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Abstract

The ever-increasing global demand for concrete engenders concerning sustainability issues. In addition to the large CO;
emissions induced by the production of cement, the fabrication of concrete requires important mining and excavation for
the extraction of specific minerals, sand, and aggregates, which can endanger local ecosystems. Seacrete (also known as
“Seament” or “Biorock™) has previously been suggested as a potential alternative to traditional cementitious materials.
Seacrete is artificial electrolytically precipitated calcium carbonate around a steel-frame cathode in which electrical
current flows and that is submerged in seawater. Previous studies showed that it is ideal for the restoration of coral reefs
and marine ecosystems. Furthermore, Seacrete is a very interesting sustainable concrete-like construction material for
buildings and other human infrastructures. Indeed, it can be produced nearby all coastlines without any need for mining,
extraction or transportation of additional material. In addition, the fabrication of Seacrete can easily be powered by low-
intensity or local intermittent renewable energy sources. Previous publications pointed out that the mechanical properties
and strength of Seacrete are similar to that of concrete, but no investigation has been conducted on other properties. For
the first time, the current experimental study assesses the thermal and moisture properties of Seacrete. This article reports
the density, compression strength, puncture resistance, specific heat capacity, thermal diffusivity, thermal conductivity,
and water vapour sorption isotherms of two types of Seacrete, namely low-voltage and high-voltage Seacrete. Finally,
this study emphasizes that all the aforementioned material properties of Seacrete are similar to that of concrete, confirming
that the former can be considered for the construction of certain building elements and infrastructures.

Keywords: Seacrete, Seament, Biorock, sustainable building material, material characterization, thermal properties,
moisture properties, mechanical properties, hygroscopic properties, electrodeposition.

Nomenclature

Latin symbols

Ay relative humidity in the VSA %
chamber

C adsorption constants in the GAB -
model

(0N Specific heat capacity JkgK

K adsorption constants in the GAB -
model

m moisture content of the material at % by
a dry state mass

R? Coecfficient of determination -

Wi monolayer capacity of the % by
material mass

Greek symbols
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o Thermal diffusivity m?/s
0 Temperature °C
A Thermal conductivity W/m.K
P Density kg/m3
Acronyms
DSC Differential Scanning Calorimetry
GAB Guggenheim-Anderson-deBoer
moisture transport model
HV High-Voltage
LFA Laser Flash Analysis
LV Low-Voltage
RH Relative Humidity %
SEM Scanning Electron Microscope
SQX Semi-Quantitative Analysis
VSA Vapour Sorption Analyzer
XRD X-Ray Diffraction
XRF X-Ray Fluorescence

1. Introduction

Buildings account for nearly one-third of the worldwide final energy use and they are responsible for 39% of the global
CO; emissions. Therefore, the building sector clearly appears as a key target to achieve the environmental and energy
challenges of the 21% century, and mitigate the effects of global warming and climate change. A large part of the
environmental footprint of the building sector actually lies in the energy, resources and CO, emissions embodied in the
construction materials themselves. This is especially the case for buildings with a structure made of concrete [1]. This
widely-used construction material presents very appreciable mechanical and thermal properties. However, its production
has a large environmental impact. In order to supply the tremendous amount of concrete that is used by the construction
sector, 830 000 000 tons of cement are produced each year [2], accounting for 5% - 8% of the global anthropogenic CO;
emissions [3][4]. Moreover, the fabrication of concrete blocks requires important mining and excavation for the extraction
of specific minerals, sand, and aggregates that are part of the composition of the former. Finally, a significant amount of
freshwater is needed to prepare a concrete mix. As a consequence of the ever-increasing global demand for concrete [2],
those natural resources are more and more scarce, which is at the root of certain emerging socio-political and economic
tensions, and environmental problems. Sand and gravel are the most extracted materials in the world. The extensive
extraction of the latter from rivers, beaches, and seafloors threatens the integrity of the local ecosystems but also
undermines water and food security [5].

Among the potential alternatives to traditional cementitious materials, Seacrete has attracted some attention over the
last years. Seacrete is artificial electrolytically precipitated calcium carbonate around a steel-frame cathode in which
electrical current flows and that is submerged in seawater. The process of electro-accumulation of minerals dissolved in
seawater to slowly grow rock-solid layers of limestone coatings around a steel-frame cathode was developed and patented
by Wolf Hartmut Hilbertz in 1979 [6]. The naming “Seacrete” (also sometimes referred to as “Seament”) emphasizes the
marine origin and the high mechanical resistance of this material (similar to concrete or cement). Indeed, previous studies
have indicated that Seacrete material can present mechanical properties and strength that are similar to that of concrete
[8]. Researchers indicated that the structural properties of Seacrete make it ideal for the restoration of coral reefs and
marine ecosystems [8][9][10]. In the context of coral reefs restoration, the Seacrete material is commonly denominated
as “Biorock” to emphasize its similarities with the organic coral skeleton. Seacrete is also a very interesting technology
for on-site production of sustainable concrete-like construction material for buildings and other human infrastructures [9].
The four main advantages of Seacrete are as follows:

e [t is literally produced out of the sea, in any desired shape or size, with no need of any excavation, mineral
mining or transportation of additional materials (apart from the steel-frame cathode), which makes it a
“fully-renewable” construction material (considering the vast reserves of calcium carbonate minerals
dissolved in the oceans).

e It can be produced locally nearby all coastlines where 46% of the urban population and 39% of the entire
world population lives [11].



e The production of Seacrete can easily be supplied by local low-intensity power sources (low voltage and low
current) or intermittent renewable energy sources such as wind turbines, solar plants or wave energy
converters.

e The production of Seacrete can be considered as a fully flexible electrical load for the electrical grid. The
electrical demand (and associated yield) of the Seacrete production can be modulated to its full extent. This
can be very beneficial for helping to balance electric grids with a high share of intermittent reviewable energy
sources.

