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a b s t r a c t

Effects of ground granulated blast-furnace slag (GGBFS) and glass fiber on the property

degradation of seawater sea sand mortar (FSSM) after elevated temperature exposure were

investigated in this study. The physical properties and mechanical strength of FSSM were

compared with that of cementitious mortar prepared with demineralized water and river

sand (FRRM). The results showed that when the mortars were exposed to normal tem-

perature, the compressive strength of FSSM was higher than that of FRRM. GGBFS

increased both the compressive and flexural strengths of FSSM, while glass fiber increased

the flexural strength but slightly decreased the compressive strength. The maximum

flexural strength of FSSM was achieved with 1 wt.% glass fiber and 30% GGBFS. After

exposed to temperatures of 200 �C and 400 �C, the flexural and compressive strength losses

of FSSM were lower than that of the corresponding FRRM, while the FSSM with glass fiber

exhibited more compressive strength loss but less flexural strength loss compared to the

FRRM. Additionally, GGBFS could densify the microstructure of FSSM, and decrease the

losses of flexural and compressive strength after exposed to elevated temperatures. The

calcium aluminosilicate hydrate (CeAeSeH) gels with higher ratios of Si/Ca and Al/Ca in

the FSSM with GGBFS were significantly more stable at the temperature of 700 �C compared

to the calcium silicate hydrate (CeSeH) gels with lower ratios of Si/Ca and Al/Ca in the

FRRM or FSSM without GGBFS. Therefore, it can be included that the high temperature or

fire resistance of FSSM can be improved by glass fibers and GGBFS.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
and economy. It is predicted that there might be a shortage of

1. Introduction

Recently cementitious materials, manufactured with fresh-

water and river sand, are one of the most widely-used build-

ings and structural materials worldwide for their versatility
. Li).
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freshwater and river sand in the 21st century [1,2]. The use of

seawater, instead of freshwater in concrete, can be a sus-

tainable way to protect freshwater sources from overuse.

Similarly, the use of sea sand without desalting is also the

latest development trend for releasing the burden of depleted
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river sand sources. Although high-salt content seawater/un-

washed sea sand has been prohibited in reinforced concrete

for many years due to steel corrosion, non-corrosive steel

such as fiber-reinforced polymers (FRP) could make the

application of seawater and sand in low-cost and long-life

concrete become a reality [3e5]. In addition, fire or high tem-

perature is an extreme environmental condition to which any

building or structure could be exposed during its service life

[6e9]. Concrete buildings and structures adopting the

seawater and unwashed sea sand as the raw materials are

also supposed to have significant performance under extreme

fire conditions.

Up to now, various studies have evaluated the perfor-

mance of ordinary Portland cement concrete (OPC) after high-

temperature exposure [10e15]. The composition of OPC,

including aggregate and cement paste, can be affected by the

increasing temperature since the OPC is a heterogeneous

building material [10e12]. OPC's performance under fire en-

vironments lies in its ingredient and the characteristics of its

elements. The hydration product of OPC, such as Portlandite

(CH), can decompose to form calcium oxide and release water

at approximately 400 �Ce500 �C. Under fire conditions, phase

changes, pore pressure changes, and the limited thermal

conductivity in OPC could significantly affect the mechanical

properties [13]. When the temperature exceeds 400 �C, the

strength is practically lost, as the result of the dehydration of

CH and rehydration of CaO [14]. The strength loss of OPC ex-

ceeds 50% when exposure temperatures are up to around

400 �Ce500 �C due to the dehydroxylation of hydroxide and

constant dehydration of calcium silicate hydrate (CeSeH)

starting at 105 �C [15]. OPC could be suffered wide-ranging

damage due to physical and chemical changes at high tem-

peratures, leading to severe deterioration of mechanical per-

formances [6e9]. Therefore, some researchers have explored

the possibility of adjusting the concrete ingredients to provide

a more stable microstructure of the cement-base composites.

Incorporating glass fibers as reinforcing agents is one of the

most efficient methods to optimize the microstructure of the

cement-based composites, especially when the structure is

needed to consider to carry tension load, for the fact that the

increase of elastic tension will cause great microcracks and

integrated rupture of unenhanced matrix [16]. The quality of

glass fibers was guaranteed by some glass technologies

mentioned in previous references [17e20]. The application of

glass fibers in this concrete structure can protect the physical

and also chemical characteristics of fibers and their sur-

roundings [21,22]. Glass fibers are able to be recognized as the

primary load-carrying component [23,24]. The matrix of

cement-based composites encircling fiber is prohibiting them

from being affected by the surrounded environment. Besides,

glass fibers can also be seen as the load transducers that

enable the fibers to move steadily within them [23,24].

Immensely, adequate fibers in the composite matrix can

comfortably improve tensile strength. Besides, it is reasonable

to select the glass fibers to optimize the cement-based com-

posites' microstructure for their beneficial physical charac-

teristics and comparatively cheap cost [25]. The glass fibers

have also been reported to play an essential role in prohibiting

the formation of cracks in the cement-based composites

under a fire environment for the highmelt point of glass fibers
[26,27]. Besides, a large number of investigations have been

conducted to confirm the feasibility of using industrial by-

products such as ground granulated blast-furnace slag

(GGBFS) to provide a more stable microstructure in cement-

based composites or GGBFS-based cementitious materials

[28e32]. Aziz et al. reported that a reduction in the number of

pores in alkali-activated slag after exposure to elevated tem-

peratures [33]. Delhomme et al. [34] studied the influence of

high temperature on cement mortar with substitutes of

GGBFS and concluded that an increase of GGBFS content to

20% or above significantly promoted the fire resistance at the

water to bind ratio of 0.6. Gao et al. [35] investigated the

splitting strength of OPC and high-strength pozzolanic con-

cretes at high temperatures and illustrated that pozzolanic

concrete containing GGBFS had better performance than the

OPC.

