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Abstract
In this study, using Granulated Blast Furnace Slag (GBFS), an industrial byproduct, and Phosphogypsum (PG), and
Waste Lime (WL) as activator, non-sintering binder (NSB) which does not require a sintering process was produced, and
the chemical penetration resistance was evaluated through a seawater resistance experiment. The result of the experiment
showed that the inside of NSB mortar saw almost no influence from the ions in seawater due to its dense structure. Also,
as it appears that only the surface reacts with ions in seawater while spreading inward is suppressed, the high seawater

resistance of NSB could be confirmed.
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1. Introduction

Concrete structures constructed for a marine
environment such as floating structures are exposed
to the risk of performance degradation such as
through rebar corrosion, and as such they must be
examined, The performance degradation factors of
concrete exposed to a marine environment can be
divided into physical factors and chemical factors,
Physical factors include marine wave power, wind
power, or freeze—thaw, these are caused by the
environment, Chemical erosion mostly involves the
reaction of cement hydrates with salts such as Cl ',
Na’, SO, Mg" which are usually dissolved in

seawater, causing the cement hardening body to
expand and break and thus degrade[1].
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Of these factors,
involving sulfate is as follows[2,3,4].
(O The reaction of Ca(OH)z, which is a hydrate
product of CoS, CsS and MgSO4 in seawater,
generates Mg(OH); and plaster. The generated

the degradation mechanism

plaster can be easily dissolved in seawater and
thus causes an acceleration of the porosity of
the cement hardening body, and a weakening
of the structure,

@ The reaction of CsAHs, which is the hydrate
product of CsA, and the plaster generated from
the reaction in (1) generates ettringite, and the
expansion reaction of this ettringite expands
and breaks concrete, The use of cement with
less CsA and mixing blast furnace slag granules
and pozzolan which reduce Ca(OH); within the
concrete are effective as countermeasures
against this,

In the meantime, Friedel's salt is generated as

chloride ions in seawater penetrate and react with
CsA, and while a part of it is fixed, Ca(OH)s in cement
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hydrate reacts to MgCly in seawater to generate
Mg(OH); and CaCly, where CaCls is soluble and thus
dissolves in seawater, and causes an acceleration of
the porosity of the cement hardening body, and a
weakening of the structure[5,6].

A typical countermeasure against this is to mix in
pozzolan and blast furnace slag granules, which
reduce the Ca(OH); in concrete, Such measures
densify the internal structure concrete to block the
penetration of degradation factors and increase
concrete durability,

In the meantime, Non—Sintering Binder (NSB) that
is produced based on industrial byproduct Granulated
Blast Furnace Slag (GBFS) while using Phophogypsum
(PG), Waste Lime (WL) and the like as activators has
been confirmed to have small Ca(OH)s generation and
form a dense hydration structure[7]. Accordingly, this
study intended to produce mortar of Non—Sintering
Binder (NSB) and evaluate seawater resistance through
artificial seawater soak tests,

2. Experiment Overview

The mix of NSB used in this experiment was based
on a previous study[8].

2.1 Materials

For NSB production in this study, GBFS was taken
as the base, PG discharged as waste from phosphoric
acid production as a sulfate activator for inducing a
hydration reaction, and WL discharged as waste from
the Slaked Lime (SL) and NasCOs production process
as the alkali activator, The PG was washed for 5
minutes at 20C in a 0,5% limewater solution, with
the weight ratio of PG in limewater solution 14%, The
washed and neutralized PG was transferred to type—II
anhydrous gypsum state (1 CaSO4, APG) calcined at
45070 and to gypsum dihydrate (CaSO, - 2HsO, DPG)
state only dried at 80°C, and was then pulverized and
used, For WL, the discharge was dried for 1 day at
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907, and then was pulverized and used[8,9]. For a
comparison of physical properties against NSB, a
commercial product was used for Ordinary Portland
Cement (hereinafter OPC), and blast—furnace slag
cement (hereinafter BSC), in which OPC and GBFS
were mixed at 50:50, was produced and used, The
physical/chemical properties of material used in this

experiment are as shown in Table 1.

