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Cementitious materials have potential for infrastructure development in low-temperature marine
environments, including in seawater at high latitudes and in deep-sea environments (water depths of >1000 m) .
Although the marine deterioration of cementitious materials has been widely investigated, the influence of
seawater temperature has not been elucidated. In this study, to determine the effects of low-temperature seawater
on the durability of cementitious materials, cement paste specimens were immersed in a seawater tank at room
temperature and 2 °C for 433 days. The specimen immersed in low-temperature seawater exhibited significant
deterioration with a partially collapsed surface, and Ca dissolution was more pronounced near the surface of the
specimen. Such significant deterioration can be attributed to the increased solubility of portlandite under low-
temperature conditions, which could promote Ca dissolution and subsequently lead to C— (A-) S-H
decalcification and the formation of M— (A-) S—H and thaumasite. These insights are expected to contribute to
the successful construction and maintenance of cementitious structures in low-temperature seawater.
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1 Introduction environment are shown in Fig. 1. Because sunlight

It is well-known that approximately 70% of the cannot reach beyond the depths of 200-500 m,
earth’s surface is covered by ocean. In terms of photosynthesis is not possible. Furthermore, the
volume, approximately 95% of the total ocean hydraulic pressure increases at a rate of 0.1 MPa
volume constitutes the “deep sea,” which is deeper every 10 m. The water temperature of deep-sea

than 200 m. Characteristics of the deep-sea environment is lower than that of the shallow-sea.
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Fig. 1 Deep-sea environment.

Deep-sea exploration has been actively
conducted so far, and as a result, many marine
resources have been discovered. Recently in mining
development as trials to obtain seabed resources
have been launched®®, In addition, carbon
dioxide storage under the seafloor is being
investigated. Such kind of technological
breakthrough require the establishment of
infrastructures in deep-sea environment.

Cement can be a base material for infrastructure
in deep-sea environment. However, very few
studies have investigated the durability of
cementitious materials under deep sea conditions.
In our first trial, exposure test of mortar specimens
with Portland cement (PC) were conducted at a
depth of 1680 m and constant temperature of the
seawater at this depth was 4 °C®. The result
showed that the specimens exposed for 608 days
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appear to be more severely damaged, and
significant Ca dissolution near the surface was
observed (Fig. 2). This result suggests that
deterioration of PC specimen could be promoted
under deep-sea condition.

Low-temperature seawater is suspected as a
cause of promoted PC deterioration in deep-sea. In
this study, the effect of low temperature
environment on PC durability was investigated by
using PC paste specimen.

2 Experimental

PC with no limestone added was used for the
paste specimens. The paste was mixed using a
mechanical mixer at 700 rpm for 2 minutes and cast
into a 40 x 40 x 160 mm3 mold. The water-to-cement
ratio was 0.6. After 28 days of curing under sealed
condition at 20 °C, the specimens were immersed in
room- and low-temperature seawater chamber.
Room temperature seawater refers to seawater in a
laboratory where room temperature was not
precisely controlled. The temperature of low-
temperature seawater was controlled by a thermos-
controller to be at 2 £ 1 °C. Fresh seawater was
always supplied to each tank at a rate of 150 ml/min,
which replaced the seawater in the tank
approximately every 24 hours. (Fig. 3). The
specimens were immersed in each tank for 433 days.

After the immersion test, each specimen was
sliced into two pieces with a thickness of 10 mm
using a table bench saw with liquid paraffin, as

> SEM montage

Fig. 2 Map of locations where exposure tests were conducted (left) , mortar specimens exposed in deep-sea
for 608 days (middle) @, and SEM montage image of cross-section from the specimen (right) .