However, it should be noted that the current technology for Seacrete production has some limitations. The first
estimates indicate that the energy needed for its fabrication is similar to that of cement: around 1000 kWh/kg [2][9].
However, it should be noted that there is a large variability in the mineral accretion rates for the electrodeposition
technology, depending on many parameters of the marine environment such as temperature, salinity, pH, type of
suspended particles, etc. [12]. In addition, contrary to what one could think and what some might claim, the formation of
Seacrete by electrodeposition is not CO; neutral nor negative (it is not a carbon sink). Finally, the growth rate of the
Seacrete layer around the cathode is restricted to only a few centimetres per year (depending on the applied voltage). This
is an obvious limitation that does not allow the fast production of construction elements with Seacrete.

Previous publications about Seacrete only presented the mechanical characteristics of this material, but no investigation
into its thermal and moisture properties has been carried out until now. The aim of this article is thus to provide, for the
first time, the results and analysis of the thermal and moisture characterization tests performed on two different types of
Seacrete: low-voltage (LV) and high-voltage (HV). In addition, three mechanical resistance tests have also been
conducted. The different Seacrete characteristics are all compared to that of concrete (or cementitious mortar).

After the description of the Seacrete materials, their composition and production conditions, the different measurement
methodologies for the determination of the mechanical, thermal and moisture properties are presented. The results of
these experimental tests are then analysed to obtain the (dry bulk) density, compression strength, puncture resistance,
specific heat capacity, thermal diffusivity, thermal conductivity, and water vapour sorption isotherms of the two types of
Seacrete. The article closes with a summary of all the main results of this experimental study, followed by conclusions
and suggestions for future work on this topic.

2. Materials

This experimental study analyzes two different types of Seacrete material: an LV Seacrete, and an HV Seacrete. As
indicated by their names, they were produced at different growth-rates by electro-accumulation around a cathode
subjected to different voltages (potential differences), and in which electrical current flows at different intensities. For
comparison, the same experimental analyses for mechanical and hygric properties are also conducted on a sample of
cementitious mortar. For the sake of simplicity, this cementitious mortar is referred to as “concrete” in the rest of the
article, even though it is not a concrete sensu stricto. Regarding the comparison of thermal properties, values found in
scientific literature and international standards for calcium carbonate minerals, Brucite minerals and concrete are used.
The description, composition, and production method of the tested materials are detailed hereafter.

2.1. Material production

Induced mineral deposition in seawater is achieved through electrolysis. This process only requires a simple system of
two electrodes: an anode and a cathode. When an electrical potential difference is applied, the anode becomes positively
charged and the cathode becomes negatively charged. This induces the precipitation of some of the elements dissolved in
seawater (i.e. Mg?*, Ca®") on the cathode. The deposition of calcium carbonate (CaCQO3) is common in the field of cathodic
protection of steel and reinforced concrete elements and has therefore been widely investigated [13].

The low-voltage Seacrete material of this study originates from a Seacrete production installation located in Thailand,
in which a very low voltage of 2.5 V is applied [14]. The high-voltage Seacrete material has been formed around the Italy-
Greece submarine power cable by parasitic currents appearing on the latter after its protection sheath had disappeared.
The maximum tension in this power cable is estimated to be around 400 000 V. These conditions enhanced the
precipitation of Mg?', which resulted in the formation of an HV Seacrete that is softer and presents a higher porosity than
the LV Seacrete [7].

Table 1: Origin and production conditions of the low-voltage [14] and high-voltage Seacrete materials [7].



Material Low-voltage Seacrete High-voltage Seacrete

Origin Ko Tao Island - Thailand Otranto — Italy
Water temperature 25°C-31°C 3°C-24°C
Water depth 12m 35m

Voltage ~25V 400 000 V
Estimated time of formation 3 months 12 months
Growth rate (around cathode) 0.8 cm / year 5.5 cm/ year

The difference in the formation of LV and HV Seacrete lies in the variation of pH nearby the cathode. The reduction
of seawater in the proximity to the cathode generates a local increase of the pH close to it. This higher pH thus results in
CaCO:s precipitating at the surface of the electrode. Under standard seawater conditions, calcium carbonate can form two
different crystal forms: Aragonite and Calcite. Previous experiments have shown that increasing the current in the
electrodes above a certain level results in the electrodeposition of magnesium hydroxide (Mg(OH),, Brucite) rather than
CaCO:s. Brucite is a softer (lower mechanical resistance) mineral than Aragonite and Calcite [9]. The precipitation of
Brucite occurs when the pH at the surface of the electrode reaches 9.2 [15].

Regarding the CO, budget of the calcium carbonate precipitation, one could intuitively think that since limestone
deposition is removing dissolved inorganic carbon from the ocean, this should be compensated by absorption of
atmospheric CO; into the ocean. However, the opposite phenomenon occurs. This can be explained by the fact that there
is actually much more dissolved inorganic carbon in the ocean (in the form of bicarbonate ion HCO3") than there is CO»
in the atmosphere. Consequently, the predominant reaction for the precipitation o calcium carbonate is as follows:

Ca" +2HCO35 = CaCO; + H,O + CO,

Therefore, for every two molecules of bicarbonate precipitated as limestone in the ocean, one molecule of CO; is
released into the atmosphere. On the geological time scale, this is the major source of atmospheric CO, along with
volcanic activity [9]. More information about Seacrete and materials formed by electrodeposition of minerals in seawater
can be found in the publications of Goreau [9][10].

The concrete sample used for the comparison tests is a standard normal-weight 25 MPa (compression strength
class C20/25 [16]) cementitious mortar composed of white Portland cement (Aalborg White® type CEM I 52.5 R [17])
and sand 0-4. It was produced with a water-cement mass ratio of 0.7 and a sand-cement mass ratio of 4. The mechanical
resistance of this cementitious mortar is not very high, but it is suitable for low-rise indoor constructions.

2.2. Material description and composition

One can see in Figure I the images and the scanning electron microscope (SEM) images of the tested LV Seacrete,
HV Seacrete and cementitious mortar/concrete.
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Figure 1: Pictures of the tested materials: low-voltage Seacrete, high-voltage Seacrete, cementitious mortar/concrete
(top), scanning electron microscope images of the surface of the tested materials (centre end bottom) [7].

