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ABSTRACT:  The sustainable recycling of marine dredged sediment (MDS) presents a significant chal-
lenge for global port construction. Aiming to enhance MDS utilization while bypassing high-energy 
thermal treatment, this study explored the feasibility of using dried MDS in ground granulated blast 
furnace slag (GBFS)-fly ash (FA) geopolymer. The effects of MDS content on compressive strength devel-
opment, phase assemblage, and microstructure evolution were systematically evaluated. The results 
showed that MDS was primarily composed of crystalline phases of quartz, calcite, muscovite and 
clinochlore, and had a larger particle size and lower pozzolanic reactivity than GBFS and FA. The geo-
polymer binders with 25% MDS exhibited 28-day compressive strengths of 58.4–71.5 MPa. Although 
increasing the content to 50% reduced the strengths to 53.7–64.2 MPa, these values still met or 
exceeded the performance of Grade 52.5 ordinary Portland cement. The strength reduction was primar-
ily attributed to the inherent low reactivity, large particle size, and loose particle structure of MDS, which 
increased cumulative pore volume, average pore diameter, and induced microcracking development in 
the binder. A dilution effect was also identified, which increases the Ca/Si and Al/Si ratios of the sodi-
um-containing calcium aluminium-substituted silicate hydrate (C-(N)-A-S-H) gel phase. A higher activa-
tor concentration improved the degree of alkali-activation, and consequently enhanced the compressive 
strengths.

KEYWORDS:  Marine dredged sediment; geopolymer; ground granulated blast furnace slag; 
compressive strength; microstructure

1 Introduction

To ensure smooth and safe traffic flow within the 
coastal port, the fairway must maintain adequate 
water depth. However, tides, siltation, and river 
sedimentation commonly lead to sediment accu-
mulation and consequently a decrease in water 
depth, necessitating regular dredging operation. 
The silt and sediment generated from these activ-
ities in port engineering and waterway mainte-
nance are referred to as marine dredged sediment 
(MDS) [1–3]. In recent years, coastal provinces 
in China, such as Guangdong and Jiangsu, have 
produced large quantities of MDS annually due 
to projects including land reclamation for urban 
construction and port development, and the 
construction of offshore wind farms involv-
ing seabed excavation and cable laying. MDS is 
a fluid-solid waste characterized by high mois-
ture content and a wide range of particle sizes, 
while also containing certain harmful substances 
such as pathogenic microorganisms and heavy 
metals [2]. Although researchers have explored 

techniques for the resource utilization of MDS in 
construction materials, such as road construction, 
brick-making, ceramsite production, and concrete 
manufacturing, the current utilization capacity 
still cannot meet the annually growing demand 
for recycling MDS [4–8]. The primary treatment 
methods currently employed for MDS still involve 
direct approaches like ocean dumping, landfill, 
and reclamation (as shown in Figure 1), which are 
prone to causing secondary pollution [2, 4]. Con-
sequently, the sustainable recycling of MDS has 
become a technical challenge in port construction 
worldwide [9].

With accelerated industrialization and urban-
ization, concrete has been extensively used in 
infrastructure construction. Such material also 
provides an effective pathway for the large-scale 
recycling of various industrial solid wastes [10]. 
Currently, fly ash (FA) obtained from coal-fired 
power plants and ground granulated blast fur-
nace slag (GBFS) obtained from iron smelting 
industry have become indispensable supple-
mentary cementitious materials (SCMs) used as 
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replacements for ordinary Portland cement (OPC) 
in concrete manufacturing [11]. Meanwhile, other 
solid wastes, such as construction and demolition 
waste and metal tailings, have also demonstrated 
broad recycling prospects in concrete. If MDS can 
be utilized as SCMs to manufacture concrete, it 
could be locally consumed during port construc-
tion, thereby addressing both the issue of harmless 
disposal and reducing the high costs associated 
with its transportation [1–3].

