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Abstract 

Industrial byproducts and waste soils are environmentally low-impact resources for the 

construction industry. Construction materials made with such resources are particularly 

attractive for regional use close to the material sources, because of the feasibility in the 

transport and application associated with cost savings. Dredged soils, excavated sediments 

of water ways, and steel slags, byproducts of iron making processes, have potential to form 

civil engineering constructions close to seashores, as their mixtures develop strength. The 

utilization of such mixtures is still limited due to their unpredictable variation of strength 

development when different dredged soils or steel slags are applied. No previous studies 

have comprehensively investigated the key factors that affects the strength development of 

the mixtures. This study elucidates the key factors for the first time by identifying the 

contributions of both inorganic and organic components in steel slags and dredged soils to 

the strength development of the mixtures. 

Chapter 1 reviews the literature on the general management of dredged soils and steel 

slags, current knowledge of technologies on their validation as construction materials, as well 

as the pozzolanic reaction, chemical reaction that develops strength of the mixtures, to 

identify the factors affecting the reaction. 

Chapter 2 focuses on identifying the factors among inorganic components in dredged 

soils and steel slags affecting the strength development of the mixtures. Amorphous silica in 

dredged soils and portlandite in steel slags were identified as the key factors as major Si and 

Ca sources for the pozzolanic reaction, respectively.  

Chapter 3 focuses on identifying the effect of organic components in dredged soils to 

the strength development of the mixtures. Characteristics of dredged soils such as high sulfur 

content in soil organic matters fraction exhibited the soft mixtures, which suggested the 

strength development inhibition by soil organic matters. Chapter 2 and 3 newly show that the 

quantification of particulars in inorganic and organic matters of steel slags and dredged soils 
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indicate the strength development of the mixtures. Discovery of the indicators would facilitate 

the evaluation processes of the applicability of the mixtures to constructions. 

Chapter 4 experimentally verifies the inhibition of the pozzolanic reaction by soil organic 

matters, by designing an experiment of the pozzolanic reaction in coexistence of escalating 

amount of a model organic matter. The inhibition of the pozzolanic reaction with a threshold 

in the dosage of the organic matter indicated some soil organic components in soil organic 

matters to inhibit the strength development of soft mixtures, as speculated in chapter 3.  

Chapter 5 experimentally compares the effectiveness of soil organic matter reagents to 

the inhibition of the pozzolanic reaction. Organic reagents caused the inhibition of the 

pozzolanic reaction at different dosages. Together with the characterization of the organic 

reagents, this study suggests that the dosage of reduced sulfur and/or phenolic groups may 

trigger the inhibition of the pozzolanic reaction. Chapter 4 and 5 newly show that the soil 

organic matters inhibit the pozzolanic reaction. 

Chapter 6 characterizes the bulk soil organic matters extracted from dredged soils, to 

identify particulars that may affect the pozzolanic reaction in the mixtures. The sulfur indicator 

of soft mixtures, stated on chapter 3, was found to result from the difference in the content 

of reduced sulfur. Discoveries in chapter 5 and 6 suggest reduced sulfur as a key component 

that plays a role in the inhibition of the pozzolanic reaction. 

Chapter 7 focuses on clarifying the interaction of soil organic matters with the pozzolanic 

reaction in microscopic scales. Additional to reduced sulfur and phenolic groups, the X-ray 

spectroscopic study on the distribution of carbon speciation in the mixtures and the synthesis 

products of the pozzolanic reaction suggested aromatic carbon to affect the pozzolanic 

reaction, as its content was commonly higher in the samples which the pozzolanic reaction 

was inhibited, in comparison to those which the reaction was not inhibited.  

Chapter 8 concludes the key factors that affect the strength development of the mixtures 

in the context of waste validation and shows research impact. Outstanding insights are 

derived from half-splitting analysis of key components in raw materials that promote and 



 6 

inhibit geochemical reactions in control of strength development of such construction 

materials. These findings in this study are unambiguously useful to enhance utilization of 

industrial byproducts and waste soils in the construction industry. 
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Fig. 1-1 Schematic diagram of steel slag and dredged soil utilization as 

construction materials close to seashore. 
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Fig. 1-2 Upper photo shows the onsite mixing of steel slag-dredged soil 

mixtures. Lower images show the examples of the mixture application. 