Most studies on seawater and sea-sand cement-based

composites focused on the influence of hydration reaction

and FRP-reinforced concrete structural performance

[3e5,36e39]. Li et al. [40] only investigated the thermal and

mechanical properties of geopolymer mortar mixed with

seawater and sea sand and concluded that the seawater and

sea sand have a slightly detrimental effect on the residual

strength of geopolymer mortar. Limited studies have been

conducted to investigate cement-based composite fire re-

sistivity utilizing seawater and sea sand [37e39]. Therefore,

the aim of this study is to investigate the effect of GGBFS and

glass fiber on the thermal performance and flexural behav-

iors of seawater and sea-sand mortars (FSSM) to provide a

more stable microstructure. The mortars mixed with dem-

ineralized water and river sand (FRRM) were also manufac-

tured as the reference group. The mass loss, visual

appearance, compressive and flexural strength were inves-

tigated in this study. In order to explain the differences (be-

tween FRRM and FSSM) caused by sea sand and seawater, the

improvement of the combined GGBFS and glass fiber, the

change of microstructure and hydration products was

measured by using various techniques, including X-ray

diffraction (XRD), Fourier transforms infrared spectroscopy

(FTIR), thermogravimetric analysis (TGA), and backscatter

electrons (BSE) with energy dispersive X-ray (EDX). It is ex-

pected that the results of this study will contribute to the

development of new construction materials that perform

well at high temperatures.
2. Materials and specimen preparation

2.1. Raw materials

The mortar was manufactured based on the Eureka general-

purpose cement in accordance with AS/NZS 2350.1-2006

(Methods of testing Portland, blended and masonry cements

sampling) and GGBFS in accordance with the AS 3582.2:2014

(Supplementary cementitious materials Slag e Ground gran-

ulated blast-furnace) as binding materials. Two types of

water, demineralized water, and seawater, were applied as

the mixing water. Two types of sand (river sand and sea sand)

were employed as fine aggregates. The seawater and sea sand

were obtained from the Botany Bay near Sydney, Australia,
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Table 1 e Chemical properties of composition of cement, GGBFS and sea sand, and mineral properties of cement.

Chemical properties (by weight %)

Type SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2Oeq K2O

Cement 21.8 4.5 3.5 65.4 2.6 1.4 0.6 1.3

GGBFS 36.0 11.8 0.3 42.6 5.8 0.5 0.2 0.3

Sea sand 96.5 0.21 0.43 1.3 0.1 0.01 0.07 0.05

Mineral properties of cement (by weight %)

C3S C2S C3A C4AF Blaine Density Water demand

54% 14% 7% 11% 357 m2/kg 3.06 g/cm3 28.0%

Table 2 e Chemical compositions in seawater and sea
sand from Botany Bay (Sydney, Australia).

Concentration
(g/l)

NaCl MgCl2 Na2SO4 KCl CaCl2 NaHCO3

Seawater 19.0 1.35 0.88 0.38 0.40 e

Salt content

(wt.%)

Cl SO4

Sea sand 0.83 0.09
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and the sea sand mentioned in the following section was all

the sea sand without desalting.

The Blaine, density, and specific gravity of GGBFF were

418 m2/kg, 1.28 g/cm3 and 2.92, respectively. The primary

chemical composition of cement, GGBFS, and sea sand

measured by X-ray fluorescence (XRF) is listed in Table 1. The

mineral composition and physical properties of cement are

also listed in Table 1. Sieve analysis was carried out according

to AS1141.11.1-2009 (Methods for sampling and testing ag-

gregates e particle size distribution e sieving method) to

determine the particle size distribution (PSD) of cement,

GGBFS, river sand, and sea sand. The PSD curves of the ma-

terials used are compared in Fig. 1. The fineness modulus of

river sand was 2.39, and that of sea sand was 1.86, indicating

the river sand was slightly coarser than the sea sand. The

chemical composition of the seawater and sea sand by

inductively-coupled plasma mass spectrometry is displayed

in Table 2. There were high chloride and sulfate ions content

in seawater and relatively low weight percentage of chloride

and sulfate in sea sand, while no chloride content was foun-

ded in river sand and demineralized water.

A kind of commercial compound glass fiber with 12 mm in

length and 33 mm in diameter was also used in this experi-

ment. The density of the glass fiber used in this study was

0.91 g/cm3. The melting point is around 270 �C. Glass fiber-

reinforced FSSM mortars were manufactured with 1.0 wt.% of

the total mass. The furnace test was adopted to identify

physical evolutions of glass fiber after high-temperature
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Fig. 1 e Particle size distribution curves of raw materials

used.
exposure [41]. The same quantities of glass fibers were held

in a quartz crucible and then put into a furnace oven with the

heating rate of 10 �C/min, and kept for two hours until the

temperature was up to the different target temperatures

(200 �C, 400 �C, and 700 �C), and finally, the mass change and

physical transformations for the glass fibers were recorded in

Fig. 2. There were indeed some noticeable changes in the

physical properties of glass fiber after different high-

temperature exposure. There was no mass change of glass

fibers after exposure to 200 �C; in contrast, there were 20% and

50% mass loss after being exposed to 400 �C and 700 �C,
respectively, indicating that the glass fiber could be partially

melted in 400 �C and 700 �C.

2.2. Mix design

Four series of cement mortar mixes with seawater and sea

sand were studied: cement mortar mixes only with seawater
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Fig. 2 e Physical transformations andmass change of glass

fiber after the furnace test under different heating

temperatures.
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Table 3 e Mix proportion design of cement mortars (gram).

Sample Cement Demineralized water Seawater River sand Sea sand GGBFS Glass fiber SP

FRRM 300 90 e 600 e e e e

FSSM 300 e 90 e 600 e e e

FSSM-1F 300 e 90 e 600 e 9.9 1.8

FSSM-10S 270 e 90 e 600 30 e e

FSSM-20S 240 e 90 e 600 60 e e

FSSM-30S 210 e 90 e 600 90 e e

FSSM-10S-1F 270 e 90 e 600 30 9.9 1.8

FSSM-20S-1F 240 e 90 e 600 60 9.9 1.8

FSSM-30S-1F 210 e 90 e 600 90 9.9 1.8
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and sea sand, FSSM mixes with 1 wt.% glass fiber (FSSM-F

group, named FSSM-1F), FSSM mixes with 10, 20, and 30 wt.%

GGBFS substitutes for cement (FSSM-GGBFS group, named

FSSM-10S, FSSM-20S, and FSSM-30S, respectively), and FSSM

mixes with GGBFS substitutes and glass fiber (FSSM-GGBFS-F

group, named FSSM-10S-1F, FSSM-20S-1F, and FSSM-30S-1F,

respectively). The mortar mixed with demineralized and

river sand was also cast as the reference group. All mixes had

a 0.30 ratio of water to binder (W/B) and a 2.0 ratio of binder to

sand. 0.6% superplasticizer (SP) was added to the group with

the addition of glass fiber. All mortar mixes proportions are

illustrated in Table 3.

2.3. Specimen preparation

Specimens with dimensions of 40 mm � 40 mm � 140 mm

were fabricated according to ASTM C348-20 (Standard test

method for flexural strength of hydraulic-cementmortars). All

mortars with or without glass fiber were mixed based on the

following procedure: sand was mixed with binder at a slow

speed for 1 min. After the low-speed mix, the water or

seawater with SP was put into the Hobart mixer, followed by

another 2 min of slow mixing. After a 1 min rest, high-speed

mixing was applied for 2 min. After this, for the non-fiber

mixtures, they were cast into oiled moulds, while for the

fiber-reinforced mixtures, the glass fiber was added into the

mixtures alongwith SP andmixed for another 2-min at a high-

speed and they were then cast into oiled moulds to form

specimens. All mortars were kept for 1 day in a climate

chamber with RH of 95% and a temperature of 20 ± 1 �C. After
curing for 24 h, the mortars were demoulded and kept in the

same curing conditions for the testing time.
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3. Experimental program

3.1. High-temperature exposure

All surface-drying mortar specimens in one layer were

exposed to the different target temperatures of 200 �C, 400 �C,
and 700 �Cwith a heating rate of 5 �C/min [29]. After reaching a

target temperature, they were maintained at the temperature

for 2.5 h by employing a furnace oven, as shown in Fig. 3.