One can see in Table 2 that the LV Seacrete is composed of 80.8% Aragonite, 18.9% Brucite, and 0.3% Calcite. The
HV Seacrete is composed of 46.6% Aragonite, 52.3% Brucite, and 1.1% Calcite. As previously mentioned, Aragonite
and Calcite are some of the mineral forms of calcium carbonate CaCOs. Brucite is the mineral form of magnesium
hydroxide Mg(OH),. The details of the chemical composition of the Seacrete test samples can be found in Table 3.

Table 2: Quantitative composition analysis on X-ray Diffraction (XRD) tests for the low-voltage and high-voltage

Seacrete materials [7].

Mineral

Low-voltage Seacrete
mass content [mass%o|

High-voltage Seacrete
mass content [mass %]

Aragonite
Brucite
Calcite

80.8
18.9
0.3

46.6
523
1.1

Table 3: Semi-Quantitative Analysis (SOX) on X-ray Fluorescence (XRF) tests for the low-voltage and high-voltage

Seacrete materials [7].

Low-voltage Seacrete

High-voltage Seacrete

No. Element mass content [mass%] mass content [mass %]
1 Mg 26.8 49.2

2 Al 0.385 0.754

3 Si 2.15 2.68

4 P 0.155 0

5 S 0.528 0.292

6 Cl 1.01 0.273

7 K 0.263 0.269

8 Ca 66.2 45

9 Fe 0.952 0.378



10 Ge 0.114 0
11 As 0.125 0.11
12 Sr 1.34 1.02

3. Measurement methods

This section describes the different experimental methods used to determine the density, compression strength,
puncture resistance, specific heat capacity, thermal diffusivity, thermal conductivity, and water vapour sorption isotherms
of the test samples. Information about the preliminary conditioning of the tested samples is also provided. Apart from the
penetration test used to determine the puncture resistance, all other material properties have been assessed with standard
characterization methodologies on state-of-the-art measurement equipment.

3.1. Measurement of the density

The density (dry bulk density of the material including voids) of the tested sample is measured with the well-known
and commonly used Archimedes’ principle of buoyancy [18] on a precision scale. The immersion fluid used for the
density measurement is ethanol. Both the ethanol and the test sample are stabilised at room temperature of 20 °C before
and during the measurement. Ten consecutive mass measurements are performed to calculate the mean average density
of the tested sample. The measurement uncertainty is assessed with the standard deviation (1o for a confidence region of
68.3%) of these consecutive measurements.

3.2. Measurement of the mechanical resistance

Due to of the limited amount of Seacrete material available for this study, it was not possible to prepare 4 x 4 x 4 cm
cubical samples for standard compression strength tests according to the standard BS EN 196-1:2016 [19]. The largest
available cubical samples of HV Seacrete are 1 x 1 x 1 cm in dimensions. The largest available samples of LV Seacrete
are ~1 x 1 x 0.4 cm in dimensions (non-uniform shape).

A scaled-down version of the compression strength test for 4 x 4 x 4 cm cubical sample is thus conducted on
1 x 1x 1 cmHYV Seacrete samples. For the LV Seacrete, a non-standard penetration test is performed to measure puncture
resistance. The non-standard penetration test is also carried out on the HV Seacrete samples. To verify that the results of
the scaled-down compression and the penetration tests are comparable to a standard compression test on a 4 x 4 x 4 cm
cubical sample, the cementitious mortar/concrete material is also tested with all three aforementioned tests.

3.2.1. Measurement of the compression strength

Compression testing is performed using a state-of-the-art automated material testing system MTS 810 from
MTS Systems Corporation [20]. The experimental protocol follows the method described in the standard BS EN 196-
1:2016 [19], except for the sample dimensions. Compression strength was determined for three samples of dimensions
1 x1x1cm for both HV Seacrete and concrete. The compressive strength is determined using standard stress/strain
relation.

3.2.2. Measurement of the puncture resistance

The experimental setup for determining the puncture resistance is shown in Figure 2. It consists of a cylindrical
puncture tip mounted on a controlled hydraulic piston applying force at a constant rate onto the test sample. The apparatus
records the applied force as a function of displacement. The tested samples are embedded in high strength concrete matrix
to ensure proper support and prevent any movement of the samples during the experiment. The composition and strength
of this concrete matrix are the same for all tested samples. The size and shape of the LV Seacrete sample were adequate
for only one penetration test. Concerning the HV Seacrete and concrete materials, two samples with dimensions 1 x 1 x
1 cm were tested using the same setup. The mechanical puncture resistance is assessed as the maximum applied force
before rupture of the sample’s surface. It should be noted that this puncture resistance test is non-standard but similar to
the standard micro- or nano-indentation tests that are commonly conducted to assess the hardness of such materials.
However, for this non-standard puncture resistance test, the displacement of the puncture tip is significantly larger than
that of a micro-indentation test. In that situation, the properties of the concrete support matrix can influence the test results.
Therefore, the latter should only be considered as a relative comparison between the tested samples.



Figure 2: View of the penetration test performed on the low-voltage Seacrete, the high-voltage Seacrete and the
concrete samples to measure their puncture resistance.

3.3. Measurement of the thermal properties

In this section, the methodology used to assess the thermal properties of the Seacrete samples is presented. The specific
heat capacity and the thermal diffusivity of the material are directly measured with state-of-the-art experimental
methodologies and laboratory equipment. Once known, the latter can be used together with the density measurement
results to calculate the thermal conductivity of the material. The measurement uncertainty of the specific heat capacity
and the thermal diffusivity is assessed with the standard deviation (1o for a confidence region of 68.3%) of these
respective measurements at a given temperature. The uncertainty of the calculated thermal conductivity is obtained with
a simplified error propagation assuming independent variables and no covariance terms [21].

3.3.1. Measurement of the specific heat capacity

The specific heat capacity of the Seacrete samples is measured with the Differential Scanning Calorimetry (DSC)
method [22]. It consists of the precise measurement of heat required to increase the temperature of the test sample as a
function of the temperature of the latter. In the current investigation, the specific heat capacity measurements are
performed at temperatures ranging from -60°C to 90°C with a DSC Q2000 apparatus from TA Instruments, Inc. [23]. The
tested samples placed in the DSC apparatus are smaller fragments cut from the original Seacrete samples. These fragments
have been polished to produce a flat and even surface to ensure good thermal contact between the sample and the DSC
crucible, in order to avoid thermal gradient inside the sample and thus obtain reliable results.