 

However, as described in the general issue in the utilization of waste soils and industrial 

byproducts, some steel slag-dredged soil mixtures also exhibit weak strength in their 

construction. The mixtures made with dredged soils sampled from different ports cause 

variety in the strength development of their mixtures (Fig. 1-3). As shown on the Fig. 1-3, 

the final strength of the mixtures is unpredictable before mixing, which detracts from 

usefulness in the utilization of the mixtures.  
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Fig. 1-3 Pictures of steel slag-dredged soil mixtures made with dredged 

soils from different ports, which (a) develops strength, that does not deform 

by pressing with hand, and (b) does not develop significant strength, that 

deforms by pressing with hand. 

 

Fig. 1-4 shows the flowchart of the application of the mixtures. At the stage of 

environmental safety test and functionality test, the mixtures must pass the requirements to 

ensure the safety of the utilization. The application of the mixtures would not be straight 

forward when the properties of the mixtures do not match the requirements. Currently, the 

utilization of mixtures requires numerous strength tests with trial and error before the 

application, that corresponds to the trials on the mixing ratio determination and strengths 

tests on Fig. 1-4. 

(a) (b)
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Fig. 1-4 Flowchart of the application of steel slag-dredged soil mixture (After 

[14][15]). 

 

Unpredictable strength development especially results from the components of dredged 

soils where their effect on hardening is not fully elucidated. Such soils contain fine minerals, 

clay minerals, inorganic amorphous phases, and soil organic matters. Elucidation on the key 

components that affect the hardening reaction, would contribute to the enhancement of the 

utilization of the mixtures by facilitating the determination of the mixing ratio to achieve 

required strength development of the mixtures (Fig. 1-4). 

 

1.2.1. Ca and Si sources are suggested as the key components that influence the 

strength development of the mixtures 
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Fig. 1-5 Schematic diagram of the pozzolanic reaction. 

 

1.2.2.1. Supply of Ca and Si sources 

 The calcium supply, attributed to steel slags, is hypothesized to be the dissolution of 

portlandite and it will be investigated in chapter 2 through characterization of steel slag 

samples and mineralogical and geochemical analysis of the steel slag-dredged soil mixtures, 

which will be compared between mixtures with and without significant strength development.  

The silica supply, attributed to dredged soils, may originate in fine minerals, clay 

minerals and inorganic amorphous phases. Silicate phases which would supply silica for the 

C-S-H formation may exist in all classifications. The parameters that determine the feasibility 

of dissolution of the silicate phases, dissolution rate constants and specific surface area of 

some silicate phases that commonly compose soils are summarized in Fig. 1-6, Fig. 1-7, 

Table 1-1, and Table 1-2.  

The parameters of silicate phases were compiled for: 1) minerals: quartz and albite; 2) 

clay minerals: kaolinite, chlorite, smectite, and illite; and 3) amorphous silica: volcanic 

glasses and diatomaceous materials, with synthetic amorphous silica. The phases that have 

higher dissolution rate constant and specific surface area would supply more silica to form 

C-S-H. Here, amorphous silica was shown to dissolve readily under alkaline conditions 

among other silicate phases, with highest dissolution rate constant two order higher than 

Ca(OH)2
dissolution

Si 
dissolution
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formation
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Fig. 1-7 Specific surface area of silicate phases. 
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sulfonates. The carbon species can be aliphatic or aromatic. On the other hand, soil organic 

matters compose of various organic constituents of carboxylic groups, esters, with aliphatic 

and aromatic carbon species. Sulfur bearing functional groups was also reported to exist in 

soil organic matters of sedimentary soils [42], such as thiols, polysulfides, and sulfonates. 

Soil organic matters are ubiquitous in environment, that has macromolecular structure with 

variety in their structural components. Comparison of the structures of the organic additives 

and soil organic matters spots out that soil organic matters would contain functional groups 

or structures as that or cement hydration retarders, or unique to soil organic matters that may 

interfere with the strength development of the steel slag-dredged soil mixtures. 