Specimens were taken out from the furnace oven, cooled

down to room temperature, and finally applied to the

following experimental investigations.
3.2. Physical properties

A high-resolution camera recorded the visual appearance

before and after high-temperature exposure of all mixes.

Before and after high-temperature exposure, the mass of all

mixtures was measured by a scale with an accuracy of 0.01 g.

The mass loss percentage was calculated by the mass change

of the corresponding specimens before and after high-

temperature exposure compared to the mass before high-

temperature exposure.

3.3. Mechanical strengths

After 28-day curing in the lab chamber and being exposed to

high temperatures, three specimens of all mixtures were used

for the flexural strength test by a universal testing machine in

accordance with ASTM C348-20 (Standard test method for

flexural strength of hydraulic-cement mortars). The fractured

portions of the specimens after the flexural strength test were

employed for a compressive strength test following ASTMC349-

18 (Standard testmethod for compressive strength of hydraulic-

cement mortars). The percentages of compressive and flexural

strength loss were calculated based on the original strength and

the strength loss caused by high temperature exposure.

3.4. Microstructure characterization

The fractured samples with the size of 2e5 mm and powder

samples (pass through a 45 mm sieve), smashed from the core

of mortars before and after high-temperature exposure were

https://doi.org/10.1016/j.jmrt.2021.04.068
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used to investigate the change ofmicrostructure and hydration

products. To stop the cement hydration, the powder and

fractured samples were soaked in 100% acetone. All soaked

samples were then dried entirely within the drying oven at

40 �C for two days before being measured in the following test.

The XRD analysis was employed to examine the composition

evaluations occurring in all samples. The XRD analysis for

powder samples was carried out by utilizing a BRUKER AXS D8

ADVANCE machine with 40 kV power and 40 mA in a Cu-Ka

source. The tested angle of the 2q was in the range from 5� to

70� at a step of 0.02�/min. The changing of molecular charac-

terizations was measured by the FTIR analysis. The FTIR

analysis for powder samples was performed with an attenu-

ated total reflectance attachment for spectra measurement

between 400 and 4000 cm�1 wavenumber at 8 cm�1 resolution.

Thermogravimetric analyses were conducted on powder

samples to evaluate the alterations of the hydration reaction

products for mortars before and after being subjected to

elevated temperatures. The TGA analysis for powder samples

was conducted by the application of the NETZSCH STA 449

machine in a nitrogen environment. The powder sampleswere

maintained around 40 �C for 0.5 h and then heated from 40 �C
to 1000 �C at a rate of 10.0 �C/min in the N2 environment. The

microstructure and composition change of hydration products

in fractured samples were implemented by Zeiss Supra 55VP

Backscatter electrons and energy dispersive X-ray with Raith

Elphy Plus E-beam Lithography System as chemical composi-

tion analyzer at an accelerating voltage of 15 keV. After drying

in the oven at 40 �C for two days, the lumpy samples were

cured in epoxy resin, then polished with abrasive paper p300,

p600, and p1200 by a grinder, and finally polished with 0.3 nm

diamond polishing agent for approximately 10 min. The sam-

ples were carbon-coated for BSE-EDX analysis. The analytical

process was set up to analyze the following elements: Al, Si, Cl,

S, Na, and Ca. The chemical components were analyzed by

Aztec 2.0 in accordance with the EDX results.

4. Results and discussions

4.1. Physical properties

The mass loss of all groups after high-temperature expo-

sure is presented in Fig. 4. The mass of all groups increased
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Fig. 4 e Mass loss of mortars after
with increasing temperature. At all high temperatures, the

mass loss of the FRRM group was higher than that of FSSM,

which might be related to the influence of seawater and sea

sand on the hydration reaction. The addition of 1.0 wt.%

fiber clearly increased mass loss at all elevated, resulting in

a higher percentage of mass loss of FSSM-1F than that of

FSSM and FRRM. After exposure to a temperature of 700 �C,
the percentage of mass loss for FSSM-1F, FSSM, and FRRM

was 12.5%, 11.8%, and 12.0%, respectively. The mass loss of

FSSM mixtures with GGBFS was less than that of the FSSM

group and the corresponding FSSM-GGBFS-F group. The

mass loss of the groups with GGBFS slightly decreased with

the increasing addition of GGBFS. The combination of glass

fiber and GGBSF decreased the mass loss. As displayed in

Fig. 4, the mass loss of FSSM-10S-1F was lower than that of

FSSM. These were mainly related to a denser microstruc-

ture in the groups with GGBFS than in the FSSM specimens.

The glass fiber reduced the relative content of cementitious

material in the same volume of samples, and the partial

mass loss of glass fiber occurred in 400 �C and 700 �C, which

might account for a higher mass loss in groups with glass

fibers.

Fig. 5 displays the visual appearance of the specimens

after exposure to a temperature of 700 �C. No apparent cracks

were detected in the visual appearance of mortars after

exposure to 200 �C and 400 �C. Thus, the visual appearance of

all specimens at 200 �C and 400 �C is not displayed in Fig. 5. As

shown in Fig. 5, more cracks were founded in FRRM than in

FSSM after exposure to 700 �C. The alteration of moisture

loss, evaporation, and decomposition of chemical structures

for those specimens could occur as the increasing tempera-

ture could lead to more cracks. The cracks in the FSSM-

GGBFS specimens were less than that in FSSM, and the

cracks could be relatively decreased with the increasing

addition of GGBFS. Both longitudinal and transverse cracks

were detected in the FRRM, FSSM, and FSSM-GGBFS speci-

mens compared with only longitudinal cracks detected in

FSSM-1F, which indicated that the glass fiber could effec-

tively prevent the formation of cracks caused by the elevated

temperature. The combination of GGBFS and fiber could also

indeed protect the formation of cracks at high temperatures,

without apparent cracks founded in the FSSM-GGBFS-F

specimens.
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Fig. 5 e Visual appearance of all mortars after exposure to a temperature of 700 �C.
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4.2. Compressive and flexural strengths

The compressive strength for all exposed and unexposed

specimens and percentage of strength loss for all exposed

specimens are illustrated in Fig. 6. For the compressive

strength in Fig. 6(a), the compressive strength of FSSM was

higher than that of FRRM, while FSSM-1F with the addition of

fiber was lower than that of FRRM. The addition of GGBFS

could increase the compressive strength of FSSM, and the

increasing incorporation of GGBFS could also improve the

compressive strength of the FSSM-GGBFS specimens. How-

ever, the compressive strength of the FSSM-F-GGBFS was

lower than that of FSSM, which indicated that the compres-

sive strength reduction caused by the addition of glass fiber

was higher than the compressive strength increase due to the

addition of GGBFS. As the temperature increased, the

compressive strength was decreased, especially at 700 �C, a
massive strength reduction of all groups could be founded.