Table 1. Chemical properties of raw materials

SiO, AO3; CaO FexO3 MgO NaO KO SOz LOI
GBFS 348 145 417 05 69 01 04 01 02
APG 13 01 410 0 - 01 - 59 08
DPG 11 01 23 02 01 - - 433 224
SL - 02 &9 01 10 - - 1.1 315
WL 49 16 421 14 69 0.1 19 31 332
OPC 2209 54 647 24 15 03 02 17 20
Table 2. Mix proportions of binder (%)
OPC___GBFS___APG__DPG___SL WL
BSC 50 50 - - - -
NSB1 - 87 12 - 1 -
NSB2 - 82 - 17 1 -
NSB3 - 81 " - - 8

2.2 Preparation of Specimens

The mix of NSB is as shown in Table 2. The
specimen for measurement of compressive strength
and flexural strength for evaluation of seawater
resistance was dry—tempered for the materials to mix
sufficiently, water (W/B 50%) was added, and then
it was mixed with mortar mixer for 1 minute 30
seconds to produce mortar (binder:fine aggregate
ratio 1:2.45) in the size of 4X4Xx 16 cm, After curing
for 1 day in a standard curing room, it was cured
for 28 days in water at 20+£2%C. The specimen for
microstructure and XRD analysis was dry—tempered
so that raw materials measured according to mix
conditions could be mixed sufficiently, water (W/C

40%) was added, and then it was mixed with mortar



mixer for 1 minute 30 seconds to produce a paste
hardening body, and sealed curing was executed
under the curing condition of 20T, 50%RH up to the

anticipated age,

2.3 Seawater Resistance

The seawater resistance experiment involved
soaking 28—days—old cement mortar in artificial
seawater and taking measurements of compressive
strength and flexural strength according to KS L
5105, Deterioration Factor was calculated using

Equation 1,

Here, DF : deterioration factor (%)

Fw . compressive pressure of mortar soaked in
fresh water (MPa)

Fs [ compressive pressure of mortar soaked in
artificial seawater (MPa)

2.4 Hydrate Analysis

To examine the hydration product and microstructure
of NSB per age, XRD and SEM analysis was executed,
Also, to identify the influence of artificial seawater on
NSB hydrate and microstructure, the Smm—deep part
and surface part were taken from the surface of mortar
soaked for 1 year and measured,

3. Experiment Result and Considerations

3.1 Hydration Product XRD Analysis

To examine the hydration products of OPC and NSB
binder, XRD analysis was executed according to age,
and Figure 1 shows the results, For the OPC, a weak
peak of ettringite is observed at the age of the initial
3 days, but not after 7 days. It can be seen that major
products are Ca(OH); and C—S—H gel, and the
generation amount has increased with age, In the
case of NSBI, it can be seen that there is a large
number of crystals of DPG itself at the age of 3 days,
while crystals of ettringite appear weak, At the age
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of 7 days, major mineral products appear to be
ettringite, while the peak of C—S—H (I) gel also
shows an increasing tendency compared to at 3 days
old, and as time passes, the DPG peak shows a
decreasing trend, At the age of 28 days, the major
mineral product appears to be C—S—H (1) gel, and
the ettringite peak relatively decreases, This indicates
that PG which did not initiate a hydration reaction
at an early age had remained as minerals itself, and
then gradually began to react with GBEFS and
generate hydrates, and it can be confirmed that the
generated ettringite was transferred to the more
stable C—S—H (1) gel. Figures 1 ¢) and d) show the
results of XRD analysis according to the age of NSB2
and NSB3 paste using DPG and WL, In the case in
which DPG and WL were used, the peak strength of
the hydration product at the age of the initial 3 days
appeared to be relatively weak compared to the case
in which APG was used, but there was no major
difference after 7 days of aging. The analysis found
that no calcium aluminate hydrate CiAHis was
generated in the cement paste of any mixes, leading
to the judgment that there is no shortage of PG,
which is necessary for reaction with GBFS,

In terms of the major mineral products of NSB,
hyaline film of GBFS breaks down from alkali
stimulation and sulfate stimulation, and the ion
eluted from the inside of GBFS reacts with PG to
generate ettringite while the remaining components
of GBFS gradually form hydrates on C—S—H (1) gel,
and at this time, PG is thought to serve not only as
an activator, but also as a binder reacting with GBFS
[10].