 

 

Fig. 1-8 Examples of organic admixtures in cement applications. Left 

structure formulas show carboxylic group bearing organic admixtures, and 

right structure formula show carboxylic and sulfonic group bearing organic 

admixtures [43]. 
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Fig. 1-9 Structural model of humic susbtances. (After Schulten and 

Schnizer, 1993 [44])  

 

Organic matters could suppress pozzolanic reaction by: pH buffering capacity of soil 

organic matters, that is reported in the interaction of cement improved soils formed with 

additional humic acids[35]; calcium-organic matter complexation formation [45,46] that may 

decrease calcium supply to C-S-H formation; and, mineral surface poisoning, coverage of 

solid surfaces that occurs by the interaction of organic matters to inorganic phases surfaces, 

that may form impermeable layer to inhibit the hydration of starting minerals [40,47,48]. 

Hence, soil organic matters were hypothesized to retard, or inhibit the strength development 

of steel slag-dredged soil mixtures. 

 

1.3. Aim of the study 

This study aims to comprehensively elucidate the key factors that determine the strength 

development of the steel slag-dredged soil mixtures for the first time, by identifying the 

contributions of both inorganic and organic components in steel slags and dredged soils to 

the strength development of the mixtures. 

The objective of each chapter are as follows. Chapter 2 aims to elucidate the inorganic 

components in steel slags and dredged soils that contribute to the supply of calcium and 
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2.  Effect of amorphous silica to strength 

development in steel slag-dredged soil 

mixtures  
 

Abstract 

Some of the steel slag from ironworks and dredged soils from marine and waterfront 

engineering work are partially treated as waste. However, a mixture of these two kinds of 

waste has the potential to be used as construction materials when mixed, due to chemical 

reactions forming secondary phases. Utilizing waste of such kind as a resource, will help to 

improve sustainability in society by reducing waste and replacing virgin resources such as 

cement. Recently, it was reported that mixtures of steel slag and dredged soil hardens under 

specific conditions. The phase compositions of dredged soils and steel slags vary depending 

on the quantity of each component, which results in unpredictable strength development of 

mixtures. The effect of the variations in the phases of the starting materials on strength 

development of the mixtures is not yet clarified, limiting the utilization of the mixtures. 

Understanding the hardening mechanisms of the mixtures will enable the prediction of 

strength development. Focusing on the variations in the components in steel slags and, 

especially of dredged soils, this study aims to identify the components in both materials that 

affect the secondary phases formation that are responsible for strength development. We 

found support for suggestions that calcium silicate hydrate, C-S-H is one of the secondary 

phases responsible for the strength development of the mixtures. From a comparison of two 

kinds of steel slags and various dredged soils, the amount of portlandite in the steel slags 

and the amount of amorphous silica in the dredged soils are suggested as one of the key 

components of starting materials involved in the C-S-H formation. 
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2.1. Introduction 

The effect of a partial substitution of starting materials to form cement and concrete has 

been widely studied as it would make it possible to decrease the environmental impact of 

cement production and/or improve the properties of cement and concrete. The ASTM C618 

[1] defines mineral admixtures that can be used for mixing concrete, such as diatomaceous 

earths, opaline chert and volcanic ashes, among others, and the physical performance of 

construction materials made with these natural additives has been investigated to widen their 

applications [2,3]. Also, industrial byproducts such as fly ash and slags from metallurgy have 

been utilized for construction materials to reduce waste volumes [4]. Further, the 

performance of construction materials that utilize no cement but instead employ waste soils 

and industrial byproducts, such as mixtures of fly ash and diatomite have also been 

investigated [5]. This increase in the diversity of starting materials for mixing hardening 

mixtures suggests that construction can be conducted with economically optimal materials, 

derived from the surrounding nature and industries that can conform to desirable physical 

properties. 

As one potential diversification of construction materials, steel slag-dredged soil 

mixtures is the focus of this study. Dredged soils are derived from the excavation of soil 

sediments beneath ports. The physical properties of soft dredged soils are difficult to improve 

as it contains a large fraction of fine particles and thus maintains the water content high. 