Similar differences in the compressive strength of all exposed

specimens were examined and compared with those of un-

exposed specimens. For the compressive strength loss in

Fig. 6(b), the FSSM-GGBFS group had the lowest strength loss
followed by FSSM, FRRM, FSSM-GGBFS-F, and FSSM-F group at

the temperature of 200 �C and 400 �C, while a higher

compressive strength loss was founded in FRRM than those of

FSSM-F and FSSM-GGBFS-F groups at 700 �C.
The flexural strength for all exposed and unexposed

specimens and the percentage of flexural strength loss for all

exposed specimens are illustrated in Fig. 7. The flexural

strength of FSSM was lower than that of FRRM, which was

related to the physical properties (low fineness modulus) of

sea sand in the FSSM group [36]. The addition of fibers could

increase the flexural strength of FSSM, resulting in a higher

flexural strength of FSSM-1F than FRRM. The replacement of

GGBFS for cement could also increase the flexural strength of

FSSM, and the flexural strength of the FSSM-GGBFS group

could also be increased with the increasing content of GGBFS.

Although the flexural strength of FSSM-10S was lower than

FRRM, the flexural strength of FSSM-20S and FSSM-30S was

higher than that of FRRM. In addition, while the FSSM-30S had

the highest flexural strength among the FSSM-GGBFS, the

flexural strength of FSSM-30S was still lower than that of

FSSM-1F, which indicated that the fiber had a higher ability to

optimize the flexural strength than that of GGBFS. The

https://doi.org/10.1016/j.jmrt.2021.04.068
https://doi.org/10.1016/j.jmrt.2021.04.068


0

20

40

60

80

100

120

140

160

25 200 400 700
0

20

40

60

80

100

120

140

160

C
om

pr
es

si
ve

 s
tr

en
gt

h 
(M

Pa
)

Temperature (oC)

FFRM
FSSM
FSSM-1F
FSSM-10S
FSSM-20S
FSSM-30S

(a1) (a2)

700400200

C
om

pr
es

si
ve

 s
tr

en
gt

h 
(M

Pa
)

Temperature (oC)

FSSM
FSSM-10S
FSSM-20S
FSSM-30S
FSSM-10S-1F
FSSM-20S-1F
FSSM-30S-1F

25

0

10

20

30

40

50

60

70

80

90

100

110(b1)

C
om

pr
es

si
ve

 s
tr

en
gt

h 
lo

ss
 (%

)

Temperature (oC)

FRRM
FSSM
FSSM-1F
FSSM-10S
FSSM-20S
FSSM-30S

200 700400
0

10

20

30

40

50

60

70

80

90

100

110(b2)

C
om

pr
es

si
ve

 s
tr

en
gt

h 
lo

ss
 (%

)

Temperature (oC)

FSSM
FSSM-10S
FSSM-20S
FSSM-30S
FSSM-10S-1F
FSSM-20S-1F
FSSM-30S-1F

700400200

Fig. 6 e Effect of elevated temperature exposure on compressive strength: (a), Compressive strength of all unexposed and

exposed groups; (b), Compressive strength loss after high-temperature exposure.
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combination of fiber and GGBFS contributed to the highest

flexural strength of FSSM-GGBFS-F. As the temperature

increased, the flexural strength of all groups was decreased,

especially a large amount of strength reduction of all speci-

mens founded at 700 �C. Only the flexural strength of the
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FSSM-GGBFS-F could be recorded. The flexural strength

changes of all exposed specimens were founded similarly

with those of unexposed specimens, except the FRRM and

FSSM after exposure to 400 �C. It should also be noted that the

flexural strength in FRRM was higher than in FSSM at normal
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Fig. 8 e XRD diagrams for mortars before and after high-temperature exposures: (a) Comparison at 25 �C; (b) FRRM; (c) FSSM

and (d) FSSM-30S. Peak labels are as follows: A-alite (3CaO·SiO2), AL e Aluminate, B-belite (2CaO·SiO2), CAF e Brownmillerite

(4CaO·Al2O3·Fe2O3), C-calcite (CaCO3), CSH (3CaO·2Al2O3·3H2O), P-Portlandite (Ca(OH)2), E-ettringite

(3CaO·Al2O3·CaSO4·12H2O), F- Friedel's salt (3CaO·Al2O3·CaCl2·10H2O), Q-Quartz (SiO2), and T-tri-calcium aluminate

(3CaO·Al2O3).
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temperature and 200 �C, but lower than in FSSM at 400 �C,
which indicated that there were some different microstruc-

ture changes between FRRM and FSSM groups. For the flexural

strength loss in Fig. 7(b), the FSSM-GGBFS-F group had the

lowest strength loss in all exposure temperatures, followed by

FSSM-F, FSSM-GGBFS, FSSM, and FRRM groups. In addition,

when the temperature was up to 700 �C, the percentage of

flexural strength loss in all specimens except the FSSM-

GGBFS-F group reached 100% because only the flexural

strength of the FSSM-GGBFS-F group could be recorded.

In general, the seawater and sea sand could decrease the

strength loss of FSSM, resulting in a lower strength loss of

FSSM than that of FRRM in all exposure temperatures. The

strength loss of FSSM could be decreased by the GGBFS and

decreased with the increasing GGBFS. The addition of fiber

had an adverse effect on the compressive strength of FSSM

but had a positive effect on the flexural strength of FSSM.

