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Abstract
amongst the cementitious materials, the chloride-binding capacity of mortars composed of marine sand

In order to explore the interactional relations of internal chloride and external chloride-binding

(MS) or washed marine sand (WMS) were investigated. Results indicate that more external chloride can
penetrate and diffuse more deeply into the WMS mortar than that in the MS mortar. This phenomenon
suggests that the external chloride migration resistance due to WMS is lower than that caused by MS.
The distribution trends of the bound chloride content in the two types of mortars are the same at different
immersion times. However, a significantly decreased area of the bound chloride content exists at the border
of the external penetration area (EPA) and the external unaffected area (EUA) at the immersion ages of 3 and
7 d, and then it disappears gradually with immersion time. The WMS mortar can bind more external chloride,
whereas the MS mortar can bind more internal chloride, at different immersion times. The distributions of
bound chloride conversion rate in the EPAs of the two types of mortars differ across immersion times. The
distribution firstly decreases, and then it increases at the immersion ages of 3 and 7 d. The distribution was
from increase, then decreases, and increase again at the immersion ages of 28 and 56 d. The bound chloride
conversion rate in the WMS mortar is affected more greatly by external chloride penetration than that in the
MS mortar. The amounts of the Friedel’s salt tend to increase with prolonged immersion time. Finally, the
penetration of external chloride can increase the amount of fine capillary pores smaller than 100 nm in the
WMSmortar exposed for 56 d in the chloride salt solution (WMS-E) specimen.
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1 INTRODUCTION

Due to excessive exploitation and utilization of
river sand, the ecological conditions in many places
have been destroyed. In offshore engineering,
replacing the river sand with marine sand (MS) as fine
aggregates is a promising way, which can also produce
good economic results. Steel in marine sand concrete
is prone to corrosion induced by internal chloride and
external chloride, which bring about great reduction
in the service life, especially in marine environment.

Nonetheless, hydration products have a chloride-
binding capacity against chloride penetration that can
reduce the risk of steel corrosion (Li and Shao, 2014;
Jiang et al., 2019; Liu et al., 2019; Li et al., 2020;
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Table 1 Chemical composition of cement
Si0, CaO MgO Fe,0; ALO; SO; Loss

Content (%wt) 199 63.27 1.6 282 414 449 0.55

Wang et al., 2020). Therefore, in order to promote the
large scale of MS, chloride-binding capacity must be
taken into account in the durability design and
assessment of concrete structures.

The two main mechanisms of bound chloride are
chemical binding and physical binding (Cao et al.,
2020; Fuetal.,2020). Chloride binding is complicated,
as many factors, such as chloride concentration,
cement composition, cation of chloride salt,
temperature, carbonation, supplement cementing, and
hydroxyl concentration, affect the binding process
(Yuan et al., 2009). The manner of introducing
chloride is also an important factor influencing
chloride-binding capacity. Two types of chloride,
namely, internal chloride introduced by raw materials
and external chloride introduced from the
environment, can penetrate concrete. The chemical
binding mechanisms differ between the two types of
chloride. Internal chloride reacts with C;A (tricalcium)
via adsorption, whereas external chloride reacts with
AFm (calcium monosulphoaluminate) via ion
exchange (Yuan et al., 2009; Wang et al., 2019; Yang
etal.,2019). In either case, both mechanisms generate
Friedel’s salt in chemical binding. Additionally, the
external chloride bound in cementitious materials is
about two or three times higher than the binding
capacity of internal chloride (Nagataki et al., 1993).