Therefore, they are treated with dumping after excavation that is costly and produces 

unwanted waste. Dredged soils are generated in Japan as well as in other countries where 

there is an inflow of water currents transporting soils that settle on sea floors and riverbeds 
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[6]. Further, the yield of the eroding soil particles is reported to be getting greater due to 

increases in the rate of soil erosion as a result of intensive agriculture and global warming 

[7]. The wider use of soil sediments would reduce the dumping of such materials in landfills 

and would enable the substitution of resources that would otherwise be excavated on land. 

Steel slag is one byproduct from ironworks that has the ability to alkali-activate. Although the 

utilization of steel slags has been investigated to increase volumes that are used [4,8], it is 

still difficult to utilize all steel slags that are produced. Recently, the utilization of dredged 

soils by modifying their physical properties with addition of alkaline activators has been 

investigated [4,8]. Improvements in the physical properties of dredged soils by mixing with 

steel slags would open up new areas of application in undersea construction by utilizing in 

constructions, such as reclamation and tideland. Simultaneously, it would replace cement 

utilized for ordinary undersea construction, which would contribute to reductions in the CO2 

emissions and use of energy, as steel slag-dredged soil mixtures do not need preparatory 

calcination. 

The mixtures made with various dredged soils and steel slags show differences in 

strength development, inhibiting the utilization of the steel slag-dredged soil mixtures in many 

engineering fields. It is because the hardening mechanisms, namely responsible 

components in the starting materials for the strength development and the secondary phase 

formation that is responsible for changes in physical properties, are both not immediately 

evident. Portlandite, Ca(OH)2, in steel slags and soluble silica from dredged soils have been 

proposed to be the key components for the strength development because calcium silicate 

hydrate (C-S-H) is thought to be the cause of strength development [10]. Confirmation of the 

C-S-H formation and identifying factors that affect the formation of C-S-H would provide a 

methodology to predict its formation quantitatively, by analyzing the content of the critical 

phases in the starting materials. The effects of components such as humic acid in dredged 

soils are known to limit the strength development of cementitious materials [11] ,[12]. 

Considering these factors, the objective of this study is to identify the key components 
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affecting strength development, i.e., the formation of C-S-H, in steel slag-dredged soil 

mixtures. After determining the components that affect secondary phase formation, 

interaction of dredged soils and steel slags is simulated using geochemical modeling to 

provide insights into the possibility to predict the amounts of C-S-H needed to achieve 

specified strength development. 

2.2. Materials and methods 

2.2.1. Materials 

2.2.1.1. Steel slags and dredged soils 

The dredged soils used in this study were collected from four different bays in Japan, 

hereafter named soils A, B, C, and D. The physical properties of the dredged soils are 

detailed in Table 2-1. Humic acid was extracted from the dredged soils to quantify the content 

by the methodology described by Fukushima et al., (2009) [13]. The extracted samples of 

humic acid were purified by dialysis and freeze dried to quantify the content. Purified humic 

acid content was highest in soil D(0.30%) followed by B(0.20%), C(0.14%) and A(0.09%).  

Steel slags were obtained from two ironworks in Japan and are hereafter named slag 1 

and slag 2. The densities of slag 1 and slag 2 in surface-dry condition are 3.5 g/cm3 and 3.8 

g/cm3, respectively. Particle size distributions of the steel slags and the dredged soils are 

shown in Fig. 2-1(a) and (b).   
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Fig. 2-1 Particle size distribution of (a) steel slags and (b) dredged soils of 

fraction smaller than 4.75 mm. 

 

Table 2-1 Physical properties of the dredged soils. 

 

 

2.2.1.2. Preparation of steel slag-dredged soil mixtures 

The steel slags were used in air-dried condition to make the experimental mixtures. 

Particles larger than 4.75 mm in the dredged soils such as marine shells were removed by 

sieving to eliminate inhomogeneity in the matrix of the mixtures for the measurement of 

strength. The water content was set to 1.5 times of the respective soil liquid limits (Table 2-1) 

by adding artificial seawater. This conditioning creates the soil slurries of a broadly similar 

consistency range. 