There are two possibilities for the addition of glass fiber to

reduce the compressive strength of FSSM: glass fiber reduces

the cement content of a given volume of mortar, and the

interface between glass fiber and cementmatrixmay not be as

strong as the interface between sand and cement [26,27]. The

combination of GGBFS and fiber could optimize the micro-

structure of seawater sea-sand mortar, resulting in a lower

flexural strength loss in the FSSM-GGBFS-F group after expo-

sure to 700 �C.
4.3. Microstructure characterization

4.3.1. X-ray diffraction
The XRD results of all samples at 25 �C and the samples of

FRRM, FSSM, and FSSM-30S after high-temperature exposure

are displayed in Fig. 8. It showed the comparative XRD results

in all samples before exposed to elevated temperatures. In

Fig. 8(a), the data demonstrated that the all anhydrous test

specimens before exposure to high temperatures were very

similar to each other with the main clinker phase alite

(2q ¼ 29.4 and 47.0�), belite (2q ¼ 34.0�), tri-calcium aluminate

(2q ¼ 29.9�), quartz (2q ¼ 18.8, 19.8, 20.9, 23.9, 25.2, 26.8, 36.4,

39.3, 42.3, 50.0, 54.8, 59.9 and 68.2�), CeSeH (2q ¼ 28.7�)and
calcite (2q ¼ 22.3�), as well as Portlandite (2q ¼ 18.0 and 50.8�).
There were lots of intensity peaks of quartz due to the sand

content in the mortar samples. There was still some unreac-

ted cement paste in all samples identified by the appearance

of the tri-calcium aluminate or belite. The main difference

between the FRRM group and the FSSM group was that there

was a high intensity of Kuzel's and Friedel's salt (2q ¼ 11.1�) in
the samples with seawater and sea sand, which might be

related to the salt contents in seawater and sea sand [36]. The

reason for accelerating cement hydrationwas primarily due to

chloride promoting the precipitation of calcium, aluminate,

and ferrite [36]. The peak of ettringite (AFt) at 9.09� 2qwas only

founded in FRRM at 28 days. Therewas no big difference in the

https://doi.org/10.1016/j.jmrt.2021.04.068
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XRD results between the FSSM and FSSM-1F mixes, indicating

that the glass fiber had no major effect on the hydration re-

action. In addition, the intensity of CH was decreased as the

increasing GGBFS in the mixes with seawater and sea sand,

indicating that there was a reaction between Portlandite and

the chemical component in GGBFS [42].

Fig. 8(b)e(d) shows the comparative XRD results FRRM,

FSSM, and FSSM-30S before and after high-temperature

exposure. From the results of physical and mechanical prop-

erties, FSSM-30S performed best in the FSSM-GGBFS group.

Therefore, after exposure to high temperatures, the discus-

sion about the impact of GGBFS mainly focused on comparing

FSSM-30S with other groups (the same below). At the tem-

perature of 200 �C, therewas only a noticeable reduction of the

intensity for AFt in FRRM and a slight reduction of the in-

tensity for Friedel's salt in FSSM and FSSM-30S, which indi-

cated that the AFt and Friedel's salt could be partly

decomposed under this temperature. When the temperature

was up to 400 �C, there was a noticeable reduction of the in-

tensity for AFt in the FRRM group and for Friedel's salt in FSSM

and FSSM-30S systems, which indicated that the high tem-

perature could significantly influence the AFt and Friedel's
salt. Besides, after exposure to 700 �C, there was a noticeable

reduction of the intensity for CH and CeSeH for all specimens.

The FRRM had the most significant reduction of CH and

CeSeH, followed by FSSMand FSSM-30S,which indicated that

the FSSM and FSSM-GGBFS group was relatively lower influ-

enced by the high temperature than that of FRRM. In addition,

there was no significant change for the other phases, such as

calcium, and quart indicating that these phases could be

stable after high-temperature exposure, even up to 700 �C.
Fig. 9 e FTIR analysis on mortars before and after high-temperat

(c), FSSM and FSSM-30S; and (d), FSSM-30S and FSSM-10S.
4.3.2. Fourier transform infrared spectroscopy
Fig. 9(a)e(d) shows the comparison of FTIR data

(600e3700 cm�1) among FRRM, FSSM, FSSM-1F, FSSM-30S,

and FSSM-10S before and after high-temperature exposure.

Before exposure to high temperatures, absorbance peaks

were detected regarding distinct substances as displayed in

Fig. 9: the stretching of the OeH bond in CHwas respected to

the wavenumber near 3640 cm�1 [43], the peak ranging from

1200 to 1400 cm�1 was connected to the bending mode of

CO3 [44], the limited peak at approximately 1100 cm�1 was

allocated to the stretching of SO4 in monosulphate (AFm) or

ettringite [45], and the peak ranging from 960 to 1000 cm�1

was contributed to the stretching of SieO bond in CeSeH or

SiO2 [46], and the cramped peak ranging from 820 to

880 cm�1 was for another dissymmetry stretching of CO3

[44]. In this section, the peak (960e1000 cm�1) variation was

assumed to be mainly caused by CeSeH since quartz (SiO2)

could stabilize after exposure to 700 �C [29]. Before being

exposed to high temperatures, the signals from Fig. 12(a) for

AFt/AFm and CeSeH were slightly substantial in FSSM than

in FRRM, which confirmed the superior extent hydration of

mortars with seawater and sea sand than those mortars

mixed with river sand and distilled water. There were no

significant differences in the signals from Fig. 9(b) between

FSSM and FSSM-1F, demonstrating that the fiber did not

affect the hydration reaction. When the addition of GGBFS

was increased, the signals from Fig. 9(c) and (d) for AFt/AFm

and CeSeH could notably be increased, but Ca(OH)2 could be

apparently decreased, which confirmed that more gel ma-

terials could be formed through the pozzolanic reaction of

cement.
ure exposures: (a), FRRM and FSSM; (b), FSSM and FSSM-1F;
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Fig. 10 e TG and DTG analysis of mortars before and after high-temperature exposures: (a), Comparison at 25 �C; (b), FRRM;

(c), FSSM and (d), FSSM-30S.
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After exposure to 200 �C, there was a reduction in the

peak of AFt/AFm and CeSeH among all specimens. The

chemical bounded water from AFt/AFm, and CeSeH could

indeed be decomposed after being exposed to this temper-

ature [29]. The differences of these peaks were enlarged

among FRRM and FSSM groups, which were related to a

denser microstructure in the FSSM. The signals for AFt/AFm

and CeSeH in the FSSM-GGBFS group with a high content of

GGBFS were also higher than those in the FSSM group. At a

temperature of 400 �C, the narrow peaks of all specimens

around 1100 cm�1 was gradually disappeared, which indi-

cated that almost all AFt/AFmweremostly decomposed. The

peak of CeSeH for all groups was also reduced as the

increasing exposure temperature. The differences in the

CeSeH peak were narrowed among all groups. When the

temperature reached 700 �C, there was a sharp reduction in

the peak of CeSeH among all groups. The peak of CeSeH

could still be detected in the FSSM, FSSM-F, and FSSM-GGBFS

group, compared to no obvious peck of CeSeH detected in

the FRRM, which indicated that higher stable microstructure

in 700 �C could be founded in FSSM. Besides, the change of

the CeSeH peak was also lower in FSSM-30S than FSSM-10S,

demonstrating that the addition of GGBFS could also

enhance the stable microstructure of FSSM.
4.3.3. Thermogravimetric analysis
Thermogravimetric analyses were conducted on powder