However, the high content of chloride ions (Cl−) 
present in MDS, which can reach 0.1–0.3%, far 
exceeds the safety thresholds specified in con-
crete-related standards, thereby exhibiting a great 
potential for accelerating the corrosion of embed-
ded steel reinforcement [12]. More importantly, 
MDS exhibits low pozzolanic reactivity, and con-
sequently, its incorporation significantly affects 
the strength development of cement binder [7, 
12]. This leads to low recycling rates in traditional 
OPC-based concrete. Chu and Yao [3] reviewed 
recent literature on the utilization of MDS in 
concrete and proposed a strength development 
model with the MDS incorporation recognized as 
the most critical factor influencing compressive 
strength of concrete. It was noted that it was dif-
ficult to achieve strength values above 40 MPa 
when the incorporation ratio exceeded 25%. Dang 
et al. [6] calcined MDS at 650–850°C for 5 h to 
produce a fine pozzolanic powder, and used it as 
an OPC substitute in the preparation of mortar. 
When 33% of OPC was replaced by the calcined 
MDS, the 28-day compressive strength could 
reach 50 MPa. However, such high-temperature 
calcination involves high energy consumption. 
This should not be performed for the sustainable 
disposal of this type of solid waste. Therefore, 
the application as SCMs in traditional OPC-based 
concrete is currently unable to meet the demands 
for large-scale recycling of MDS.

Geopolymer is a cementitious material synthe-
sized from the alkali-activation between silicon- 
and aluminum-rich industrial solid wastes (e.g., 
FA and GBFS) and alkaline activators (e.g., NaOH 
or sodium silicate solution) [13]. The primary 
strength-contributing hydration product formed 
in geopolymer is recognized as sodium-containing 
calcium aluminium-substituted silicate hydrate 
(C-(N)-A-S-H) gel phase [14]. Owing to the rapid 
strength development, dense microstructure, low 
permeability, and excellent chemical resistance, 

this material has become an ideal medium for 
the resource utilization of solid wastes [15–17]. 
Rashad and Essa [18] reported that incorporat-
ing waste ceramic powder into alkali-activated 
GBFS enhanced the thermal stability. Xu et al. 
[19] demonstrated that using copper slag together 
with GBFS in geopolymer provided a filling effect 
to reduce total porosity and volume of harmful 
pores in the binder. Fernández-Jiménez et al. [20] 
confirmed the feasibility of using hydrothermally 
treated sewage sludge to produce geopolymers. 
Although the sludge remained largely inert during 
the alkali-activation process, an incorporation 
rate of 10–20% was still achieved. Slimanou 
et al. [21] reported that the 28-day compres-
sive strength of FA-based geopolymer with 15% 
incorporation of 700°C calcined MDS could reach 
22 MPa, and a good resistance to hydrochloric 
acid solution immersion curing was also obtained. 
Lirer et al. [22] observed that the MDS could 
be classified as a sandy and gravelly slit. The 
FA-based geopolymer composites with 10–50% 
MDS contents were prepared, and the 28-day 
compressive strengths were in the range of 13.7–
26.2 MPa, which were slightly higher than the 
values obtained in the composites prepared using 
siliceous sand as replacements for MDS. Zouch  
et al. [23] employed mercury intrusion porosimetry 
technique to investigate the porosity of metaka-
olin-based geopolymer mortars, where 15% of 
siliceous sand was replaced by MDS. The results 
indicated that this substitution effectively reduced 
the water-accessible porosity, thereby enhancing 
the compressive strength of the specimens.

Previous studies generally accept that when 
GBFS is used as the main precursor for geo-
polymer synthesis, the rapid early-age reac-
tion kinetics often result in the development of 
extremely high autogenous shrinkage and drying 
shrinkage [24–26]. Therefore, the incorporation 
of low-reactivity precursor is generally required 
to moderate the reaction kinetics and suppress 
early-age shrinkage behavior. Li et al. [27] con-
ducted a comparative study on the early-age 
hydration heat release (within 7 days) of alka-
li-activated GBFS-FA and GBFS-quartz powder 
systems. The findings revealed that FA exhibited 
remarkably low reactivity comparable to that of 
inert quartz powder. Simultaneously, the incor-
poration of FA was found to effectively suppress 
the autogenous shrinkage of alkali-activated 

Figure 1  Photographs of MDS stockpiling and landfilling sites in the Binhai Port, Yancheng City, Jiangsu Province, China 
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GBFS. Cao et al. [28] incorporated the less reac-
tive nickel slag (0–60%) into a GBFS-based geo-
polymer. It was found that when NaOH solution 
was used as the activator, the addition of nickel 
slag increased the total porosity of the binder but 
reduced both autogenous shrinkage and drying 
shrinkage. These results suggest that incorporat-
ing a certain amount of MDS into GBFS-based 
geopolymer could be a feasible approach for 
tailoring the material properties. However, the 
performance of GBFS-based geopolymer con-
taining MDS remains insufficiently studied. The 
key innovation should be focused on achiev-
ing high-performance geopolymers using non- 
calcined MDS, proving that the drying treatment 
alone is sufficient to ensure the low-carbon 
recycling. By breaking the limitations of MDS 
replacement levels typical in OPC-based mate-
rials, a pathway for maximal waste utilization 
should also be pioneered. In addition, the chemi-
cal contribution of dried MDS as reactive precur-
sor or inert filler within the geopolymer should 
also be distinguished. These findings challenge 
traditional pre-treatment norms and offer a 
more energy-efficient strategy for integrating 
MDS into sustainable construction materials.