The mixtures for measuring the strength development were made by mixing both steel 

slags with the four soils. The mixtures made with slag 1 and soils A, B, C, and D are termed 

1A, 1B, 1C, and 1D, respectively, and the mixtures with slag 2 and soils A, B, C, and D are 
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steel slag-dredged soil mixtures [15]. The modulus was calculated based on the mass density 

of the specimens and the shear wave velocity travelling between a pair of piezoelectric 

bender elements, which work as transmitter and receiver. Between 3 and 91 days of curing, 

the order of the magnitude of the relative strength of mixtures remained unchanged, for slag 

1, the 1A showed the highest strength values followed by 1B, 1C, and 1D, and for slag 2 the 

2A mixture had the highest values followed by 2B. The unconfined strength of mixtures made 

with slag 1 was much higher than those made with slag 2. The shear modulus indicated the 

significant increase at 3 days of curing especially in 1A and 1B and each G of 3 days was 

209.0, 84.1, 12.1, and 1.2 MPa for mixtures 1A, 1B, 1C and 1D, respectively (Fig. 

2-2).Therefore, investigation of the steel slag-dredged soil interaction at the early stage, 

namely at 3 days of curing, would provide sufficient information to determine the main 

reaction controlling the strength development.  

 

Fig. 2-2 Variation of mechanical properties of mixtures: (a) and (c) show the 

shear modulus (G) of the mixtures, and (b) and (d) show the unconfined 

compressive strength (qu) of the mixtures. 
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2.3. Results 

2.3.1. Characterization of the starting materials 

2.3.1.1. The steel slags 

The mineralogical phases of slag 1 and slag 2 are similar to those of the reported 

ordinary steel slag [18], consisting of portlandite Ca(OH)2, larnite C2S, brownmillerite C4AF, 

and others, as identified by XRD (Fig. 2-3). Slag 2 contains native iron which is not identified 

in slag 1. When we compare the intensity of the peaks corresponding to portlandite, its 

content is higher in slag 1 than in slag 2. 

 

Fig. 2-3 XRD profiles of steel slag 1 and slag 2 prior to mixing with dredged 

soils. 

 

2.3.1.2. Dredged soils 

The XRD results show that all soils contained quartz, albite, halite, and pyrite (Fig. 2-4a); 

and clay minerals including smectite, kaolinite, chlorite, and illite (Fig. 2-4b). There are no 

significant differences between the soil samples in terms of mineralogy and clay mineralogy. 

The OM observation of particles in the dredged soils revealed that all soils contain 

amorphous silica phases, including diatom frustules originating from the growth of diatom 

algae (Fig. 2-5), and volcanic glass originating from erupted ejecta of volcanoes (Fig. 2-6). 
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curing (Fig. 2-8). In the XRD profiles of the mixtures with slag 2, the peaks corresponding to 

portlandite disappeared in all mixtures after 3 days of curing, showing that the portlandite 

content was much lower than that of the mixtures with slag 1 and that portlandite did not 

remain in the later curing stages.  

 

 

Fig. 2-8 XRD profiles of mixtures cured for 0, 3, 7, 28, and 91 days of (a) 

mixture 1A, (b) mixture 1B, (c) mixture 1C, and (d) mixture 1D. 
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Fig. 2-9 XRD profiles of mixtures cured for 0, 3, 7, 28, and 91 days of (a) 

mixture 2A, (b) mixture 2B, (c) mixture 2C, and (d) mixture 2D. 

Photos of the mixtures of soil 1A and 1D before curing and after 3 days of curing are 

shown in Fig. 2-10. Significant area of voids was observed in both specimens before curing. 

However, after 3 days, mixture 1A had fewer voids than before curing. In contrast to this, 

there was very little change in the void volume of mixture 1D after 3 days of curing. This 

suggests that the pores in mixture 1A were filled with secondary phases and caused the 

cementation of particles that were separate and unconnected before interaction of the steel 

slags dredged soils.  
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Fig. 2-10 Optical microscope observations of: (a) mixture 1A before curing, 

(b) mixture 1D before curing, (c) mixture 1A after 3 days of curing, and (d) 

mixture 1D after 3 days of curing. Areas that are shaded in orange 

correspond to slag particles, and the blue shaded areas corresponds to 

voids that were filled by epoxy resin. 