samples to evaluate the alterations of the hydration reaction

products for mortars before and after high-temperature

exposure. Fig. 10(a) shows the comparative thermogravim-

etry (TG) and derivative thermogravimetry (DTG) results of

mortar specimens before high-temperature exposure. As

shown by the XRD and FTIR results above, TGA results for the

specimens with fibers were not shown in this section because

no significant differences were founded between the corre-

sponding mixtures with or without glass fibers. According to

the DTG results, two narrow peaks in FRRM could be detected

approximately ranging from 100 �C to 200 �C, which was

mainly caused by the loss of free water and the dehydration of

ettringite, CeSeH, and AFm [47e51], while two small peaks in

the group with seawater and sea sand could be found in the

same temperature range owing to the dehydration of ettrin-

gite, CeSeH, AFm, and Friedel's salt [36,52]. The FSSM-GGBFS

group had themost massive intensity of the AFm dehydration

peak, followed by the FSSM and FRRM group, which might

have something to dowith the sulfate content in seawater and

sea sand. A noticeable sharp peak between 450 �C and 500 �C,
attributed to the dehydration of Ca(OH)2, occurred in all

specimens [53]. Another peak, primarily due to the

https://doi.org/10.1016/j.jmrt.2021.04.068
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decomposition of CaCO3, was founded around 720 �C [54].

Compared to the FRRM group, the intensity of the CH dehy-

dration peak was much lower in the FSSM group and

decreased in the FSSM-GGBFS group with the increasing

GGBFS content, which was contributed to the consumption of

Ca(OH)2 by the hydration reaction of ions in seawater/sea

sand and the pozzolanic reaction of GGBFS, respectively

[42,55]. In the FSSM-GGBFS, the intensity of the decomposition

peak of CaCO3 was lower than that in the FSSM, which indi-

cated that fewer CaCO3 existed in the FSSM-GGBFS.

Fig. 10(b)e(d) shows the TG and DTG comparison of FRRM,

FSSM, and FSSM-30S before and after the high-temperature

exposure. After exposure to 200 and 400 �C, there was an

apparent decrease in the intensity of the peak around 200 �C
for all mixes in the DTG curves, while there was no noticeable

change for the CH and dehydration peaks, which indicated

that the decomposition of the AFt, AFm and Friedel's salts

primarily accounted for the strength loss after exposure to

these temperatures. Besides, the evaporation of some chem-

ically bounded water and the CeSeH gels' shrinkage could

also be increased as the increasing high temperature, partially

leading to the strength loss after exposure to these tempera-

tures [47]. However, after exposure to 700 �C, except for those
peaks close to 200 �C in the DTG curve, the CH dehydration

peak in all mixtures decreased significantly, and the carbon-

ate dehydration also decreased slightly, which might lead to a

lower strength reduction in all mixes after exposure to this

temperature. In addition, weight changes mainly related to

the evaporation of chemically bonded water in the tested

samples between 200 �C and 1000 �C were also presented in

Table 4. From Table 4, it could be known that the evaporation

of chemically bonded water in the FSSM group was higher

than the FRRM group after being exposed to all different

elevated temperatures and could be increased by the addition

of GGBFS. Besides, the decomposition of CeSeH had been

confirmed [56e58] to begin when the exposure temperature is

over 500 �C, and it would lead to a noticeable alteration in the

pore structure of the mortar matrix. Thus, the gels' distinct
decomposition procedure after exposure to 700 �C also led to

the incompatible strength loss in all specimens.

4.3.4. BSE with energy dispersive X-ray
Fig. 11(a)e(d) shows the BSE morphologies with the EDX re-

sults of FRRM, FSSM, FSSM-1F, and FSSM-30S mixes at

different temperatures. Before high-temperature exposure in

Fig. 11(a1)e(d1), the BSE morphologies of all specimens were

generally dense. The detected EDX results of CeSeH in FRRM

and Friedel's salts in FSSM and FSSM-30S corresponded to the

XRD resultsmentioned in Fig. 8. Besides, the existence of glass

fibers was confirmed by the EDX results with high intensity of
Table 4 e Weight loss of mortar before and after high-
temperature exposures (200e1000 �C).

Specimen Weight loss (%)

25 �C 200 �C 400 �C 700 �C

FRRM 10.1 9.2 8.9 4.7

FSSM 10.4 9.4 9.0 5.8

FSSM-30S 10.8 9.6 9.4 6.7
the Si and Na because the primary chemical component of

glass fibers was sodium silicate. In Fig. 11(c1), a poor

fiberepaste interface along the longitudinal might explain a

lower compressive strength in the group with fibers than

thosewithout fibers.When the exposure temperature reached

200 �C in Fig. 11(a2)e(d2), some small pores were detected in

the FRRM and FSSM, compared to a relative dense micro-

structure detected in FSSM-1F and FSSM-30S, which suggested

that the increased content of glass fiber and GGBFS could

improve the fire resistivity of the FSSM group. The EDX results

of CH could be detected in all mixes. The microstructure

changes in these mixtures were mainly related to the evapo-

ration of the free water, AFm/AFt under this temperature,

consistent with the XRD and FTIR results. Besides, most of the

glass fibers in FSSM-1F could be detected, which confirmed the

unchanged mass of the fiber shown in Fig. 2.

After exposure to 400 �C, in addition to the existence of

inevitable pores, the cracks alone the weak interface between

the river sand and paste matrix in FRRM could be observed,

while only some small pores could be detected in FSSM, FSSM-

1F, and FSSM-30S group. This indicated that the mortars

mixed with seawater and sea sand could perform better than

the mortars with river sand and demineralized water. CeSeH

gels were examined in all specimens, demonstrating that

CeSeH could be stable after exposure to 400 �C. Besides, the
relatively complete glass fibers were still able to be recorded in

the FSSM-1F, confirming 20%mass loss of fiber in Fig. 2. Fewer

cracks were generated in FSSM-1F, and spalling could be

prevented in FSSM-1F in the contract to these groups without

glass fibers. After exposure to 700 �C, it seemed that with the

increasing exposure temperatures, fibers were nearly melted

(nearly 80% mass loss shown in Fig. 2) and left channels,

which could release the internal pressure in the mortar ma-

trix, as shown in Fig. 11(c4). In addition, more substantial

cracks in the FRRM group and apparent cracks in the FSSM

group along the weak interface could also be presented in the

BSE morphologies. However, some pores were detected in

FSSM-30S, which confirmed that adding GGBFS could enhance

the microstructure of seawater and sea-sand mortars. The

calcium aluminosilicate hydrate (CeAeSeH) could also be

detected in the FSSM-30S group even after being exposed to

700 �C. The combination of GGBFS and fiber made a more

stable microstructure in the FSSM-GGBFS-F group, even after

exposure to 700 �C. Besides, Fig. 12 displays the BSE maps of

FSSM-1F before and after high-temperature exposure. The

main chemical composition of glass fibers was Na2SiO3. There

were nearly no detected elements of Na after exposure to

700 �C, which also confirmed thatmost of the glass fibers were

melted after exposure to 700 �C.
In order to evaluate the phase change, the EDX point