3.3.2. Measurement of the thermal diffusivity

The thermal diffusivity of the Seacrete samples is measured with the Laser Flash Analysis (LFA) method [24]. It
consists in illuminating one side of the test sample with a high-intensity and short-duration laser flash pulse, and measure
the change of temperature over time on the other side with an infrared detector. The transient temperature response of the
Laser Flash experiment can then be fitted by a mathematical model. The latter outputs the thermal diffusivity of the tested
sample. In the current investigation, the thermal diffusivity measurements are performed at temperatures ranging from
10°C to 60°C with an LFA 447 apparatus from Netzsch Gerdtebau GmbH [25]. The tested samples placed in the LFA
apparatus are smaller fragments cut from the original Seacrete samples. This fragment has been polished in order to get
disk-shaped samples with a diameter of 9.82 mm and 23.54 mm for the LV and the HV Seacrete samples, respectively. It
should be noted that the size of the LV Seacrete sample is smaller than that of the HV Seacrete because of the limited size
of the original LV Seacrete sample. The test samples have regular and even flat surfaces, with a thickness of 2.774 mm
and 3.376 mm, and a mass of 0.4033 g and 2.6021 g for the LV and HV Seacrete samples, respectively. In addition, the
Seacrete samples are coated with high absorption graphite spray in order to ensure a good and homogenous laser
absorption on the illuminated face of the samples, and a good temperature measurement on the other face by the infrared
detector. During the data analysis, the model used to fit the Laser Flash experiment and extract the material thermal
diffusivity is the “radiation + pulse correction” model. The latter is the most appropriate for this type of material.

3.3.3. Calculation of the thermal conductivity

Based on the density measurements at ambient temperature (20°C), the thermal diffusivity measurements, and the
specific heat capacity measurements of the Seacrete samples, the thermal conductivity of the latter within the temperature
range 10 — 60°C is calculated with the following equation:

A(8) = p(20°C) x a(8) x C,(0) (1)

Where 1, p, a, C,, and 0 are the thermal conductivity [W/m.K], density [kg/m’] (here measured at a constant temperature

of 20 °C), thermal diffusivity [m?/s], specific heat capacity [J/kg.K], and temperature [°C], respectively.

3.4. Moisture sorption-desorption capacity

In this study, the moisture properties of the tested materials are characterized by the measured sorption-desorption
isotherms, hysteresis and the surface area of the material. A water vapour sorption isotherm is the curve describing the
relationship between the water content in a material and the relative humidity of its surrounding environment at a given
constant temperature. The difference between the adsorption curve (when the relative humidity is increasing) and the
desorption curve (when the relative humidity is decreasing) at a given relative humidity is designated as hysteresis.

Water vapour sorption isotherms are determined for all three materials, using the commercially available Vapour
Sorption Analyzer (VSA) from Aqualab [26]. This instrument can measure the sorption and desorption isotherms
automatically using one of the two available state-of-the-art methods. The experimental method applied for this study is
the “Dynamic Dew-point Isotherm”. In the latter, a small sample placed in the VSA chamber is automatically wetted and
dried using the chilled mirror dew-point technique. A high-precision mass scale continuously monitors the mass of the
sample. The measurement is conducted for a relative humidity ranging from 3% to 93% with a step increment of
approximately 4%, at a constant temperature of 23 °C. With the VSA apparatus, an isotherm is determined in
approximately 24 hours. This is a much faster testing time than standard methods for determination of isotherms (defined
in EN 12571:2013 [27]). It is thus possible to run several consecutive tests on the same sample, which has be shown to
be very useful for obtaining time-dependent moisture behaviour of material throughout sorption-desorption cycles [28].
To investigate the repeatability moisture dynamics from one cycle to the next, each material sample is consecutively
tested twice with identical boundary conditions, without removing the sample from the VSA chamber.

The measured sorption-desorption isotherm data is then used to calculate the coefficients of the well-known moisture
transport model Guggenheim-Anderson-deBoer (GAB). The GAB model is described by the following equation:

WmKCay, ( )

m=
(1-Kay)(1-Kay+KCay)



Where m is the moisture content of the material [kg water/kg dry mass or % by mass], a,, is the water activity or relative
humidity [%] in the surrounding environment, W, is a parameter representing the monolayer capacity of the material
[kg water/kg dry mass or % by mass], Cis a dimensionless adsorption constant representing the difference in free enthalpy
in the pure liquid state and the monolayer, and K is a dimensionless adsorption constant representing the difference in
free enthalpy of water molecules in pure liquid state and in the layers above the monolayer [29][30]. The amplitude of
the sorption-desorption hysteresis is calculated as the difference of moisture content between the adsorption and the
desorption curves at 25% RH, 50% RH and 75% RH. From the isotherm measurements, the surface area of the material
[m?/gr] can be approximated by a method that is commonly used for soil characterization [31]. Assuming that a monolayer
of water molecules (a layer with thickness of one single molecule) is present at 21% RH, the material water active surface
area can be estimated with the following equation:

water content

% (10.8 * 10720 * 6.022045 * 1023) (3)
18.0152

surface area =

4. Results and discussion
4.1. Density measurements

The measured density of the LV Seacrete sample is 2499.2 kg/m? (with a 1o standard deviation of 9.1 kg/m?). This
density is comparable to that of the three common forms of calcium carbonate: Aragonite with a density of 2950 kg/m?
[32][33], Vaterite with a density of 2540 kg/m® [32][34], and Calcite with a density of 2710 kg/m?® [32][35]. This result
is logical since the LV Seacrete material is mostly composed of Aragonite mineral. The second main mineral composing
the LV Seacrete is Brucite (Mg(OH).), which has a density of 2390 kg/m? [36]. The measured density of the HV Seacrete
sample is 1771.1 kg/m? (with a 1o standard deviation of 17.4 kg/m?). This density is significantly lower than that of the
LV Seacrete, the three common forms of calcium carbonate, and Brucite (the main component of the HV Seacrete). This
result can be explained by the higher porosity of the HV Seacrete compared to the LV Seacrete. Nonetheless, a previous
study showed that the solid density (density of the pure solid phases excluding voids) of the HV Seacrete is close (although
slightly smaller) to the one of the LV Seacrete: 2240 — 2540 kg/m? and 2700 kg/m?, respectively [7]. Finally, the concrete
sample used for comparison tests has a density of 2122.4 kg/m?, which is considered normal-weight class concrete [16].