This study investigated the effects of dried MDS 
addition on the compressive strength develop-
ment of geopolymer based on GBFS and FA blend. 
The microstructure evolution of hardened binder 
was analyzed using techniques including X-ray 
diffractometry (XRD), Thermogravimetric anal-
ysis (TGA), nitrogen adsorption pore structure 
analysis, and scanning electron microscope with 
energy dispersive spectroscopy (SEM-EDS).

2 Experimental methods

2.1 Raw materials
Grade S95 GBFS (GB/T 18046–2017 [29]) and 
Class F-Grade II FA (GB/T 1596-2017 [30]) were 
obtained from Hailuo Cement Corporation (Wuhu, 
China). As shown in Figure 2a, MDS was collected 
at a depth of approximately 1 m from the off-
shore area in Binhai Port of Yancheng City (Jiangsu 
Province, China). After drying in an oven at 105°C 
for 24 h, the MDS was ground in a ball mill for  
10 min at a rotational speed of 70 r/min to disperse 
the agglomeration of particles and then produce 
the powder (Figure 2b). The moisture content of 
MDS was determined to be 42.7% based on the 
mass difference before and after drying. Follow-
ing a period of natural sedimentation and drain-
age consolidation (typically 3–6 months) within 
confined disposal facilities, the MDS may reach 
a moisture content in the range of 30–50%. As  
shown in Figure 2c, numerous fine, flaky parti-
cles are observed in the SEM image of MDS pow-
der, and significant variations are identified in the 
particle sizes. Particle size analysis was performed 
using a laser particle size analyzer, as shown in Fig-
ure 3. The median particle sizes (D50) of MDS, FA, 
and GBFS are 37.18 μm, 14.50 μm, and 11.48 μm,  
respectively. It should be noted that the MDS par-
ticles formed hard agglomerates after the oven- 
drying, which must be disaggregated and pulverized 
through ball milling process mentioned above. This 
process inevitably affected the particle size, specific 
surface area, and even the reactivity of the MDS. 
However, as this falls outside the scope of the pres-
ent study, it will not be further investigated here.

(a) (b)

(c)

Figure 2  Photograph of (a) MDS slurry, and (b) photograph and (c) SEM image of MDS powder after drying and grinding 
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The basic parameters of MDS are presented in 
Table 1. Compared to previous studies, the MDS 
used in this work exhibits smaller particle size 
[3, 31]. During the natural sedimentation process 
of MDS, coarser particles tend to deposit in the 
surface layer due to gravitational settling, while 
finer particles gradually settle to deeper layers, 
resulting in a characteristic gradation of particle 

Table 1  Basic physical parameters of MDS

Physical properties Density (g/cm3) Specific surface area 
(m2/kg)

D50 (μm) Moisture contenta 
(%)

MDS 2.56 691.57 37.18 42.7

Note: aMass loss ratio of MDS obtained after drying in an oven at 105°C for 24 h, also assigned to the free water content.

Table 2  Chemical compositions (wt.%) of raw materials

Materials SiO2 Al2O3 CaO Fe2O3 MgO K2O Na2O Cl TiO2 SO3 LOI

MDS 43.89 15.98 8.79 6.88 3.41 3.08 1.50 0.87 0.61 0.24 14.27

FA 51.23 31.9 2.14 4.68 1.35 0.06 0.28 0.08 1.20 1.34 4.10

GBFS 31.41 16.56 41.14 0.41 6.77 0.56 0.42 0.05 0.89 – 1.15
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Figure 3  Cumulative particle size distribution curves of 
raw materials 
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Figure 4  XRD patterns of raw materials: (a) MDS, (b) FA and GBFS 

size with depth. The sampling depth of 1 m may 
be one of the primary reasons for the finer parti-
cle size. Additionally, the ball milling of the hard 
agglomeration of MDS after oven-drying not only 
dispersed the agglomeration of particles but also 
provided a certain grinding effect.