analysis for the primary elements (Al, Ca, Cl, and Si) in a vol-

ume of approximately 1 mm3 was adopted. The results were

displayed in ratios lying in between the best possible stoichi-

ometry of these phases [59,60]. Fig. 13(a) and (b) present the Al/

Ca ratio as a function of the Si/Ca ratio for FRRM, FSSM, and

FSSM-30S before high-temperature exposure and exposure to

a temperature of 700 �C, respectively. CeSeH/CeAeSeH was

expressed by a dotted circle. Before high-temperature expo-

sure, compared to the FRRM group, the Si/Ca and Al/Ca ratios

of the CeSeH were higher in the FSSM group, which might be

https://doi.org/10.1016/j.jmrt.2021.04.068
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caused by the ions content in seawater or sea sand [36]. The

addition of GGBFS could also increase the Si/Ca and Al/Ca

ratios of the CeSeH in FSSM. The Si/Ca ratio of CeAeSeH in

FSSM-30Swas around 0.6e0.8, and the Si/Ca ratio of CeSeH in

FSSMwas about 0.5e0.7, in contrast to the Si/Ca ratio in FSSM-

30S around 0.4e0.6. After exposure to 700 �C, the Si/Ca ratio of

CeSeH in FRRM could be decreased to around 0.4e0.5 as the

high temperature increased. There were sight changes in the

Si/Ca ratio of CeSeH from 0.5e0.7 to 0.5e0.65. No significant
Fig. 11 e Characterization using BSE-EDX (250 magnifica
changes of Si/Ca and Al/Ca ratios of CeAeSeH in the FSSM-

30S group were founded, which might be to the chain length

of CeAeSeH gels [61]. The long-chain length would make the

CeAeSeH gels more thermally stable after high-temperature

exposure [61].

Fig. 13(c) and (d) presented the Cl/Ca ratio as a function

of the Al/Ca ratio for FRRM, FSSM, and FSSM-30S before

exposure to high temperature and exposure to a temper-

ature of 700 �C, respectively, which also showed the ideal
tion) before high-temperature exposure for mixes.
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Fig. 11 e (continued).
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stoichiometry of the Friedel's salt, AFm, and AFt phases.

Before exposure to high temperature, the AFt could be

examined in the FRRM, while no chloride content was

detected in the FRRM. Friedel's salts could be examined in

the FSSM, while the AFm could not be recorded in the

FSSM. The AFm could be detected in the FSSM-30S. These

points in Fig. 13(c), located in the 0.0e0.1 Al/Ca and

0.1e0.25 Cl/Ca molar ratio range in FSSM, were supposed

to stand for chlorides adsorbed on the CeSeH. Besides, a

number of points, located in the 0.4e0.6 Al/Ca and
0.1e0.25 Cl/Ca molar ratio range in FSSM-30S, were

assumed to represent chlorides adsorbed on the

CeAeSeH. This might indicate that the ability to absorb

chlorides of CeAeSeH could be higher than that of

CeSeH. After exposure to a temperature of 700 �C, Frie-

del's salt could hardly be detected in the FSSM, which

indicated that the decomposition of Friedel's salt could

occur at a high temperature. In addition, no significant Cl/

Ca ratio changes in FSSM-30S and slight Cl/Ca ratio

changes in FSSM were found, which indicated that the

https://doi.org/10.1016/j.jmrt.2021.04.068
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Fig. 12 e Element analysis of FSSM with glass fiber before and after the high-temperature exposure.

Fig. 13 e BSE-EDX analysis of FRRM, FSSM and FSSM-30S before and after high-temperature exposure: (a), Al/Ca as a

function of Si/Ca (at 25 �C); (b), Al/Ca as a function of Si/Ca (at 700 �C); (c), Cl/Ca as a function of Al/Ca (at 25 �C); and (d), Cl/Ca

as a function of Al/Ca (at 700 �C). Note: CeSeH, CeSeH (Cl), and CeAeSeH were used to distinguish the gels in FRRM, FSSM,

and FSSM-30S, respectively.
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Fig. 14 e Schematically diagrams for the microstructure change of the binder gels before and after high-temperature

exposure.
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CeAeSeH in FSSM-30S was relatively stable than that of

CeSeH gels (Cl) in FSSM.

4.4. Mechanism discussions

As mentioned above, alterations in the microstructure of hy-

dration products could be seen among the different mortar

mixtures after high-temperature exposure, which might have

contributed to the microstructural change in binder gels,

including Friedel's salt and CeSeH. By comparing the results

mentioned above, a diagram for themicrostructure evolutions

of the binder gels before and after high-temperature exposure

is schematically drawn in Fig. 14. The diagrams for FSSM,

FRRM, FSSM-1F and FSSM-30S-1F are drawn in Fig. 14, pri-

marily displaying the effect of seawater, sea sand, fiber, and

GGBFS. Themechanism of fire resistivity seems to be different

for different specimens.

Before the high-temperature exposure, the salt content

(mainly chloride) in seawater and sea sand could accelerate

the cement hydration with more hydrates produced,

including Friedel's salt in FSSM (see Fig. 8) [36], resulting in

more stable gels structures in the FSSM group than in FRRM

group shown in Fig. 14, which could explain a higher

compressive strength was founded in FSSM from Fig. 6.

Though the mean chain length of binder gels in FRRM was

normally the same as FSSM, Friedel's salt could make the

binder gels more stable. In Fig. 14, with the addition of the

glass fiber, the bridging effect between the mortar matrix and

glass fiber would prevent micro-cracking formation with
increased tensile strength. Thus, there was a high flexural

strength detected in the FSSM-1F group in Fig. 6. As the results

of the incorporation of GGBFS, the high aluminum content of

the FSSM-30S group is higher than that of groups without

GGBFS content [62]. These changes could be attributed to the

pozzolanic reaction between GGBFS and Ca(OH)2. The corpo-

ration of GGBFS could optimize the composition and micro-

structure of CeSeH [47]; thus, the CeSeH gels in the FSSM

group with GGBFS were also called CeAeSeH gels [63]. The

incorporation of glass fiber and GGBFS could provide a more

stable microstructure with a longer mean chain length (see

Fig. 14) in the FSSM-30S-1F group, with the highest flexural

strength in the FSSM-1F-30S.

At the temperature of 200 �C, the proportion of CeSeH in

Figs. 8 and 9 barely displayed noticeable variations, but in

Fig. 12, a pronounced reduction of the peak around 100e200 �C
in the TGA curves was detected with a slight decreasing

strength founded in Fig. 7. In addition, there was a reduction

in the peak of Friedel's salt from Fig. 10 in all mixes with

seawater and sea sand. The significant friction of free water

evaporation and small friction of chemical bounded water

evaporation would mainly explain the small change of the

gel's microstructure for most mixes (Fig. 14). At this temper-

ature, the glass fiber could perform well, as confirmed in Figs.