One can see in Figure 3 the comparison between the density of the Seacrete samples and other common building and
construction materials. It is noticeable that the LV Seacrete, like the other forms of calcium carbonate, has a similar
density to normal-weight and heavy-weight concretes or dense natural stones that are commonly used as construction
material for structural elements in buildings. Regarding the HV Seacrete, its density is comparable to that of the high
range of the light-weight concretes or medium-density natural stones [16][37].



v O Metalsandalloys

1800 Ceramics
2000 Glasses
1100 [ EGTousceramics I 3300
400 Stones and concretes 3000
o0 NS 2000
600 Plasters 1600 2499.2 [l Low-voltage Seacrete

100 [AEEEEE 1000 1771.1 [l High-voltage Seacrete

100 Textiles 400 2122.4 [l Concrete (comparison tests)

70 [CEIUERGESS] 500 2390 [l Brucite

2710 Calcite
20 | Polymer foams | 700
2540 [l Vaterite

10 | Insulation = 500 2050 [l Aragonate

0 200 1000 1500 2000 2500 3000 3500 4000 4500 5000
Density [kg/m?]

Figure 3: Density comparison of the low-voltage Seacrete and the high-voltage Seacrete with other common building
and construction materials [37].

4.2. Mechanical resistance measurements

The results of the different mechanical resistance tests are summarized in Table 4. The compression strength for
concrete and HV Seacrete are obtained using the standard stress-strain relation (average of three tests). The compression
strength of the concrete sample is 25.1 MPa for the standard test on a 4 x 4 x 4 cm cubical sample, corresponding to a
compressive strength class C20/25 [16], which is common for low-rise indoor constructions. One can observe that the
results for I x 1 x 1 cm and 4 x 4 x 4 cm cubical concrete samples are very similar. It can thus be concluded that results
from the scaled down compression tests are comparable to the standardized compression test on a 4 x 4 x 4 cm cubical
sample. The compression resistance of the HV Seacrete is significantly lower than that of the concrete. This can be
explained by the fact that HV Seacrete is mostly composed of Brucite, a mineral that is softer than Aragonite and Calcite
which compose most of the LV Seacrete. In addition, HV Seacrete presents a higher porosity with more open pores, and
therefore a weaker resistance in its mineral matrix. Nevertheless, it is within the range of compression strength class
C12/15, which is the minimum compression strength for applications if there is no risk of corrosion or attack [16].

Table 4: Mechanical resistance measurements for the low-voltage Seacrete, the high-voltage Seacrete and the concrete.

Mechanical test Mechanical Low-voltage High-voltage Concrete
property Seacrete Seacrete
Compression test on 4 x 4 x 4 cm Compression
cubical sample (standard) strength Not measured Not measured 25.1 MPa
Compressmn teston 1 x 1 x1cm Compression Not measured 16.8 249 MPa
cubical sample (down scaled) strength

Penetrationteston 1 x 1 x 0.4 cm Puncture resistance
or 1 x 1 x 1 cm cubical sample 3.9kN 1.4 kN 34 kN
(non-standard)




Figure 4 shows the results of the penetration test illustrated in Figure 2. These results are presented in the form of
displacement as a function of applied force. The puncture resistance is thus determined as the maximum applied force
onto the sample before the first break (rupture of the sample’s surface). One can observe in Figure 4 successive drops in
the applied force. This is due to the successive ruptures of the different material layers in the sample.

From Table 4 and Figure 4, it may be observed that the LV Seacrete presents a puncture resistance that is very close
to that of the tested concrete. This can be explained by the relatively low porosity of the L'V Seacrete and the fact that the
Calcite and Aragonite composing the former are relatively hard minerals. Therefore, one could reasonably extrapolate
that the LV Seacrete has a similar compression strength as the tested concrete, and thus has a compressive strength of
class C20/25. Similarly to the compression resistance test, the HV Seacrete has a significantly lower puncture resistance
when compared to LV Seacrete and concrete. As mentioned above, this is due to its higher porosity and the relative
softness of the Brucite mineral.
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Figure 4: Measurement data from the penetration test on the low-voltage Seacrete, the high-voltage Seacrete and the
concrete samples (1 x 1 x 0.4 cm or 1 x 1 x 1 cm cubical sample embedded in concrete matrix).

4.3. Thermal properties measurements
4.3.1. Specific heat capacity measurements

One can see in Figure 5 and in Table 5 the specific heat capacity measurements of the Seacrete samples within the
temperature range -60 °C to 90 °C. It can be noted that the measured specific heat capacities of the LV Seacrete and the

HV Seacrete are very close to each other. One can also observe that, within that temperature range, the specific heat
capacity of Seacrete tends to increase linearly with the increasing temperature.
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Figure 5: Measurements of the specific heat capacity of the low-voltage Seacrete and the high-voltage Seacrete as a
function of temperature with linear fitting functions.

Table 5: Specific heat capacity measurements as a function of temperature for the low-voltage Seacrete and the high-
voltage Seacrete. The 1o standard deviations are indicated in between brackets.