_25_



WFSERT A9t No. 1 (2023)

shown in Fig. 4. For analysis by electron probe
micro analyzer (EPMA) (JXA-8200, JEOL, Ltd.),

iﬁ Seawater

(150 ml/min)

of  seawater

Fig. 3 Experimental
circulation chamber. Fresh seawater was
always supplied to each tank at a flow rate
of 150 mi/min.

set-up

one sample was impregnated with epoxy resin,
polished, and coated with carbon. After EPMA,
the sample was cut into 20 x 20 x 10 mm? pieces
and polished again for scanning electron
microscopy—energy-dispersive X-ray spectroscopy
(SEM-EDS) (JSM-I1T-300, JEOL Resonance)
analysis. The other sample was cut using a low-
speed cutter (IsoMet Cutter, Buhler) into 2 mm
slices from the surface to a depth of 10 mm, and the
remaining sample was denoted as the bulk sample.
Mashy collapsed areas on the surface of the
specimen immersed in low-temperature seawater
were collected directly and denoted as the collapsed
surface sample. Each piece was treated with

Cut every 2 mm
from the surface

Paste specimen size
40 x 40 x 160 mm?

(a) Room-temperature seawater

Fig.5 PC paste specimens immersed in room-

temperature seawater (a) and in low-

temperature seawater (b) after 433 days.

isopropanol to stop hydration and pulverized to less
than 90 pum for X-ray diffraction (XRD) (D2
PHASER diffractometer, Bruker AXS)
measurement.

3 Result

Figure 5 shows the paste specimens after
immersion in seawater in the laboratory for 433
days. The specimen immersed in room-temperature
seawater was not significantly damaged, although
the surface was covered with white precipitates of
brucite. Conversely, the specimen immersed in
low-temperature seawater exhibited significant
surface deterioration. The specimen was partially
collapsed, did not maintain its original shape, and
had a fragile and mashy structure.

Stoppage of hydration
with isopropanol

24
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Fig. 4 Preparation of paste specimens for analysis following seawater immersion. The dotted lines indicate the

cutting planes.
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Fig. 6 EPMA elemental maps of the PC paste specimens immersed in (a) room-temperature seawater and (b)

low-temperature seawater.
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XRD patterns and concentration profiles of element in the specimens obtained after immersion in (a)

room-temperature and (b) low-temperature seawater. The profiles of elements are plotted from the

surface (0 mm) to a depth of 12 mm within the area enclosed by the red square in Fig. 6. Ett: ettringite,
F’s: Friedel’s salt, CH: portlandite, CC: calcite.

The results of elemental maps for each specimen,
measuring the diffusion of ions from seawater and
the associated dissolution of ions from cement
hydrate, are presented in Fig. 6. In the case of the
specimen immersed in room-temperature seawater,
changes in chemical composition were observed
exclusively on the surface (Fig. 6 (a)). However, for
the specimen immersed in low-temperature
seawater, significant changes in chemical
composition were evident at greater depths (Fig. 6
(b)). Notably, Ca dissolution and SO,* diffusion
fronts were observed within the low-temperature
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specimen. Additionally, in the corner area where
the specimen experienced collapse, there were
markedly lower Ca concentrations and higher Mg
concentrations. This heightened Mg concentration
suggests the formation of a Mg phase, a topic that
will be discussed in greater detail based on the
results from EDS.

Concentration profiles for each element were
analyzed from the surface (0 mm) to the interior (20
mm) of the area enclosed by the red square in the
cross-sectional photographs found in Figs. 6 (a) and
(b). These profiles, extending from the surface to a
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SEM montage images of the specimens after immersion in (a) room-temperature seawater and (b) low-

temperature seawater. The area surrounded by the red box was analyzed and calculated the porosity by

image processing.

depth of 12 mm, are depicted in Fig. 7, alongside
the XRD results. The profiles reveal that the Ca
dissolution fronts are situated at approximately 2
mm and 3 mm for the samples immersed in room-
temperature and low-temperature  seawater,
respectively, as determined from the Ca
concentration profiles. The XRD patterns of the
sample immersed in room-temperature seawater at
a depth of 0-2 mm, and those of the sample
immersed in low-temperature seawater at depths of