The chemical compositions of raw materials 
were determined by X-ray fluorescence (XRF) 
analysis, and the results are summarized in Table 2.  
The MDS is primarily composed of Si, Al, Ca, and 
Fe. The phase composition was analyzed using 
X-ray diffraction (XRD). As shown in Figure 4, 
the XRD pattern of MDS does not exhibit a dis-
tinct hump, indicating a low content of amorphous 
phase and consequently low pozzolanic reactivity. 
The crystalline phases identified mainly include 
calcite (CaCO3, PDF No. 85-849), quartz (SiO2, PDF 
No. 85-794), muscovite (KAl2Si3AlO10(OH)2, PDF 
No. 76-929), and clinochlore ((Mg,Fe)6(Si,Al)4O10

(OH)8, PDF No. 29-701). In comparison, the XRD 
patterns of GBFS and FA show broad humps in 
the 20–40° and 15–35° ranges, respectively, cor-
responding to the presence of Ca-Si-Al rich and 
Si-Al rich amorphous glassy phases. Additionally, 
minor crystalline phases such as calcite, quartz, 
mullite (Al2(Al2.8Si1.2)O9.6, PDF No. 79-1276), and 
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åkermanite (Ca2MgSi2O7, PDF No. 74–990) were 
also detected.

Figure 5 shows the thermogravimetry-derivative  
thermogravimetry (TG-DTG) curves of MDS. The 
mass loss peak near 70°C is attributed to the 
evaporation of free and physically bound water. 
Dang et al. [6] reported that the continuous mass 
loss occurring in the range of around 200–400°C 
was assigned to the elimination of organic matter 
present in MDS. The peak around 540°C corre-
sponds to the dehydroxylation of clinochlore and 
muscovite, and the peak near 690°C is associated 
with the decarbonation of calcite. The mass loss 
observed in the range of 780–960°C is related to 
the re-crystallization of clinochlore [6].

The alkaline activator of sodium silicate solu-
tion with 1.4 modulus (molar ratio of SiO2/Na2O) 
and 30/35/40 wt.% concentrations ((Na2O+SiO2)/
(Na2O+SiO2+H2O)) was prepared by blending 
commercial water glass (SiO2 = 30.3 wt.%, Na2O = 
12.8 wt.%) with NaOH pellets (≥96 wt.%) and tap 
water through adjusting the mixing ratios among 
the three components. The commercial water glass 
was provided by U-Rui Refractory Materials Co., 
Ltd. (Jiaxing, China).

2.2 Formulations
In this experimental design, the total propor-
tion of geopolymer precursors was normalized to 
100%, comprising GBFS, FA, and MDS. Due to the 
undefined pozzolanic potential of MDS, this study 

proceeded under the hypothesis that MDS func-
tioned as a reactive precursor. This assumption 
allowed for the formulation of the binder ratio 
before further mechanistic validation. A fixed 
50% GBFS content was applied to all the formu-
lations. The MDS content varied as 25% and 50% 
to evaluate its influence on compressive strength 
of geopolymer, whereas FA was used to supple-
ment the remaining precursor. Meanwhile, the 
activator concentrations were set at 30%, 35%, 
and 40%, respectively. As shown in Table 3, six 
formulations were established with different MDS 
content and activator concentration. For exam-
ple, the formulation 30A25S denotes an activator 
concentration of 30%, with the precursor mate-
rials comprising 25% MDS, 50% GBFS, and 25% 
FA by mass. A liquid activator to solid precursor 
ratio of 0.5 was set as constant to prepare fresh 
paste. The cubic specimens (30 mm × 30 mm ×  
30 mm) were cast and cured in the standard cur-
ing room (20 ± 1°C, relative humidity ≥ 90%) for 
the following tests.

2.3 Testing procedure
The compressive strengths of 3-, 7-, and 28-cured 
specimens were assessed using a WHY-200 Auto 
Test Compression Machine. The loading rate was 
set as 2400 ± 200 N/s. Each data point represents 
the average of three measurements to ensure 
reliability.

Following the strength test, fragments from 
the crushed 28-day cured specimens were ground 
into fine powder for phase analysis by XRD on 
a SmartLab 9 kW Rigaku diffractometer. To fur-
ther examine the thermal behavior and phase 
transformation, TGA was conducted using a STA 
499 C NETZSCH instrument under a nitrogen 
atmosphere. The test was conducted for heating 
samples from 40 to 800°C at a rate of 10°C/min. 
The thermogravimetry (TG) and corresponding 
derivative thermogravimetry (DTG) curves were 
recorded.