Chloride-binding products are unstable, and bound
chloride can be released into pore solutions when the
external environment changes because of carbonation,
sulphate penetration, and temperature rise (Geng et
al., 2015; Chang, 2017; Qiao et al., 2018; Shen et al.,
2019). The decomposition of Friedel’s salt or C-S-H
gel (hydrated calcium silicate) under these conditions
will release bound chloride, causing the chloride-
binding capacity reduced or even lost completely. In
addition, chloride concentrations in pore solutions are
one of the most important factors influencing the
stability of chloride-binding products. The increase in
chloride concentration of pore solutions will also
increase the tendency of chloride to be captured by
hydration products, resulting in the generation of
more chloride-binding products (Zhang et al., 2019).
The reverse process of chloride binding also occurs
due to the decrease in chloride concentration of the
pore solutions (Thomas et al., 2012; Plusquellec and
Nonat, 2016).

Table 2 Primary properties of fine aggregates

Sand type Chloride content (Yowt) Shell content (Yowt)
MS 0.236 2.4
WMS 0.058 2.2

Both internal chloride and external chloride can be
bound by cementitious materials, but the interactional
relations amongst the materials are still not well
identified. The introduction of internal chloride before
external chloride dramatically influences the external
chloride diffusion process, but the stability of bound
internal chloride after external chloride penetration
remains to be investigated. In addition, the chloride-
binding capacity of hydration products in chloride
environments after the partial introduction of internal
chloride needs to be further explored.

In this research, the chloride-binding capacity of
mortars composed of MS at different immersion times
was investigated. Internal chloride was introduced
into the MS mortar and the washed marine sand
(WMS) mortar, whereas external chloride was
introduced into the mortar specimens by using a salt
solution. The contents of total chloride and free
chloride were obtained by potentiometric titration,
and the bound chloride content and bound chloride
conversion rate were calculated. Then, the changes in
chloride-binding capacity under different immersion
times were analyzed, and the chloride-binding
capacities between the two types of mortars were
compared. The variations in the hydration products at
different immersion times were obtained by X-ray
diffraction (XRD) analysis and thermogravimetric
analysis (TGA). The influence of external chloride on
pore structure was analyzed by mercury intrusion
porosimetry (MIP).

2 MATERIAL AND METHOD
2.1 Material

Ordinary Portland cement (grade 42.5) was used in
this research. The main chemical composition of the
cement is given in Table 1. For the fine aggregate,
typical MS was mined from sea area of Zhoushan,
which is located in Zhejiang Province in China. Then,
the WMS was desalinated using the abovementioned
MS. The properties of the two types of sand are shown
in Table 2.

2.2 Specimen preparation and exposure

The proportions of the mortars can be referred
from GB/T1761-1999 (Test Method for Cement
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Mortar Strength). For all mortar specimens, the mass
ratio of cement, sand, and water was 1:3:0.5. The
fresh mortar was cast into a 70.7-mmx70.7-mmx
70.7-mm cube mold. After 24 h of curing at room
temperature, all mortar specimens were remolded and
placed in a curing room at 20+2 °C and relative
humidity (RH) of >98% for 28 d. Before immersion,
the samples were dried at 50 °C for 24 h. Then, the
specimens were immersed in substitute seawater after
five sides of the specimens were coated with epoxy.
The preparation of substitute seawater can be referred
from ASTM D1141-98(2013) (Stand Practice for the
Preparation of Substitute Ocean Water). The content
of chloride salt is listed in Table 3. At the immersion
times of 3, 7, 28, and 56 d, the specimens were
extracted and dried at 50 °C for 24 h.

2.3 Test method
2.3.1 Chloride content testing

After the immersion, the specimens were powdered
by a grinding machine for chloride content
measurement. The concrete powders were separately
collected at the intervals of 1 mm for the first 10-mm
distance from the exposed surface, and then at the
intervals of 2 mm at the distance range of 10-30 mm.
The contents of free chloride and total chloride in the
mortars were tested using the silver nitrate titration
method in compliance with the standards of ASTM
C1218/C1218M-99 (Standard Test Method for Water-
Soluble Chloride in Mortar and Concrete) and ASTM
C1152/C1152M-04 (Standard Test Method for Acid-
Soluble Chloride in Mortar and Concrete),
respectively.