From the SEM observations of the specimens after 3 days of curing, the formation of 

needle-like C-S-H in both mixture 1A and 1D was confirmed (Fig. 2-11); C-S-H is well known 

as the phase responsible for hardening in cementitious materials [19]. Based on the SEM 

observations, the C-S-H formed in mixture 1A appears denser than that in mixture 1D. 

 

Fig. 2-11 C-S-H observed by SEM analysis of: (a) mixture 1A and (b) mixture 

1D, after 3 days of curing. 

20
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with C-S-H, that may inhibit C-S-H formation. Hence, the factors affecting the Ca ion supply 

can be assumed to be the portlandite content of steel slags, and the humic acid content may 

also be affecting the availability of Ca ion for C-S-H formation.  

 

2.4.1.2. Factor(b): pH of pore water in the mixtures 

Dissolution of portlandite in steel slags could also be responsible for factor (b), as 

achievement of increase in pH would cause increase in C-S-H formation due to increase in 

Si concentration and pH, causing C-S-H to become the phase that is thermodynamically 

stable. However, an additional factor is that the pH of the pore water may be buffered to 

values of weak bases by the humic acid as they are weak acids [15], [25]. The pH of the pore 

water of mixtures 1A, 1B, 1C, and 1D were maintained above 12 within the first day of curing, 

which can be explained by the dissolution equilibrium of portlandite, with a pH of 12.45 [18]. 

The effect of pH buffering by humic acid was not observed in the mixtures where pH was 

measured in this study. This suggests that the content of humic acids in soils A, B, C and D 

(0.09-0.30%) is not sufficient to act as a pH buffer.  

A pH of above 12 was maintained after 91 days in the cured mixtures 1C and 1D. 

However, in mixtures 1A and 1B (Fig. 2-12), pH gradually decreased from 12.5 to 10.5. This 

period of decrease in pH of pore water overlaps with the period of portlandite consumption 

in the curing mixtures (Fig. 2-8). C-S-H formation is known to decrease the pH of the pore 

water to 10.5 [26]. This behavior of the pH here could indicate that the formation of C-S-H 

and consumption of portlandite are determining factors of the pH of the pore water of the 

mixtures. 

 

2.4.1.3. Factor(c): Silica supply 

Factor(c) here is likely dependent on the silica-bearing phases, originating in the 

dredged soils.  The kinetics of the reactive silica-bearing phases, are one of the components 

of the dredged soils, and may be critical for the formation of C-S-H.  
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The results of the XRD analysis indicate that the mineralogical compositions of soils A, 

B, C, and D are not significantly different (Fig. 2-4). The XRD results of the mixtures did not 

show the disappearance in the crystalline mineralogical phases including clay minerals, 

suggesting that they are not likely to be the source of Si ions due to their slow dissolution 

kinetics. Therefore, as other silica-bearing phases are suggested to be present in the 

dredged soils, these may be amorphous silica-bearing phases. 

Amorphous silica that has a higher dissolution rate may be incorporated in the dredged 

soils, since they are sea sediments that could contain any particles that have settled on the 

sea floor. From OM observations, volcanic glass with angular plate-like shapes (Fig. 2-6) 

was a component of the dredged soils. In addition, diatom frustules with rounded, triangular, 

moon-like shapes (Fig. 2-5) were also observed in the dredged soils. Because both these 

components would be predominantly composed of amorphous silica, they are quite likely to 

be Si sources for C-S-H formation.  

The amounts of diatom frustules and volcanic glass manifested by the dissolution 

experiment showed a strong positive correlation with the physical strength of the mixtures 

(Fig. 2-2 and Fig. 2-7). To assess the ability of strength development of dredged soils, 

amorphous silica would be an important indicator for the strength development, and here the 

amount of amorphous silica is identified as the factor that contributes the most to the Si 

supply in the C-S-H formation. Further, the H4SiO4(aq) concentration of pore water in the 

dredged soils correlate with the amorphous silica content, and this correlation could be used 

as a method to estimate the approximate potential for strength development namely by 

measuring the dissolved silica concentration of the pore water of newly sampled dredged 

soils (Fig. 2-7). 