3.2 SEM Analysis Result

To observe the degree of hydrate generation
according to changes in NSB mix conditions, the
result of the SEM analysis is shown in Figures 2~4,
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Figure 2. SEM images of NSB1 paste with curing age
(x 5,000)

o

Figure 3. SEM images of NSB2 paste with curing age
(x 5,000)

Figure 4. SEM images of NSB3 paste with curing age
(x 5,000)

Figure 2 shows the internal microstructure
according to the age of NSB1 which is mixed with
12% of APG; it can be seen that ettringite at the age
of the initial 3 days is generated very densely in a
large amount albeit in the form of thin and long
needles, and through consistent hydration reaction,
it has developed to a thick needle structure form by
the age of 7 days. At the age of 28 days, a large
amount of tight—form hydrates which appear to be
C—S—H gel were observed in addition to ettringite,
At the early age, NSB forms strength with tight—form
ettringite as the frame, but after a while, ettringite
forms a dense network—type web structure with
C—S—H gel as the frame, leading to a high expression
of strength,

Figures 4 and 5 show the internal microstructure

according to the ages of NSB2 and NSB3 which used



DPG and WL, At the age of 3 days, it can be seen
that unreacted GBFS and PG exist, around which thin
and long needle—shaped ettringite is present, At the
age of 7 days, however, it can be seen that a large
amount of ettringite is generated, just like in NSB1,
and that it has developed to a thick needle form, At
the age after 28 days, C—S—H gel is also well
developed, the pores of which are observed to be filled
up by ettringite,

Combining the result of observing the internal
microstructure of NSB paste, the strength expression
at early age of hydration is achieved by C—S—H gel
generated at the same time, with a large amount of
ettringite as the frame., Also, C—S—H gel wraps
around ettringite and the amount generated
continually increases with age, and the C—S—H gel
tightly fills up the pores of the hardened paste,
forming a dense network—type web structure with
ettringite,

3.3 Seawater Resistance

3.3.1 Change in Compressive Strength of Mortar
by Artificial Seawater Soaking

Figure 5 shows the changes in compressive
strength by period, in which mortar at the age of 28
days of standard curing was soaked in fresh water
and artificial seawater,

The compressive strength of mortar soaked in fresh
water increased as time passed by, and NSB in
particular showed a higher level of strength
development compared to OPC,

In the meantime, it can be seen that cement mortar
soaked in artificial seawater shows a decrease in
compressive strength due to erosion by harmful ions
in seawater at 90 days into the soak period, OPC in
particular shows a tendency to decrease in strength
at 90 days of soaking, and the compressive strength
after a 1 year soak period was 37.7MPa, about
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Figure 5. Compressive strength of mortars using various binder
with elapsed immersion period in tap water and artificial
seawater

15% less than the compressive strength at 28 days
of soaking (44.9MPa), This is thought to be because
the Ca(OH); generated by the hydration reaction of
CsS and CoS among the mineral products of OPC
reacts to the SO and Mg?r ions in seawater to
generate CaSOy . 2H,O and Mg(OH)s, thus softening
the concrete structure, On the other hand, NSB
showed a consistent rise in strength during the soak
period, This is thought to be because not only is the
internal structure sealed to suppress the penetration
of harmful ions in seawater, but also no Ca(OH); is
generated during the hydration process, so that it
does not react to the SO and MgQJr ions in seawater,
In addition, NSB2 and NSB3 were almost similar to
NSB1, and the compressive strength of NSB1 mortar
soaked in artificial seawater for 1 year was found to
be 68,7MPa, and 73.6MPa for soaking in fresh water,
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Figure 6. Flexural strength of mortars using various NSBs with
elapsed immersion period in tap water and
artificial seawater

confirming that there was almost no deterioration
caused by artificial seawater,

Figure 6 shows the change in flexural strength by
period where mortar was soaked in fresh water and
artificial seawater after 28 days of standard curing,
Overall, the change appeared to be similar to the
change in compressive strength, and NSB mortar
exhibited a far greater flexural strength than OPC,
It can be seen that the rate of deterioration of the
flexural strength cement mortar due to artificial
seawater soaking is not as great as for compressive
strength,

Figure 7 compares the deterioration factor (DF) of
the compressive strength of mortar soaked in artificial
seawater with the DF of the compressive strength of

mortar soaked in freshwater, and it can be seen that
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Figure 7. Deterioration factor of cement mortar with type of
cement immersed in tap water and artificial sea water

the DF of OPC mortar is greater than that of NSB
mortar, regardless of the soak period, On the other
hand, in the case of NSB, a reaction product with
harmful ions in seawater at an early soak age attached
to the surface and blocked the pores of the specimen
so that DF up to 28 days of soak period was a negative
(—) value, and the DF of OPC mortar for a 1 year soak
period was found to be 26,9%, 4~5 times greater than
9,4~6,6% of NSB mortar,

3.3.2 XRD and SEM analysis

Figure 8 shows the XRD results of mortar surface
soaked for 1 year to examine the influence of artificial
seawater on hydration products and microstructure,

The influence of SO;° ions contained in artificial
seawater showed peaks of ettringite and plaster, and
it can be seen in particular that the peak of plaster
was the strongest, A peak of brucite generated from
the reaction of Mg2+ ions and calcium ions eluted from
NSB was also observed, Also, Friedel's salt generated
by the penetration of Cl ions in artificial seawater
into the cement hardening body was confirmed, and
the peak of thaumasite due to seawater reaction was
observed, and portlandite was observed for OPC,
Based on the analysis, it is believed that erosion by
seawater ions is greater for OPC than for NSB, as
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Figure 8. X-ray diffraction patterns of surface of OPC (a)
and NSB3(b) mortar after 1-year artificial sea water
immersion

the peaks of plaster, brucite and thaumasite appear
to be stronger.