2.3.2 XRD analysis

The phase assemblage of the samples was
characterized by an X-ray diffractometer (D8
Advance, LynxEye, Germany) with Cu radiation and
current of 40 mA and 40 kV, respectively. The test
rate was 0.1 s/step at 0.02-degree steps. The powders
at the depth of 4 mm were selected for testing the
samples at the immersion ages of 3, 7, 28, and 56 d.

233 TGA

The phase assemblage was verified by TGA using
a comprehensive thermal analyzer (SDT Q600, TA,
USA). The specimens were heated from room
temperature to 900 °C in N, atmosphere. The powders
at the depth of 4 mm were also selected for testing the
specimens at immersion ages of 3, 7, 28, and 56 d.

Vol. 40

Table 3 Main chloride composition of the substitute seawater

Compound NaCl MgCl CaCl, KCl
Concentration (g/L) 24.53 5.20 1.16 0.695
2.3.4 MIP

MIP was conducted to characterize pore size
distribution. The samples were dried in an oven at
50 °C to achieve constant weight and then tested
using AutoPore IV 9510 (Micromeritics Instrument
Corporation, USA). The maximum pressure was
420 MPa, the contact angle was 140° and the surface
tension was 480 mN/m. Each tested sample was
prepared by considering the depth of 3—5 mm from
the mortar in the range of 1-10 mm. The curing age
was 28 d, and the immersion age was 56 d.

3 RESULT

3.1 Distribution of total chloride content at
different immersion ages

The distribution curves of total chloride content in
relation to depth for the mortars with MS or WMS at
different immersion ages are shown in Fig.l. As
shown in the figure, the distribution of total chloride
content can be divided into external chloride ions
penetration area (EPA) and external chloride ions
unaffected area (EUA). The total chloride content
increases to the peak value at approximately 3 mm of
depth from the exposed surface due to capillary
adsorption (Zhao et al., 2020), and then it decreases
due to chloride diffusion in EPA (Du et al., 2015). By
contrast, the total chloride content appears somewhat
unchanged in EUA. Moreover, with prolonged
immersion time, the total chloride content at the
different depths increases in EPA, and the range of
external chloride ions penetration area expanded
gradually. These trends suggest that more external
chloride ions have penetrated the mortars, and it
diffused deeper with prolonged immersion time.

3.2 Distribution of free chloride content at different
immersion ages

Figure 2 presents the distribution curves of free
chloride content in relation to depth for the mortars
with MS or WMS at different immersion ages. The
distribution of free chloride content is highly
consistent with the distribution of total chloride
content. The distribution of free chloride content can
also be divided into two areas (i.e., EPA and EUA).
The free chloride content at the different depths
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Fig.2 Distribution curves of free chloride content versus depth in the mortars
a. MS; b. WMS.

increases with prolonged immersion time in the EPA,
suggesting that the increase in free chloride content is
closely related to external chloride penetration. By
contrast, the free chloride content in the EUA is stable
at the different immersion times.

3.3 External chloride migration resistance of the
mortars

The chloride in this research is divided into two
kinds, namely, internal chloride introduced by MS or
WMS and external chloride introduced by the salt
solution after cement hardening. Although chloride-
binding capacity can be mainly divided into two
aspects (i.e., chemical binding and physical
adsorption), chloride migration resistance also plays
an important role in hindering the transport of external
chloride in concrete (Loser et al., 2010; Qu et al.,
2018). A comparison of the total chloride contents of