 

2.4.2. Key factors for the successful iteration of the pozzolanic reaction  
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dissolution rate constant of portlandite was set to fit the pH changes. Run 1 required 13 

volume % of portlandite and 16 volume % of amorphous silica. For run 2, the quantity of 

amorphous silica was decreased to simulate the pH changes of mixtures 1C and 1D, to 

understand the quantitative effect of amorphous silica on the formation of C-S-H (Fig. 2-14).  

Run 2 required a quarter amount of the amorphous silica input in run 1. Run 1 and Run 

2 show that amorphous silica with the highest dissolution rate was the main phase that 

dissolved to supply dissolved Si ions to form C-S-H within 91 days of reaction time (Fig. 

2-15), since it is the only phase among the silica-bearing phases that decreases in volume 

% as the reaction progresses.  

The amount of amorphous silica that is simulated to dissolve, suggests how to determine 

the amount of C-S-H formation, and details the pH changes in the pore water of the mixtures.  

 

Fig. 2-13 Schematic mechanism of C-S-H formation cycle. 

 

Table 2-2 Mineral dissolution rates and surface areas of reactants loaded in 

the geochemical modeling 
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Fig. 2-14 pH changes of the pore water of the simulated mixtures, Run 1 with 

16 volume % and Run 2 with 4 volume % of amorphous silica. 

 

 

Fig. 2-15 Calculation of C-S-H formation by steel slag-dredged soil 

interactions in: (a) Run 1, with 16 volume % of amorphous silica as the 

reactant and (b) Run 2, with 4 volume % of amorphous silica as the reactant. 
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2.5. Conclusions 

This research determined that the content of amorphous silica is one of the key factors 

affecting the C-S-H formation in dredged soil-steel slag mixtures.  

The portlandite content in steel slags as the main factor for C-S-H formation is also 

suggested in the previous study [10] and was strongly supported. Here it is also possible to 

state that there is no effect owing to humic acid on pH buffering on the pore water of the 

mixtures. However, limitations of the Ca ion supply to form C-S-H or the crystal growth 

inhibition may arise by coexisting humic acids, indicating that these humic acids may play a 

role in suppressing C-S-H formation within the mixtures investigated in this study. The most 

significant discovery through this study is that, when focusing on controlling component in 

dredged soils for C-S-H formation, one of its determining factor was clarified to be the content 

of amorphous silica, which is the most reactive of the silica-bearing phases in dredged soils. 

Amorphous silica can be expected to establish an equilibrium with the dredged soils pore 

water as it has the highest solubility, higher than other silica-bearing phases, making it 

possible for the amount of amorphous silica to be estimated from the concentration of 

dissolved silica in the pore water of the dredged soils.  

Presently, the strength development of mixtures is examined by actual destructive 

strength tests of the mixtures, which require laboratory work that is time consuming and labor 

intensive. If we apply the findings of the present research, estimates of the strength 

development based on the content of portlandite in steel slags and the dissolved Si 

concentration in dredged soil pore water would give a simple, easily attainable evaluation to 

determine whether newly sampled dredged soils and newly tested steel slags can be 

expected to develop sufficient strength for desired use.  

The results of geochemical modeling that is adjusted to fit to the pH changes in the pore 

water of the mixtures shown here may make it possible to determine details of the starting 

components that contribute to the secondary phase formation, and a simulation of the 
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whether soil organic matters in dredged soils does or does not affect the strength 

development of the mixtures. Tests of unconfined compressive strength of the mixtures 

made with eight dredged soils collected from eight different Japanese harbors and a steel 

slag are carried out with characterization of the humic acids of the dredged soils to 

compare the characteristics of hard and soft mixtures. The characterization of mineralogical 

phase compositions and solution compositions of the mixtures are carried out to address 

the possibility of how soil organic matters may affect the strength development of the 

mixtures. 

3.2. Materials and methods 

3.2.1. Materials 

3.2.1.1. Dredged soils 

Eight dredged soil samples from different Japanese harbors were studied. Four 

dredged soil samples named soils A, B, C, and D also employed in Toda et al. [1] were 

used for further study of their soil organic matters. Four other dredged soil samples named 

soils E, F, G, and H were newly collected from different Japanese harbors for this study. 

