks smaller than the 4 

resolution of the CT, rather than larger macrocrack formation. Thus, damage due to cooling to 5 

cryogenic temperatures does not tend to create macrocracks but rather a distribution of 6 

microcracks. AE proved to be a useful tool for understanding the microcracking in the mixtures, 7 

which manifested in permeability increases in most mixtures. There was very little effect of one-8 

time cryogenic freezing on the limestone and trap rock mixes. Both mixtures showed relatively 9 

lower cumulative energy released in AE tests during cooling from ambient to cryogenic 10 

temperatures. The limestone mixture showed a slight reduction in water permeability (ostensibly 11 

due to ice blocking in the pore network), while the trap rock mixture had a slight permeability 12 

increase after freezing. Both mixtures showed slight increases in chloride permeability.  13 

 14 

On the other hand, the lightweight and sandstone mixtures showed evidence of significant 15 

microcrack formation in AE tests. There was significant increase in the cumulative energy 16 

emitted from both mixtures, especially beyond -90°C. This microcracking was also exhibited in 17 

the form of large increases in water and chloride permeability of both mixtures. Moreover, this 18 

corroborated the observation made in the CT imaging of the lightweight mixture. Putting the 19 

results together, the damage resistance (due to cooling to cryogenic temperatures) of the concrete 20 

comprised of the different aggregates was in the order limestone ≥ trap rock >> lightweight 21 

aggregate ≥ sandstone. Further experiments are in progress considering additional mixture design 22 

options, including air-entrainment. Ultimately, these results will provide an improved 23 
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understanding of the mechanism(s) of concrete damage resistance during cryogenic cooling and 1 

provide guidance for concrete mixture design for direct containment of LNG.  2 
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