Temperature [°C] 1ows-lv)<e>1ctifgcehse:;ccr?t): fiﬁf) (ﬁ/tll(lge.K] higl?—lz:)cliti;l;eh;:;cc?eliic(ig)olth/lll(eg.K]
.60 690.6 (53.8) :
55 727.3 (49.0) :
50 736.4 (50.4) ;
45 737.5 (46.2) -
40 748.8 (46.2) -
35 759.0 (46.2) ;
30 769.9 (45.8) ;
25 780.2 (46.0) ;
20 789.0 (46.7) ;
15 797.3 (46.9) ;
110 806.5 (47.4) i
5 816.9 (47.5) i

0 823.7 (47.5) i
5 823.6 (47.8) :

10 817.2 (48.3) 891.6 (39.9)



15 810.9 (48.5) 920.6 (46.9)
20 811.0 (48.5) 908.2 (27.3)
25 821.4 (48.4) 904.4 (41.2)
30 837.8 (48.5) 910.5 (33.8)
35 854.1 (49.2) 912.5 (33.7)
40 861.8 (52.3) 914.6 (39.9)
45 867.4 (57.5) 930.9 (31.9)
50 891.7 (58.8) 976.6 (33.0)
55 918.6 (59.8) 982.6 (43.6)
60 940.3 (59.7) 988.6 (22.6)
65 955.3 (59.0) 953.7 (26.3)
70 967.0 (58.2) 957.6 (27.0)
75 975.2 (58.2) 967.5 (31.0)
80 980.1 (58.1) 980.7 (17.7)
85 981.7 (58.3) 1004.9 (23.5)
90 980.9 (58.7) 1019.9 (17.8)

One can see in Figure 6 that the Seacrete samples have a specific heat capacity that is very close to the calcium
carbonate minerals Aragonite and Calcite [38][39]. The L'V Seacrete has thus a specific heat capacity that is very close to
that of its main mineral constituents. In the case of the HV Seacrete, although it is composed of half Brucite and half
Aragonite, its specific heat capacity is also very close to that of the calcium carbonate minerals, and significantly lower
than that of Brucite [40]. One can also notice that the Seacrete materials have a specific heat capacity at room temperature
that is within the low range of typical concrete and natural stone materials of similar density. The latter is used for building
construction and have a specific heat capacity commonly ranging from 800 to 1200 J/kg K [37]. Consequently, the
Seacrete materials have a volumetric heat capacity that is very similar to concrete, natural stone and ceramic materials of
equivalent density. In addition, the specific heat capacity of the Seacrete samples is very close to the standard value for
concrete material (Eurocode 2 - EN 1992-1-2:2004 (E) [41]).
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Figure 6: Specific heat capacity comparison of the low-voltage Seacrete and the high-voltage Seacrete with different
calcium carbonate minerals and Brucite mineral together with concrete and natural stone at room temperature

[37][38][39][40][41].
4.3.2. Thermal diffusivity measurements

One can see in Figure 7 and in Table 6 the thermal diffusivity measurements of the Seacrete samples within the
temperature range 10°C to 60°C. It can be observed that, in that temperature range, the thermal diffusivity tends to
decrease linearly with the increasing temperature. One can also notice that the thermal diffusivity of the HV Seacrete is
significantly lower than that of the LV Seacrete. Because the HV Seacrete has a specific heat capacity that is similar to
that of the LV Seacrete, and because the HV Seacrete has a bulk density that is only 29% lower than that of the LV
Seacrete, it may be presumed that the lower thermal diffusivity of the HV Seacrete is linked to a lower thermal
conductivity induced by its higher porosity compared to the LV Seacrete.
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Figure 7: Measurements of the thermal diffusivity of the low-voltage Seacrete and the high-voltage Seacrete as a
function of temperature with linear fitting functions.

Table 6: Thermal diffusivity measurements as a function of temperature for the low-voltage Seacrete and high-voltage
Seacrete. The 1o standard deviations are indicated in between brackets.

Thermal diffusivity of the Thermal diffusivity of the

[}
Temperature [°C] low-voltage Seacrete (16) [mm?/s] high-voltage Seacrete (16) [mm?/s]

10 0.6994 (0.0077) 0.4176 (0.0033)
15 0.6976 (0.0105) 0.4121 (0.0059)
20 0.6897 (0.0102) 0.4066 (0.0061)
25 0.6816 (0.0093) 0.4021 (0.0087)
30 0.6771 (0.0104) 0.3990 (0.0060)
35 0.6698 (0.0103) 0.3956 (0.0070)
40 0.6672 (0.0111) 0.3905 (0.0055)
45 0.6616 (0.0094) 0.3862 (0.0064)
50 0.6556 (0.0106) 0.3853 (0.0082)
55 0.6507 (0.0114) 0.3801 (0.0059)
60 0.6395 (0.0072) 0.3766 (0.0057)

One can see in Figure 8 that the LV Seacrete has a thermal diffusivity that is very close to Aragonite [42]. It should
be noted that the thermal diffusivity of the Aragonite has been derived from the thermal conductivity data of Aragonite
in the nacre of shells since no other appropriate data has been found. One can also notice that the LV Seacrete has a



thermal diffusivity at room temperature that is within the low range of that of a typical concrete (Eurocode 2 - EN 1992-
1-2:2004 (E) [41]). In addition, the LV Seacrete has a thermal diffusivity within the range of typical natural stone and
concrete materials of similar density that are used for building construction and have a thermal diffusivity commonly
ranging from 0.3 to 1.6 mm?/s [37].

In the case of HV Seacrete, one can see that its thermal diffusivity is significantly lower than that of the LV Seacrete,
the calcium carbonates, and the standard concrete. However, it lies within the low range of thermal diffusivity for typical
natural stone and concrete materials of similar density.
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Figure 8: Thermal diffusivity comparison of the low-voltage Seacrete and the high-voltage Seacrete with different
calcium carbonate minerals together with concrete and natural stone at room temperature [37][41][42][43][44].

4.3.3. Calculated thermal conductivity

From the measurement results of density, specific heat capacity and thermal diffusivity presented previously, the
thermal conductivity of the Seacrete material is calculated. It should be noted that the density of the material is assumed
to be independent of the temperature and equal to the measurement conducted at 20°C. One can see in Figure 9 and in
Table 7 the calculated thermal conductivity of the Seacrete for temperatures ranging from 10°C to 60°C. One can observe
that the thermal conductivity of the HV Seacrete is significantly lower than that of the LV Seacrete. As previously
mentioned for the thermal diffusivity, the difference in thermal conductivity between the two Seacrete materials can be
explained by the difference in porosity. The HV Seacrete has a higher porosity and thus more air-filled pores with low
thermal conductivity, which results in an overall lower global thermal conductivity compared to the LV Seacrete.
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Figure 9: Calculated thermal conductivity of the low-voltage Seacrete and the high-voltage Seacrete as a function of
temperature with polynomial fitting functions.