Previous studies [16, 32] indicated that the 
GBFS-based geopolymers were characterized by 
compact pore structure, with pore size predom-
inantly concentrated at around 10 nm. Con-
sequently, nitrogen adsorption technique was 
selected as the most appropriate technique for 
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Table 3  Formulation design of geopolymer

Samples GBFS (g) FA (g) MDS (g) Activatorsa (g)

1.4–30% 1.4–35% 1.4–40%

30A25S 50 25 25 50 – –

35A25S 50 25 25 – 50 –

40A25S 50 25 25 – – 50

30A50S 50 – 50 50 – –

35A50S 50 – 50 – 50 –

40A50S 50 – 50 – – 50

Note: aThe alkaline activator is expressed in the format of ‘modulus-concentration’. For example, ‘1.4–30%’ indicates an 
activator with a modulus of 1.4 and a concentration of 30 wt.%.
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characterizing such a pore size range. For pore 
structure evaluation, sieved particles (1–3 mm) 
obtained from the crushed 28-day cured speci-
mens were analyzed by nitrogen adsorption using 
a Micromeritics TriStar II 3020 instrument, and 
the pore structure data were calculated using the 
Brunauer-Emmett-Teller (BET) method. Addition-
ally, particles of about 5 mm in size were selected 
from the crushed 28-day cured specimens. These 
samples were embedded in resin and progres-
sively polished. The resulting cross-sectional area 
was coated with a gold layer for examination by 
Backscattered Electron (BSE) imaging method 
using Nova Nano-SEM 450 FEI field emission 
scanning electron microscope with energy disper-
sive spectroscopy (SEM-EDS). For each mixture 
at a specified curing age, BET and BSE analyses 
were performed once to capture the representative 
microstructural features.

3 Results and discussion

3.1 Compressive strengths
Figure 6 illustrates the effects of MDS content 
and activator concentration on the compressive 
strengths of geopolymers at 3, 7, and 28 days of 
curing age. The 3-day compressive strengths were 
above 30 MPa, indicating the rapid early-age 
strength development. When the MDS content 
was 25% (Figure 6a), the 3-day compressive 
strengths ranged from 36.8 MPa to 45.1 MPa, 
while the 28-day compressive strengths ranged 
from 58.4 MPa to 71.5 MPa. Increasing the MDS 
content to 50% (Figure 6b) reduced the 3-day and 
28-day compressive strengths to the ranges of 
31.2–36.3 MPa and 53.7–64.2 MPa, respectively. 
Considering that the increased MDS content cor-
respondingly replaced FA in the formulation, it 
indicated that MDS exhibited lower pozzolanic 
reactivity compared to FA. This finding is con-
sistent with previous research that calcination 
at a temperature range from 650 to 850°C was 

required to enhance the reactivity of MDS [6]. 
However, it was reported by Dang et al. [6] that 
even after calcination, MDS addition still caused a 
significant reduction in the strength development 
of OPC. To meet the strength requirements of P.O 
42.5.5 OPC(GB/T 175-2023 [33]), the maximum 
content of MDS calcined at 650°C must be lim-
ited to less than 35%. In comparison, the strength 
values reported in this work for the geopolymer 
binders still meet or even exceed those of Grade 
52.5 OPC, thereby confirming the feasibility of 
using 50% MDS for geopolymer preparation.

Increasing the activator concentration from 
30% to 40% resulted in enhanced compressive 
strengths across all formulations, with a more 
pronounced improvement observed in the binders 
containing 25% MDS. The higher activator con-
centrations are more effective in activating pre-
cursors with higher reactivity, such as GBFS and 
FA.

3.2 Phase assemblage
Figure 7 presents the XRD patterns of geopoly-
mer binders at 28 days of curing. C-(N)-A-S-H gel 
phase is the main strength-contributing hydra-
tion product formed in all binders as reflected 
by a diffuse intensity hump centered at approx-
imately 29° 2θ (Ca5Si5Al(OH)O17·5H2O, PDF No. 
29–331) [34]. The primary crystalline phases, 
including quartz, mullite, muscovite, calcite, and 
clinochlore, originate from the unreacted compo-
nents present in GBFS, FA, and MDS. Specifically, 
the peak intensities of muscovite and clinochlore 
as the main crystalline phases identified in MDS 
increase in correlation with the MDS content. In 
addition, since the quartz peak intensity in MDS 
is higher than that in FA, increasing the MDS 
content as a replacement for FA leads to higher 
intensities of the quartz peaks in the resulting 
geopolymer binders. Increasing the activator 
concentration leads to the formation of a new 
crystalline product, gaylussite (Na2Ca(CO3)25H2O, 
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PDF No. 21-0343), detected in both 40A25S and 
40A50S. The elevated concentration of Na+ ions 
and alkalinity in the pore solution provided by 
the higher activator concentration results in a 
more intensive carbonation in the skeleton during 
the curing period [35]. Zhang et al. [36] also illus-
trated the phenomenon of subflorescence identi-
fied in the FA-based geopolymer prepared with 
the sodium silicate activator, which was regarded 
as an extended efflorescence occurring beneath 

the surface of specimen. Yao et al. [32] reported 
that the efflorescence crystal deposits were mainly 
composed of calcite and gaylussite.