]
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Fig. 9 Porosity (area %) of the specimens
immersed in room- and low-temperature

seawater.
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0-2 mm and 2-4 mm (corresponding to the Ca
leaching area), exhibit very small portlandite peaks.
This observation suggests that portlandite
underwent dissolution, leaving smaller amounts of
portlandite in these regions. Therefore, it can be
concluded that portlandite dissolution was notably
increased by immersing the specimens in low-
temperature seawater. Thaumasite could also form
in the collapsed surface, however, it is difficult to
confirm the formation of thaumasite using XRD
because of the similar structures of thaumasite and
ettringite, both of which exhibit characteristic peaks
at 20 = 9°, 16°, and 23°. The obtained 2°Si NMR
spectra confirmed the presence of the thaumasite
phase in collapsed surface (see section 3.6 in the
original paper).

The SEM montages in Fig. 8 reveal a grayscale
change from the surface to the interior of each
sample due to hydrate dissolution, indicating Ca
dissolution mainly. Each SEM montage image was
analyzed in 1 mm sections from the surface to the
interior of the specimen in the area surrounded by
the red box, and the porosity (area %) was
calculated by image processing (Fig. 9). This
analysis reveals that more pores existed close to the
surface in both specimens. Compared with the
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Fig. 10 EDS analysis result in atomic ratio (a) Si/Ca vs. Al/Ca at 0 mm depth from specimens immersed room-
and low- temperature seawater, and (b) Si/Mg vs. Al/Mg at 0 mm depth from specimen immersed low-

temperature seawater.
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seawater.

specimen immersed in room-temperature seawater,
that immersed in low-temperature seawater tended
to have more pores and microcracks at the same
depth, indicating that hydrate dissolution was more
pronounced. Based on the EPMA and XRD results,
the dissolved hydrate is mainly portlandite (Fig. 6
and 7).

In Fig. 10 (a), the Si/Ca ratio is shown as a
function of the Al/Ca ratio near the specimen
surface (0 mm depth), determined by EDS point
analysis of the specimens immersed in room- and
low-temperature seawater. The circle represents the
typical C—(A-)S—H composition of ordinary PC, as
widely reported in the literature®®. For the
specimen immersed in room-temperature seawater,
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(a) Si/lCa vs. AllCa, (b) S/Ca vs. AliCa at different depths from specimen immersed low-temperature

the absence of data points near the origin suggests
the absence of portlandite due to portlandite
dissolution. The data points do not scatter within the
circled area corresponding to a typical C—(A-)S—H
composition, indicating that C—(A-)S—H has not yet
been decalcified. Additionally, the data points align
along a trajectory toward the theoretical
composition of ettringite, indicating the presence of
ettringite formed by SO.>" derived from seawater.
In contrast, for the specimen immersed in low-
temperature seawater, the data points are more
scattered and located outside the circle
corresponding to a typical C—(A-)S—H composition,
suggesting either C-(A-)S—H decalcification or the
precipitation of new hydrates, such as Mg-based
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hydrates. Furthermore, in conjunction with the
XRD results (Fig. 7), the presence of some data
points near the origin indicates the precipitation of
calcite instead of portlandite.

Figure 10 (b) shows the relative Si and Al atomic

ratios concerning the Mg content at a depth of 0 mm.

The area enclosed by the red dotted line indicates
the range of possible M-S—-H and magnesium
aluminosilicate hydrate (M-A-S—H) compositions
®, Some data points are located in this area indicate
the formation of M-S-H or M-A-S-H.
Additionally, a cluster occurs outside this area, near
Si/Mg = 0.5, which indicates the intermixing of M—
(A-)S—H and other Mg phases (likely brucite based
on the XRD results).