the MS and WMS mortars is shown in Fig.la—b,
respectively. It is observed that the range of external
chloride ions penetration area in the WMS mortar is
larger than that in the MS mortar at the different
immersion times. The external chloride ions
penetration depths of WMS mortar on 3, 7, 28, and 56 d
were 9, 9, 16, and 20 mm, respectively, and the
external chloride ions penetration depths of MS
mortar on 3, 7,28, and 56 d were 6, 6, 14, and 16 mm,
respectively. Moreover, the peak value of total
chloride content of the WMS mortar is slightly higher
than that of the MS mortar. The above phenomenon
indicates that, compared with MS mortar, more
external chloride ions can penetrate and diffuse deeper
into the WMS mortar. When comparing with WMS
mortar, more internal chloride ions introduced by fine
aggregates in the MS mortar lead to higher chloride
concentration in pore solution, and decreases the
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chloride concentration difference between inside and
outside of mortar. Furthermore, the presence of
chloride-binding products could refine pore structures
(Sunetal.,2021). Both the high chloride concentration
in pore solution and more refined pore structures in
MS mortar can slow down the chloride diffusion.
Therefore, the external chloride migration resistance
of the MS mortar is higher than that of the WMS
mortar. Although MS mortar has higher external
chloride migration resistance, the increased risk of
steel corrosion by large amount of internal chloride
ions cannot be neglected.

3.4 Distribution of bound chloride content at
different immersion ages

Bound chloride content can be obtained by
subtracting free chloride content from total chloride
content. Figure 3 shows the distribution curves of
bound chloride content at the different immersion
ages. As shown in Fig.3a-3b, the bound chloride
content of the WMS mortar firstly rises and then drops

within the range of 1-5 mm, and a peak appears at
3 mm, which is highly consistent with the distribution
of total chloride content at the immersion ages of 3
and 7 d. The chloride in this research was divided into
two types, namely, internal chloride introduced by
MS and external chloride introduced by the salt
solution after cement hardening. Our research scheme
indicates that the hydration products have developed
a bound-part internal chloride before the penetration
of external chloride. Thus, the bound chloride content
can be calculated as the sum of the internally bound
chloride content and the externally bound chloride
content. When external chloride penetrates the
mortars, some external chloride ions will replace the
OH™ ions in the interlayer of AFm to form Friedel’s
salt, while some of them will be physically adsorbed
by C-S-H gel (Yuan et al., 2009; Sui et al., 2019); both
parts constitute the externally bound chloride content.
As illustrated in Fig.1b, the EPA of the WMS mortar
appears in the range of 1-5 mm. The penetration of
external chloride has dramatically increased the
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bound chloride content, and the externally bound
chloride content is dominated in a range of 1-5 mm.
Figure 3a—b also show the stable bound chloride
content of the WMS mortar in the EUA, except in
border of EPA-EUA (i.e., in the range of 6-10 mm), at
the immersion ages of 3 and 7 d. The bound chloride
content at the EPA-EUA border is significantly lower
than those within the EPA or the EUA. Before external
chloride penetration, some internal chloride ions will
react with the cement clinker C;A and the hydration
products Ca(OH), to form Friedel’s salt via chemical
binding, whilst some of them will be adsorbed in the
C-S-H gel via physically binding (Yuan et al., 2009;
Xu et al.,, 2019). However, chloride binding is a
dynamic equilibrium process between the bound
chloride by the hydration process and the free chloride
in pore solutions (Qiao et al., 2018). Furthermore, the
bound chloride may become unstable, especially the
chloride concentration altered. Part of Friedel’s salt
can decompose and release bound chloride in low
chloride concentrations (Thomas et al., 2012), whilst
C-S-H gels can desorb part of the bound chloride with
the decrease in local chloride concentration of the
pore solutions (Thomas et al., 2012; Plusquellec and
Nonat, 2016). External chloride can be introduced
into mortar samples by using water as a carrier;
however, the transport speeds of external chloride
will differ in the materials, and water runs much
deeper than external chloride (Zhang et al., 2017).
Thus, we can conclude that the water arrived before
external chloride penetration, a phenomenon that may
reduce the chloride concentration of the pore solution
at the EPA-EUA border. Subsequently, some of the
bound chloride would be released and converted into

free chloride, hence the decrease in bound chloride
content.