Table 7: Calculated thermal conductivity as a function of temperature for the low-voltage Seacrete and high-voltage
Seacrete. The 1o standard deviations are indicated in between brackets.

Thermal conductivity of the Thermal conductivity of the

(o]
Temperature [°C] low-voltage Seacrete (16) [W/m K] high-voltage Seacrete (16) [W/m K]

10 1.428 (0.086) 0.659 (0.031)
15 1.414 (0.087) 0.672 (0.036)
20 1.398 (0.086) 0.654 (0.023)
25 1.399 (0.085) 0.644 (0.033)
30 1.418 (0.085) 0.643 (0.027)
35 1.430 (0.085) 0.639 (0.027)
40 1.437 (0.091) 0.633 (0.030)
45 1.434 (0.097) 0.637 (0.025)
50 1.461 (0.099) 0.666 (0.027)
55 1.494 (0.101) 0.661 (0.032)
60 1.503 (0.097) 0.659 (0.019)

Similarly to the thermal diffusivity results, one can see in Figure 10 that the LV Seacrete has a thermal conductivity
that is very close to Aragonite [42]. One can also notice that the LV Seacrete has a thermal conductivity at room
temperature that is within the low range of the thermal conductivity for a standard concrete (Eurocode 2 - EN 1992-1-
2:2004 (E) [41]). In addition, the Seacrete material has a thermal conductivity within the range of typical natural stone



and concrete materials of similar density that are used for building construction and have a thermal conductivity
commonly ranging from 0.5 to 3.5 W/m K [37].

In the case of HV Seacrete, one can see that its thermal conductivity is significantly lower than that of the LV Seacrete,
the calcium carbonates, and the standard concrete. However, it lies within the low range of thermal conductivity for
typical natural stone and concrete materials of similar density.

4.0
T 30 T |
I
E : ,
2 30 i :
I
= [ Concrete and !
2 25 : natural stone at 1
Z : room temperature ]
S I |
T 20 s 1
-3 P — TR ==k -=T e = T —rar—
Q 1 1
E 1.5 ‘ ! ':' i ; jl
g . F E - - - —
]
et

05 - e —————— 1
10 15 20 25 30 35 40 45 50 55 60
Temperature: 6 [°C]
—o—Low-voltage Seacrete (with 3o error bars) Calcite [Momenzadeh et al., 2018]
—8—High-voltage Seacrete (with 3o error bars) Calcite [Merriman et al., 2018]
—Standard Concrete Eurocode 2-EN 1992-1-2:2004 = - Aragonite [Tremblay et al_, 2011]

Figure 10: Thermal conductivity comparison of the low-voltage Seacrete and the high-voltage Seacrete with different
calcium carbonate minerals together with concrete and natural stone at room temperature [37][41][42][43][44].

4.4. Moisture sorption-desorption capacity measurements

Figure 11 shows the isotherms of the three investigated materials and their respective GAB fitting models (described
by equation (2) with the GAB model parameters given in Table 8). The amount of water vapour is given on dry mass
basis for the relative humidity in the VSA chamber ranging from 3% to 93%. One can clearly observe that none of the
materials exhibit significant temporal moisture dynamics (changes in the isotherm shape and/or magnitude) from one
cycle to the next one. It can thus be considered that the response surface of those materials may be defined by a single
isotherm. The LV Seacrete and concrete present relatively similar isotherm shape and capacity to exchange and store
water vapour. This is expected since the materials have similar densities and pore size distributions. The HV Seacrete
material has an isotherm of similar shape with, however, a larger magnitude in the higher relative humidity range (~60 —
93% RH).
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Figure 11: Isotherms from VSA measurements and GAB fitting models for low-voltage Seacrete (left), high-voltage
Seacrete (center), and concrete (right).

The resulting hysteresis index at three specific relative humidity points (25%, 50% and 75%) can be found in Table 8.

The HV Seacrete presents a lower density and a higher porosity, inducing a larger hysteresis at all three relative humidity
points. This indicates that HV Seacrete is expected to have the largest and/or most connected open pores and thus the
highest potential for moisture buffering. This corroborates well with the aforementioned mechanical resistance results.

One can also find in Table § the GAB coefficients that are necessary to approximate the moisture content of the material

based on the relative humidity. Despite that the GAB model is mainly applied for soil and food science, recent research
has shown that it is applicable to building materials as well [45]. R?, the coefficient of determination of the GAB model
compared to the moisture content measurement data is also included in the table. It should be noted that all the parameters
presented in Table 8 are calculated based on the isotherm of on both isotherm cycles of the VSA measurements.
Assuming that there is a monolayer of water formed on the material surfaces at 21% RH, the water active surface area
of the each material is calculated from the moisture content measurements at 21% RH (see Table 8). The results suggest
that LV Seacrete possesses the largest water active surface areas compared to HV Seacrete and concrete.

Table 8: Moisture properties obtained by experimentally derived isotherms of the Seacrete materials compared to

tested concrete.