Figure 11 (a) shows plots of the Si/Ca ratio as a
function of the Al/Ca ratio at depths of 0, 1, and 3
mm for the specimen immersed in low-temperature
seawater. Portlandite is dissolved at both 1 and 3
mm considering no data points appear near the
origin. The decalcification of C—(A-)S-H was
observed at a depth of 0 mm, many data points were
located in the C—(A-)S—H circle at depths of 1 and
3 mm. This indicates that C—(A-)S-H
decalcification could not have occurred. Ettringite
is formed in the 1 mm depth and Friedel’s salt in the
3 mm depth (Fig. 11 (b)), indicating that phase
change of hydrates from the surface to the interior
are almost identical to those reported for marine
deterioration before®-(b),

4 Discussion

The specimen immersed in low-temperature
seawater showed more significant degradation than
that immersed in room-temperature seawater. The
temperature affects the durability of cementitious
materials; for example, SO,*" attack is accelerated
at low temperatures owing to the increased
solubility of portlandite at low temperatures and the
weakening of the surface layer owing to the
formation of thaumasite®®. The solubility of
portlandite in cement increases at lower
temperatures®® The saturation concentration of
Ca?" in portlandite was 1.08 times higher at 2 °C
than at 20 °C%, and more portlandite can dissolve
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in low-temperature environments. A steeper Ca?*
concentration gradient between seawater and pore
solution could further drive Ca dissolution. As the
portlandite dissolves, the porosity increases, as
shown in Fig. 9, promoting the ion diffusion in
seawater into the specimen and increase portlandite
dissolution. As a result, the specimen immersed in
low-temperature seawater exhibits significant
deterioration than the specimen immersed in room-
temperature seawater.

While portlandite dissolution increases the
porosity of the specimen, as illustrated in Fig. 9, it
does not result in a mushy structure or surface
collapse. In the specimen exposed to room-
temperature seawater, no other damage was
observed despite the dissolution of portlandite in
the surface layer. However, portlandite dissolution
does increase seawater permeability, thereby
facilitating C—(A-)S-H decalcification and,
ultimately, the formation of M—(A-)S-H and
thaumasite. The formation of these hydrates is
expected to cause the surface layer to collapse.

Furthermore, the specimen near the surface can
be damaged due the formation of ettringite.
Ettringite does not always lead to serious SO4*"
attack in concrete, with no cracking or spalling
observed in sulfur-rich zones®-%. However, in the
specimen immersed in low-temperature seawater,
sulfur-rich zone owing to the formation of ettringite
was observed near the surface at a depth of 1 mm,
and fine parallel cracks appear (Fig. 11 (b)).
Ettringite precipitation in smaller (typically < 20
nm) and supersaturated with respect to ettringite
can cause specimen expansion®. The solubility of
ettringite decreases at lower temperatures®®, i.e.,
precipitation would be more pronounced. Although
the dissolution of portlandite has caused an increase
in porosity, C—(A-)S—H is present in the area where
ettringite is formed, and additional -ettringite
formation can occur in the microporosity derived
from C—(A-)S—H, resulting in the collapse of the
specimen surface layer.

5 Conclusion
PC paste specimens were immersed in room- and



low-temperature seawater for 433 days. The specimen
immersed in low-temperature seawater underwent
more pronounced deterioration than that immersed in
room-temperature  seawater. The  deteriorated
specimen immersed in low-temperature seawater
exhibited the following characteristics:

e  The Cadissolution front penetrated deeper within
the sample, and portlandite dissolution was more
significant compared to the specimen immersed
in room-temperature seawater.

e The porosity of the specimen increased as
portlandite dissolved.

e On the collapsed mushy surface, C—(A-)S-H
was decalcified, and Mg-based hydrates (e.g.,
brucite and M—(A-)S-H) and thaumasite formed.

The increased solubility of portlandite at low

temperatures led to substantial Ca dissolution and
subsequent  deterioration  through C—(A-)S-H
decalcification, resulting in the formation of M-
(A-)S-H and thaumasite, ultimately resulting in the
weakening and collapse of the surface. Therefore, low
temperature seawater could mainly contribute to PC
deterioration under deep-sea condition. As alternative
binders to PC, one with less or no portlandite would be
better. Suitable candidates would be calcium
aluminate cement and magnesium binders, as well as
binders with inorganic additives, such as fly ash and
silica fume, which consume portlandite in the
hydration process and create denser structure.
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