Figure 8 presents the TG-DTG curves of the 
28-day cured geopolymer binders, and Table 4 
summarizes the corresponding mass loss data. 
The mass loss peak observed between 40–200°C 
primarily corresponds to the evaporation of free 
water and the removal of physically and chem-
ically bound water from the C-(N)-A-S-H gel 
phase. Increasing the MDS content results in a 
slight increase in the intensity of this mass loss 
peak. This is not attributed to the improved degree 
of hydration, but rather to the higher physically 
and chemically bound water content inherent in 
the incorporated MDS, as well as the elimination 
of organic matter [6]. The TG analysis of MDS 
(shown in Figure 5) also indicates that the pro-
gressive mass loss occurs after heating to 105°C 
and persists up to 200°C, suggesting the physi-
cally and chemically bound water present in MDS 
cannot be completely removed by oven-drying 
at 105°C. In comparison, increasing the activator 
concentration enhances intensity of this mass loss 
peak, which is mainly attributed to the promoted 
hydration and reaction degree. The mass loss peak 
in the range of 600–800°C is associated with the 
decarbonation of calcite. It is worth noting that 
a higher MDS content intensifies this mass loss 
peak, likely due to the relatively high calcite con-
tent supplied by MDS.
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Table 4  Weight loss (%) of different temperature interval ranges

Samples 40–200°C 600–800°C

30A25S 18.71 1.48

30A50S 18.94 2.39

40A25S 19.37 1.47

40A50S 19.66 1.93
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3.3 Pore structure
Figure 9 shows the pore structure analysis of 
geopolymers at 28 days of curing age, and the 
relative parameters are tabulated in Table 5.  
Figure 9a, 9b displays the pore size and pore vol-
ume distribution curves, indicating that the pores 
are predominantly distributed within the range of 
1–100 nm. This is consistent with previous liter-
ature, which identified that the geopolymer based 
on GBFS exhibited a denser pore structure than 
OPC [37].

The pores can be preliminarily classified into gel 
pores (<10 nm) and capillary pores (10–100 nm)  
[38]. The corresponding pore volume distribution 
is shown in Figure 9b. Increasing the MDS content 

significantly increases the average pore size from 
13.20 nm (30A25S) and 17.04 nm (40A25S) to 
16.12 nm (30A50S) and 21.30 nm (40A50S), 
respectively. This can be attributed to two main 
factors. On one hand, the incorporation of low- 
reactivity MDS has detrimental effects on the 
degree of hydration and the formation of C-(N)-
A-S-H gel phase, thereby reducing the volume of 
gel pores. On the other hand, the incorporation 
of MDS with larger particle size affects the dense 
packing within the hardened skeleton, leading to 
increases in cumulative pore volume from 0.0664 
cm³/g (30A25S) and 0.0294 cm³/g (40A25S) 
to 0.0900 cm³/g (30A50S) and 0.0395 cm³/g  
(40A50S), respectively. This pore structure 
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Figure 9  Pore structure analysis of geopolymer binders: (a) pore size distribution curves, (b) pore volume distribution 
curves and (c) cumulative pore volume histogram 

Table 5  Pore structure parameters of geopolymer binders

Samples Average pore diameter 
(nm)

Cumulative pore  
volume (cm3/g)

Pore volume distribution (cm3/g)

1–10 (nm) 10–100 (nm)

30A25S 13.20 0.0664 0.0127 0.0537

30A50S 16.12 0.0900 0.0092 0.0809

40A25S 17.04 0.0294 0.0024 0.0270

40A50S 21.30 0.0395 0.0021 0.0374
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coarsening effect should be one of the primary 
reasons for the compressive strength reduction 
identified in the geopolymer binders with higher 
content of MDS.