GAB model

Low-voltage Seacrete

High-voltage Seacrete

Concrete

Absorption

Cl]

10403

10980

7.336



K] 0.611 0.92 0.863

Wi [% by mass] 0.542 0.235 0.204
R[] 0.88 0.935 0.94
Cl-] 1067 14.42 5.577
Desorption K] 0.546 0.675 0.722
Wi [% by mass] 0.798 0.888 0.368
R*[-] 0.99 0.99 0.96
@25% RH 0.295 0.325 0.285
Hysteresis [%] @50% RH 0.362 0.730 0.485
@75% RH 0.479 0.985 0.425
Surface area [m?%/gr] 23.6 17.4 6.1

5. Summary and conclusions

Seacrete appears to be an interesting alternative to traditional cementitious materials for construction applications that
do not require high mechanical resistance. It has therefore attracted some attention over the last years. However, previous
publications about Seacrete only reported some of its mechanical characteristics without any focus on its thermal and
hygroscopic properties. This article is thus the first publication to provide an experimental analysis of the thermal and
moisture properties of the Seacrete material. The dry bulk density, the compression strength, the puncture resistance, the
specific heat capacity, the thermal diffusivity, the thermal conductivity, and the water vapour sorption isotherms of two
types of Seacrete (low-voltage Seacrete and high-voltage Seacrete) have been measured at near room-temperature. This
information is crucial for the application of Seacrete as a construction material in the fields of building structure, building
hygro-thermodynamics and indoor environment. These experimental results have been compared with the material
properties of concrete (either from experimental tests conducted during this study, or found in the scientific literature).
One can find in Table 9 a summary of the mechanical, thermal and moisture properties of the tested Seacrete materials
and concrete.

The main conclusion of this experimental investigation is that Seacrete materials have mechanical, thermal and
hygroscopic properties that are comparable to that of concrete materials. More specifically, the low-voltage Seacrete
presents hygrothermal properties that are very close to that of standard concrete and a mechanical resistance that is very
similar to that of a mortar of compressive strength class C20/25. Concerning the high-voltage Seacrete, because it has a
larger porosity than the low-voltage Seacrete, its density, mechanical resistance, thermal conductivity and thermal
diffusivity are significantly lower than that of concrete. However, those material properties are within the low range of
natural stones and concrete materials with a similar density that are commonly used for building construction. In addition,
the high-voltage Seacrete presents a more open-pore structure which confers it a larger “breathability” and a greater
moisture buffering capacity.

The current experimental analysis provides clear evidence that Seacrete materials can perform similarly to concrete
for some structural and thermodynamic applications in constructions. These experimental results support the previous
publications claiming that Seacrete has the necessary mechanical resistance to substitute concrete in certain building’s
infrastructures such as low-rise indoor construction elements. In addition, the current investigation points out that Seacrete
has similar thermal properties as concrete, meaning that it can offer the same effective thermal inertia. The latter is of
prime importance to ensure the temperature stability of the indoor environment, decrease the risks of overheating, reduce
cooling peaks, and offer thermal storage capacity for energy flexibility strategies and demand-side management.
Similarly, the higher moisture buffering capacity of the high-voltage Seacrete is an asset to stabilize the relative humidity
of the indoor space and thus improve the indoor air quality and the occupants’ thermal comfort.

This study also confirms the trade-off between the Seacrete material growth rate and its mechanical resistance. Faster
production of Seacrete with high-voltage electrodeposition generates a material with a higher content of softer Brucite
mineral, and with higher porosity, and thus a lower mechanical strength.



Table 9: Summary of the mechanical, thermal and moisture properties (standard room-conditions of temperature,
humidity and pressure) of the Seacrete materials compared to concrete.

Material properties Low-voltage Seacrete = High-voltage Seacrete Concrete
Density [kg/m?] 2499.2 1771.1 1800 — 2400 #
Compression strength [MPa] Not measured 16.8° 242°
Puncture resistance [kN] 39¢ 1.4°¢ 34¢
Specific heat capacity [J/kg.K] 8114 908.2 ¢ 900 ©
Thermal diffusivity [mm?/s] 0.6897 f 0.4066 f 0.99 - 0.67 ©
Thermal conductivity [W/m.K] 1.398 & 0.654 ¢ 1.95-133°¢
Ch 10403 10980 7.336
Moisture K] 0.611 0.92 0.866
(éb,i%rprfffélen W [% by mass] 0.542 0.235 0.204
R[] 0.88 0.935 0.94
Ch 1067 14.42 5.577
Moisture K] 0.546 0.675 0.722
(g}ii(};rpntllc?crilel) Wi [% by mass] 0.798 0.888 0.366
R*[] 0.99 0.99 0.96
@25% RH 0.295 0.325 0.285
hyslt\gr"ei:f:&] . @50%RH 0.362 0.730 0.485
@75% RH 0.479 0.985 0.425
Surface area [m?%/gr] " 23.6 17.4 6.1

* Refer to Johra 2019 [37].

® Down scaled compression test on 1 x 1 x 1 cm cubical sample: refer to Table 4.

¢ Non-standard penetration teston 1 x 1 x 1 cm or 1 x 1 x 0.4 cm cubical sample: refer to Table 4.

4 At a temperature of 20 °C: refer to Table 5.

¢ Refer to Eurocode 2 - EN 1992-1-2:2004 (E) [41].

At a temperature of 20 °C: refer to Table 6.
¢ At a temperature of 20 °C: refer to Table 7.
" GAB model parameter: refer to Table 8.

6. Suggestions for future work

Despite the enthusiasm of certain architects for self-growing structures and sea-grown construction materials, and the
use of Seacrete for the restoration of coral reefs and marine ecosystems, this technology is relatively young and requires
further scientific investigations on its applicability in the building and construction sectors. The authors would like to
suggest some topics of interest for future work on the Seacrete building material:

e Further experimental tests and material characterizations on larger Seacrete samples and full-scale
construction elements with aggregates and steel frames covered and bound by the electrodeposited Seacrete.
e Comparison of the Seacrete materials with different types and classes of cementitious products: cement paste,
mortar, concrete, reinforced concrete elements.
e Study of the thermal dilatation, hygroscopic swelling and shrinkage, chemical stability and durability of
Seacrete materials and Seacrete full-scale construction elements.



e Investigations of the different production parameters affecting the growth rate of the Seacrete and its chemical
composition, porosity, mechanical, thermal and hygroscopic properties: seawater composition and
temperature, cathode properties, applied voltage, etc.

e Study of the local and global impacts of Seacrete production on the seawater acidification and the CO,
balance.

e Economic cost analysis of Seacrete material used for building construction.

e  (CO; footprint calculation and Life Cycle Assessment (LCA) of the Seacrete building material.

e Testing other important material characteristics of the Seacrete for building and indoor space utilization such
as acoustic and lighting properties.
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