Figure 9 shows the result of an XRD analysis of
a specimen taken at dSmm depth inside the surface
of mortar soaked for 1 year, OPC mortar saw only
a slight decrease in peak strength compared to the
surface and the strengths were almost identical,
showing that the inside of the specimen was
influenced by the ions in seawater. Moreover,
portlandite peak strength was observed to be larger
than at the surface so that deterioration due to
reaction with harmful ions in seawater is expected
to be more severe during the following period, On the
other hand, NSB mortar was found to have seen
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Figure 9. X-ray diffraction patterns of inner 5mm of OPC (a)
and NSB3(b) mortar after 1-year artificial seawater immersion

almost no influence from ions in artificial seawater,
and major hydrates of NSB such as ettringite and
C—S—H (1) gel showed strong peaks. Plaster found
in the XRD analysis of NSB mortar is thought to be
unreacted DPG contained in NSB rather than SO4*
by artificial seawater, Therefore, it is thought that
NSB mortar has a reaction to ions in seawater only
at the surface and spreading inward has been
suppressed, thus having an outstanding seawater
resistance,

Figure 10 is the result of an SEM analysis of mortar
surface soaked for 1 year, Plaster crystals were
clearly observed on both sides, but the crystal sizes
differed greatly. Despite having the same soak period
and rate for analysis, plaster crystals were further
developed for OPC than for NSB, which leads to the
judgment that OPC mortar has greater erosion due

to the SO42_ ions contained in artificial seawater.,
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(b) NSB3
Figure 10. Microstructure of surface of mortars with OPC and
NSB3 after 1-year artificial seawater immersion

4. Conclusions

In this study, the chemical penetration resistance
was evaluated through a seawater resistance
experiment of NSB produced using industrial
byproducts, and the following conclusion was obtained.,

1) In terms of major mineral products of NSB,

hyaline film of GBFS breaks down from alkali
stimulation and sulfate stimulation, and the ion
eluted from the inside of GBFS reacts with PG
to generate ettringite and the remaining
components of GBFS gradually form hydrates on
C—S—H (1) gel; at this time, PG is thought to
serve as not only an activator, but also as a
binder reacting with GBFES,

2) By observing the internal microstructure of NSB
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binder paste, it was found that the strength
expression at early age according to hydration
reaction is achieved by C—S—H gel generated at
the same time as ettringite, which serves as the
frame, C—S—H gel wraps around ettringite, and
as the age increases, the amount generated
continually increases while C—S—H gel tightly
fills up the pores of hardened paste, confirming
that a dense network—like web formation is
formed with ettringite,

3) OPC mortar decreased in strength as the period

of artificial seawater soaking increased, while
NSB mortar continuously increased in strength,
This is thought to be because the internal
structure is dense, suppressing the penetration
of harmful ions in seawater, As well, no Ca(OH),
is generated during the hydration process, which
means that it does not react with the SO,*~ and

2t . .
Mg™ ions in seawater,

4) The reduction in the performance of OPC mortar

soaked in artificial seawater was 26,9% for 1
year, which was about 4~5 times higher than
the 5.4~6.6% performance reduction seen in
NSB mortar,

5) Based on the XRD and SEM analysis, the influence

of the SO, Mg”", Ol ions contained in artificial
seawater led to the observation of ettringite,
plaster, brucite, thaumasite, and Friedel's salt.
Compared to NSB, OPC had a stronger peak
intensity for plaster, brucite and thaumasite, as
well as a better development of crystallization,
which leads to the judgment that it is subject to
a greater influence from seawater ions,

6) The inside of OPC mortar was found to be

influenced by the ions included in the artificial
seawater, but the inside of NSB mortar was
found to have received almost no influence from
ions in seawater due to its dense internal
structure, Also, it is thought that only the
surface has reacted with ions in seawater while



spreading inward has been suppressed, thus
confirming the high seawater resistance of NSB,
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