As shown in Fig.3¢c—d, the bound chloride content
of the WMS mortar at the different depths in the EPA
increases gradually with external chloride penetration
and diffusion, suggesting that external chloride
dominates the distribution of bound chloride content
in this EPA. Besides, the bound chloride content at the
EPA-EUA border gradually increases with prolonged
immersion time. This finding may be due to the pore
structure of the mortar that has been refined by the
hydration process, leading to the gradual weakening
of the diluting effects of water on chloride
concentration.

The changing law of distribution of bound chloride
content with prolonged immersion time in the MS
mortar is similar that in the WMS mortar. However,
the peak value of the bound chloride content in the
WMS mortar is slightly higher than that in the MS
mortar, whereas the bound chloride content of the MS
mortar is much higher than that of the WMS mortar in
the EUA, at the different immersion ages. These
trends indicate that the WMS mortar can bind more
external chloride, whereas the MS mortar can bind
more internal chloride.

3.5 Distribution of bound chloride conversion rate
at different immersion ages

The conversion rate of bound chloride can also
represent the chloride-binding capacity of the
mortars, and the bound chloride conversion rate can
be calculated by dividing the bound chloride content
by the total chloride content at the different depths
(Chang, 2017). Figure 4 shows the distribution of
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the bound chloride conversion rate at different
immersion ages. The bound chloride conversion
rates of the two types of mortars in the EPA are
significantly less than those in the EUA. However,
the distribution of bound chloride conversion rate in
the EPA varies across the different immersion ages.
The bound chloride conversion rate of the WMS
mortar is at the lowest point at 7 mm at the immersion
ages of 3 and 7 d (i.e., similar to the lowest point of
bound chloride content), and then it rises with the
increase in depth in the EPA. At the immersion ages
of 28 and 56 d, the bound chloride conversion rate of
the WMS mortar in the EPA firstly increases, then
decreases and finally increases. Notably, the turning
point of bound chloride content of the WMS mortar
(from low to high) in the EPA tends to move inward
with longer immersion time. The changing law of
bound chloride content conversion rate with
immersion time in the MS mortar is similar to that in
the WMS mortar. The above mentioned laws may be
related to the cement hydration process, the pore
structures of the mortars and the flow of chloride at
different depths. However, the mechanisms need to
be investigated further.

Compared with the findings about the MS mortar,
the change in bound chloride conversion rate of the
WMS mortar is larger in the EPA, and the turning
point of bound chloride conversion rate of the WMS
mortar (from low to high) is significantly lower. This
finding indicates that, with respect to the MS mortar,
the bound chloride conversion rate in the WMS
mortar is affected greatly by external chloride
penetration.

Vol. 40

3.6 Phase assemblies of the mortars at different
immersion ages

As the depth of 4 mm lies in the EPA and near the
bound chloride content peak, the powder samples at
4 mm were selected for XRD analysis and TGA.
Figure Sa—b present the XRD scattering patterns of
the two types of mortars at different immersion ages.
Both plots clearly show strong peaks of Friedel’s salt
(PDF# 42-0558) at the different immersion ages,
indicating the occurrence of chemical binding in the
EPA at each immersion age. The formation of Friedel’s
salt may have involved two mechanisms in this study,
namely, (a) internal chloride ions reacting with C;A,
ie, C;A+CaCl,+10H,0—C;A-CaCl,-10H,0 (1)
Ca(OH),+2NaCl=CaCl,+2Na"™+20H" (2) and (b) the
AFm-type phases transforming into Friedel’s salt as
the external chloride ions partially or completely
substitute the original anions in the interlayer of the
AFm type (Matschei et al., 2007; Yuan et al., 2009;
Liuetal., 2016). Besides, it can be seen that the peaks
of Ca(OH), (PDF# 04-0733) are slightly decrease
with immersion time. This can be attributed to the
formation of the Friedel’s salt consumed large amount
of Ca(OH),. And AFt (ettrinigite, PDF# 41-1451) is
also found MS mortar and WMS mortar at each
immersion age.