2 and 12. Thus, there was only a small flexural strength loss in

the group with fiber. Friedel's salt could be partially decom-

posed and the glass fiber could be relatively stable, as shown

in Fig. 14. When the temperature was up to 400 �C, the similar

results about the microstructure of the CeSeH and other

https://doi.org/10.1016/j.jmrt.2021.04.068
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phases were founded corresponded with those found at

200 �C, except for the partially melted glass fiber detected in

Fig. 12. Therefore, amore significant flexural strength losswas

founded in all mixes. Due to a denser microstructure in the

FSSM group, there was less strength loss in FSSM than in

FRRM, which accounted for a higher flexural strength from

Fig. 6 in FSSM than in FRRM. The fineness modulus and

physical properties of the sea sand could have an adverse

effect on the flexural strength behavior, but the microstruc-

ture of all specimens would play a critical role in the mortars'
fire resistivity. Friedel's salt could be further decomposed, and

the glass fiber could be partially melted, as shown in Fig. 14.

After exposure to 700 �C, CeSeH in FRRM, FSSM, and FSSM-

1F mixtures had already decomposed according to the XRD

results, which could cause the collapse of the gel structure. In

addition, the CeSeH gels also endured shrinkage at elevated

temperatures with a reduction in the packing density of

CeSeH [64], which caused great damages to the gel's struc-

ture. The glass fiber could also entirely be melted after being

exposed to 700 �C. Therefore, the flexural strength loss of

FRRM, FSSM, and FSSM-1F group could up to be 100% showed

in Fig. 7. The gels structure of FRRM, FSSM, and FSSM-1F could

be all destroyed, as shown in Fig. 14. Previous studies on the

high-temperature stability of CeSeH presented that CeSeH

with higher Si/Ca was more stabilizing at the elevated tem-

peratures, possibly contributing to the silicate microstructure

[65]. On the basis of the EDX results, the CeAeSeH in the

FSSM-30S had higher ratios of Si/Ca and Al/Si in contrast to

the CeSeH in the mixtures without GGBFS or with low GGBFS

content (see Fig. 13). It was generally considered that the

average chain length of CeSeH is shorter than CeAeSeH [61].

Thus, the high Si/Ca and distinct chain microstructure

possibly caused the CeAeSeH gels to bemore stabilizing than

CeSeH gels at elevated temperatures. The CeAeSeH gels in

the group with GGBFS could still cover familiarly after high-

temperature exposure in the BSE result. In Fig. 11, the BSE-

EDX result illustrated that the CeAeSeH gels in the FSSM-

30S group remained high even if the exposure temperature

arrives at 700 �C, which possibly indicated that component of

CeAeSeH gels could also protect the gel structure from

deteriorating even at elevated temperature, further identi-

fying the stability of CeAeSeH gels. The CeAeSeH gels also

endured shrinkage at elevated temperatures, leading to a

100% flexural strength loss in the FSSM-GGBFS group. How-

ever, the thermal stable gel's structure would protect the glass

fiber from being melted, which would make the most stable

gel's structure in the FSSM-GGBFS-F group and lead to a

comparatively small flexural strength loss in the FSSM-

GGBFS-F (see Fig. 14).

In terms of fire or high-temperature resistance, the

increasing addition of GGBFS could stabilize the micro-

structure of FSSM. However, the flexural strength loss of the

FSSM-GGBFS group could still be up to 100%. Combining the

additions of GGBFS and fiber, the FSSM-GGBFS-F group per-

formed well with high flexural strength and low flexural

strength loss after high-temperature exposure. In this

study, FSSM-30S-1F achieved the best fire or high-

temperature resistance.
5. Conclusions

The effects of GGBFS and glass fiber on the mechanical prop-

erties, high temperature resistance and microstructure of

seawater sea sand mortars after exposed to elevated tem-

peratures were investigated in this study. The related con-

clusions could be drawn up as below:

(1) Before exposed to high temperature, compared with

FRRM, the ion content (mainly chloride) in seawater sea

sand reacting with cement particles increased the

compressive strength of FSSM, while sea sand with

lower fineness modulus and reduced flexural strength.

The glass fiber could improve the flexural strength of

FSSM, but the porous microstructures around the

fiberepaste interfaces could reduce the compressive

strength. The GGBFS could increase both the flexural

and compressive strengths of FSSM due to the pozzo-

lanic reaction, but the compressive strength of the FSSM

with GGBFS and glass fiber was still lower than that of

the FSSM with only GGBFS.

(2) After exposed to the high temperatures of 400 �C and

700 �C, compared with FRRM, the accelerated hydration

reaction caused by salt densified the microstructure of

FSSM, thereby reducing themass loss, strength loss and

cracking. Glass fibers could be partially and mostly

melted after exposed to the temperatures of 400 �C and

700 �C, respectively, which clearly increased the losses

of mass and compressive strength of FSSM. Glass fibers

could also effectively prevent the formation of cracks

caused by high-temperature exposure and further

decrease the flexural strength loss for FSSM.

(3) GGBFS could densify the microstructures of FSSM and

decrease the strength loss caused by high-temperature

exposure. The increased content of GGBFS could

decrease crack formation, while both longitudinal and

transverse cracks were still found in the FSSM only with

GGBFS. The combination of the GGBFS and glass fibers

could improve the fire resistivity of the FSSM. After

exposed to 700 �C, FSSMwith GGBFS and glass fibers still

exhibited certain flexural strength and few visible

cracks on the surface.

(4) Chloride ions in seawater and sea sand could accelerate

the hydration reaction of cement and produce the Kuzel's
and Friedel's salt. The decomposition of AFt, AFm and

Friedel's salts primarily accounted for the hydration

product changes after exposed to 200 �C and 400 �C. Glass
fiber almost hadno effect on cement's hydration reaction,

while the bridging effect between the cement matrix and

glass fiber could prevent the micro-crack formation.

(5) GGBFS could optimize the composition and densify the

microstructure of FSSM. The Si/Ca ratio of FSSM without

GGBFS decreased after high-temperature exposure, while

the Si/Ca ratios of the FSSM with GGBFS almost main-

tained constant. CeAeSeH gels in the FSSM with GGBFS

were muchmore stable than that of CeSeH. Because the

increased addition of GGBFS promoted CeAeSeH gels'
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formation packed along the glass fibers, the fire resistivity

of FSSM with glass fibers and GGBFS was improved. The

best high-temperature resistivity was achieved for FSSM

with 30% GGBFS and 1% glass fibers by weight.
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