Amar et al. [7] employed mercury intrusion 
porosimetry (MIP) technique to investigate the 
effect of 850°C calcined MDS addition on the 
pore structure of OPC mortar. It was reported 
that the incorporation similarly resulted in an 
increase in the total porosity of mortar, which 
was primarily attributed to an increase in the 
interfacial area of MDS particles. Consequently, 
to mitigate the adverse effects of incorporat-
ing calcined MDS on the pore structure, com-
pressive strength, and freeze-thaw resistance, it 
was advisable to limit its content to below 10% 
[7]. Zhao et al. [12] reported that when using 
dried MDS as a substitute for ordinary Portland 
cement (OPC), the compressive strength of mor-
tar with 20% cement replaced by MDS was supe-
rior to that of mortar made with CEM II/A-LL 
32.5 cement containing a similar proportion of 
limestone as the sediment substitution. Although 
increasing the MDS content led to a higher total 
porosity, a refinement of pore size distribution 
was also identified. This suggested that MDS 
acted as more effectively fillers than limestone to 
positively influence the cement hydration [12]. 
However, it should be noted that the recom-
mended MDS contents in the above cases remain 
substantially lower than the levels utilized for 
geopolymer formulations in this work.

The cumulative pore volume of binders with 
40% activator concentration is lower than that of 

binders with 30% activator concentration, indi-
cating that increasing the activator concentration 
contributes to a denser pore structure. However, 
the average pore size of the 40% activator bind-
ers is larger than that of the 30% activator bind-
ers, mainly due to that most pores in the former 
cases belong to the capillary pores within the 
10–100 nm pore size range. The enhanced degree 
of hydration under higher activator concentration 
consumes more pore solution and promotes the 
formation of more capillary pores. This plays a 
dominant contribution to enhancing the compres-
sive strengths of the binder with higher activator 
concentration.

3.4 Microstructure
Figure 10 shows the BSE images of 40A25S and 
40A50S at 28 days of curing age. Both Figure 
10a, 10b exhibits the typical morphology of 
geopolymer cross-section area, with light gray 
spherical FA particles and irregularly shaped 
GBFS particles embedded in a dark gray matrix 
composed of C-(N)-A-S-H gel phase [39]. A layer 
of dark gray hydration products is observed on 
the edge of GBFS particles, indicating the rela-
tively higher solubility and degree of hydration 
of GBFS than other precursors [40]. A certain 
amount of crack propagation is identified in 
the matrix, which is primarily attributed to the 
rapid development of shrinkage stress within the 
hardened skeleton.

Figure 10c, 10d shows the morphology of MDS 
particles embedded in the matrix of 40A25S and 
40A50S, respectively. The EDS point analysis 

(a) (b)

(c) (d)

Figure 10  BSE images of geopolymer binders: (a,c) 40A25S and (b,d) 40A50S 
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tabulated in Table 6 confirms that the MDS par-
ticles are rich in Si and Al components. The MDS 
particles have large particle size and exhibit a 
loose lamellar stacking structure. This is consis-
tent with the particle morphology of MDS shown 
in Figure 2c, mainly due to the presence of numer-
ous flaky muscovite crystalline phases. During the 
mixing process, these particles enhance the water 
demand, consequently generating numerous pores 
during the hardening of the binder and ampli-
fying the shrinkage stress induced by capillary 
water loss. This appears to affect the structural 
stability of the matrix. Therefore, penetrating 
cracks are formed and mainly distributed near the 
MDS particles, providing further explanation for 
the compressive strength loss associated with the 
incorporation of MDS.

EDS point scanning statistical analysis is per-
formed on the matrix to investigate the effect of 
MDS addition on the chemical compositions of 
C-(N)-A-S-H gel phase. Al/Si versus Ca/Si and 

Na/Si versus Ca/Si atomic ratios are shown in 
Figure 11, and the average values are tabulated 
in Table 7. The mean Ca/Si and Al/Si ratios for 
the 40A25S and 40A50S binders range from 
0.37–0.43 and 0.27–0.30, respectively. These 
values fall well within the established ranges 
of 0.32 ≤ Ca/Si ≤ 1.11 and 0.21 ≤ Al/Si ≤ 0.40 
reported in the majority of studies on alkali- 
activated GBFS using NaOH or Na2O ⸳ mSiO2 ⸳ xH2O 
activators [41, 42]. This suggests that the addi-
tion of MDS does not exert a significant effect 
on the chemical compositions of the C-(N)-A-
S-H gel phase. Increasing the MDS content leads 
to slight increases in both the Ca/Si and Al/Si 
atomic ratios of the gel phase, probably due to 
the dilution effect caused by the incorporation 
of less reactive precursor. Compared to 40A25S, 
the further substitution of 50% FA with MDS in 
40A50S effectively increases the amount of alkali 
activator available for GBFS hydration per unit 
volume. The highly alkaline liquid environment 