Figure 6a—b show the thermogravimetric (TG) and
derivative thermogravimetric (DTG) curves of the
two types of mortars at different immersion ages and
the associated phases corresponding to the weight
loss peak. The weight loss around 100 °C corresponds
to dehydration of C-S-H and AFt (Wang et al., 2019);
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Fig.5 The XRD diagram of each specimen at different immersing time
a. MS; b. WMS. AFt: ettrinigite; Fs: Friedel’s salt; CH: calcium hydroxide.
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3.7 Effects of external chloride on pore structure of
the WMS mortar

The influence of external chloride ions on the pore
structure of mortars was further explored on the basis
of the higher penetration of external chloride in the
WMS mortar than in the MS mortar, and the pore
structures of WMS-E (the specimen exposed for 56 d
in the chloride salt solution) and WMS-S (the
specimen cured for 28 d in a standard environment)
were compared. Figure 7 shows the relationship
between the pore sizes and cumulative pore volumes
of the WMS-E and WMS-S samples. The cumulative
pore volume decreased after immersion in the salt
solution. Figure 8 shows the pore size distributions of
the WMS-E and WMS-S samples. As illustrated by
the curves in the figure, the amount of coarse capillary
pores larger than 100 nm in the WMS-S specimen is
much higher than that in the WMS-E specimen. By
contrast, the amount of fine capillary pores smaller
than 100 nm in the WMS-E specimen is higher than

Pore size (nm)
Fig.7 Relationship between pore size and cumulative pore
volume

WMS-E: the specimen exposed for 56 d in the chloride salt solution;
WMS-S: the specimen cured for 28 d in a standard environment.
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Fig.8 Differential curves of pore size distributions
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that in WMS-S specimen, which indicating the
introduced external chloride increase the amount of
fine capillary pores.

4 CONCLUSION

The EPA of the WMS mortar is significantly larger
than that of the MS mortar at the different immersion
ages, and the peak value of total chloride content in
the WMS mortar is slightly higher than that in the MS
mortar. The external chloride diffuses deeper into the
WMS mortar than in the MS mortar, and more
external chloride penetrates the WMS mortar. These
findings indicate that the external chloride migration
resistance of the WMS mortar is lower than that of the
MS mortar.

The bound chloride contents of the two types of
mortars firstly increase and then decrease with depth
in the EPA, whereas the bound chloride contents are
stable in the EUA at the different immersion ages. The
bound chloride content at the different depths in the
EPA increases with the length of immersion time.
However, a significantly decreased area of the bound
chloride content exist at the EPA-EUA border during
the early immersion ages of 3 and 7 d, which may be
due to the diluting effects of water on chloride
concentration. This decreased area disappears
gradually along with the weakening diluting effects of
water on chloride concentration, which is caused by
the refinement of the pore structures by the hydration
process. The peak value of the bound chloride content
in the WMS mortar is slightly higher than that in the
MS mortar, whilst the internally bound chloride
content in EUA of the MS mortar is much higher than
that of the WMS mortar. These findings indicate that
the WMS mortar binds more external chloride,
whereas the MS mortar binds more internal chloride.

The bound chloride conversion rates of the two
types of mortars firstly decrease and then increase
with depth in the EPA at the immersion ages of 3 and
7 d, whereas they firstly increase, then decrease and
finally increase in the EPA at the immersion ages of
28 and 56 d. The turning points of the bound chloride
content rates of the two types of mortars (from low to
high) move inward with prolonged time in the EPA.
The changing extent of the bound chloride conversion
rate of the WMS mortar in the EPA is more than that
of the MS mortar, suggesting that the bound chloride
conversion rate in the WMS mortar is affected more
greatly by external chloride penetration than in the
MS mortar.

Friedel’s salt exists at different immersion ages,
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and the amounts of Friedel’s salt tend to increase with
prolonged immersion time. The penetration of
external chloride penetration can increase the amount
of fine capillary pores smaller than 100 nm in WMS-E
specimen.

5 DATA AVAILABILITY STATEMENT

The datasets generated during the current study are
available from the corresponding author on reasonable
request .
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