Table 6  Atomic ratios of the EDS point scanning shown in Figure 10

Point Na Mg Al Si K Ca Fe

1# 4.72 – 6.46 17.97 0.37 0.31 –

2# 1.7 0.14 4.28 8.38 0.16 1.56 0.19

3# 1.11 0.99 6.37 12.48 2.08 0.73 0.76

4# 1.7 0.14 4.28 8.38 0.16 1.56 0.19
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Figure 11  EDS point scanning analysis of the C-(N)-A-S-H gel phase formed in geopolymer binders: (a) Al/Si versus  
Ca/Si and (b) Na/Si versus Ca/Si atomic ratios 

Table 7  Al/Si, Ca/Si and Na/Si atomic ratios of C-(N)-A-S-H gel phase formed in geopolymer binders

Samples Ca/Si Al/Si Na/Si

AVG.a SD.b AVG. SD. AVG. SD.

40A25S 0.37 0.10 0.27 0.05 0.56 0.19

40A50S 0.43 0.11 0.30 0.07 0.44 0.12

Note: aAVG. represents the average value. bSD. represents the standard deviation.
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promotes the dissolution of Ca and Al from GBFS, 
thereby increasing the Ca/Si and Al/Si ratios. 
Concurrently, the observed decrease in the Na/Si 
ratio indirectly suggests the dilution effect. The 
dissolution of Si from GBFS is also enhanced, 
although the dissolution seems to be less pro-
nounced than those of Ca and Al from GBFS.

4 Conclusion

The MDS used in this study was sampled at a depth 
of approximately 1 m from the offshore area of 
Binhai Port in Yancheng, Jiangsu Province, China. 
Following oven-drying at 105°C in the laboratory, 
this study investigated the feasibility of utilizing 
MDS as a precursor in GBFS-FA geopolymer bind-
ers. The microstructural evolution and mechanical 
performance were systematically evaluated, lead-
ing to the following conclusions:

1)	The MDS predominantly consists of crystalline 
phases of quartz, calcite, muscovite and 
clinochlore. Current processing with oven-
drying and short-duration ball-milling is 
insufficient to activate the dormant pozzolanic 
potential of MDS, which remains basically as 
an inert filler in the binder. Binders containing 
25% MDS achieve 28-day compressive 
strengths of 58.4–71.5 MPa. Although increas-
ing MDS content to 50% results in a strength 
reduction to 53.7–64.2 MPa, these values 
remain comparable to or exceeding the 
requirements of Grade 52.5 ordinary Portland 
cement.

2)	An increase in MDS content from 25% to 50% 
causes a dilution effect in geopolymer, raising 
the Ca/Si and Al/Si ratios of the C-(N)-A-S-H 
gel without generating new crystalline prod-
ucts. The strength decline is primarily attributed 
to the pore structure coarsening effect, as evi-
denced by increased cumulative pore volume 
and average pore diameter, which is driven by 
the low reactivity, loose morphology, and 
organic contaminants inherent in MDS.

3)	A higher activator concentration promotes the 
degree of alkali-activation, contributing to a 
denser pore structure with lower cumulative 
pore volume, but also inducing the formation 
of gaylussite due to carbonation.

While this study demonstrates the potential 
of MDS in geopolymer synthesis, several criti-
cal challenges remain for large-scale engineer-
ing adoption. Future research should prioritize 
synergistic activation strategies, such as coupled 
thermal calcination and extended mechanical 
grinding, to break down crystalline clay minerals 
and enhance the reactivity of MDS in geopoly-
merization kinetics. It should be noted that these 
findings are currently in the laboratory stage. 
Transitioning to large-scale production will 
necessitate extensive engineering performance 

evaluations. Establishing a robustness frame-
work to handle feedstock variability of MDS is 
essential. Beyond mechanical strength, the long-
term durability of MDS-geopolymers requires 
rigorous quantification. The high concentra-
tion of chloride ions introduced by MDS poses 
a significant risk of steel reinforcement corro-
sion. Consequently, current applications should 
be restricted to unreinforced mass concrete or 
precast ecological units (e.g., tetrapods, artifi-
cial reefs). Additionally, the leaching behavior 
of heavy metals or organic pollutants from the 
MDS must be evaluated to ensure environmental 
safety in marine ecosystems.
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