The characterization of soils A, B, C, and D and analyses of their mixtures with steel slag 

were carried out in Toda et al. [1]. The results of characterization of soils A, B, C, and D 

and analyses of their mixtures was also reported in Toda et al. [1]. The characterization of 

soils E, F, G, and H and subsequent formation of mixtures followed the methodology of 

Toda et al. [1] to compare the characteristics of eight soil organic matters and strength 

development of the eight mixtures. 

The physical properties of the dredged soils are summarized in Table 3-1. The soil 

particle density, liquid limit, and the content of fine particles were obtained following 

Japanese Industrial Standards A 1202, A 1205, and A 1204, respectively. The accuracy of 

soil particle density and liquid limit measurements were all in the range of ±0.01 g/cm3 and 

±0.1%. The content of fine particles was obtained using sufficient amounts of sample, and 
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inorganic amorphous silica contents in the dredged soils. The bulk and clay mineralogy of 

soils E, F, G, and H (Fig. 3-1) were virtually identical, and they were also very similar to 

soils A, B, C, and D [1] (Fig. 3-2), containing quartz, cristobalite, albite, pyrite, kaolinite, 

illite, chlorite, and smectite. The total inorganic amorphous silica contents of soils E, F, G, 

and H, which were calculated as the sum of quantified diatom frustules and volcanic glass, 

were 79.6 ± 4.2, 64.3 ± 1.7, 90.0 ± 2.2, and 75.3 ± 3.1 mg/g respectively, while the 

inorganic amorphous silica content of soils A, B, C, and D reported in Toda et al. [1] were 

78.2 ± 5.9, 71.4 ± 2.8, 44.4 ± 3.4, and 38.2 ± 1.5 mg/g, respectively. 

 

Fig. 3-1 X-ray diffraction (XRD) patterns of (a) powdered dredged soil to 

detect bulk mineralogical phases and (b) oriented particles of dredged soils 

to detect clay mineralogical phases. Names of dredged soil samples are 

labeled on the upper right of each XRD pattern. 
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Fig. 3-3 XRD pattern of powdered steel slag 1 showing mineralogical 

phases. From Toda et al. [1]. 

 

3.2.2. Methods 

A schematic diagram of the experimental methodology is shown in Fig. 3-4. The 

framed words are the samples, and below the frames are the measurements conducted for 

each state of samples. Procedures for sample preparations are described between the 

connecting lines of the frames. Numbers in brackets refer to subsections of methods that 

describe each methodology. 
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Fig. 3-4 Diagram of experimental procedures. 

 

3.2.2.1. Preparation of steel slag-dredged soil mixtures 

The steel slag-dredged soil mixture specimens were prepared with steel slag 1 and 

soils E, F, G, and H by the method described in Toda et al. [1]. The mixtures of steel slag 1 

and soils E, F, G, and H were termed mixtures 1E, 1F, 1G, and 1H, respectively. They were 

prepared by mixing steel slag into dredged soil in the volume ratio 3:7. Air-dried steel slag 

was used to make the mixtures. The water content of the dredged soils was conditioned to 

1.5 times the liquid limit using artificial sea water to equalize the physical properties before 

mixing. The mixing was performed by an electronic mixer for 5 minutes; then, the mixture 

was packed into cylindrical plastic molds, of height of 100 mm and diameter of 50 mm, and 

covered with plastic film. Then, it was cured to conduct the subsequent tests of unconfined 

compressive strength. The mixtures were cured in a sealed plastic container in saturated 

humidity at 25 °C for the duration of the tests to eliminate reduction in the water content. 

3.2.2.2. Unconfined Compressive Strength Tests 
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Fig. 3-5 Diagram of humic acid extraction and purification procedures from 

the dredged soils. 

 

3.2.2.6. Elemental compositions of humic acids 

Analyses of C, H, N, and S contents of purified humic acid powder of soils A, B, C, D, 

E, F, G, and H were carried out at the Center for Instrumental Analysis at Hokkaido 

University. Prior to the analyses, the powdered humic acids were dehydrated under 

reduced pressure for at least 24 hours. The C, H, and N contents were measured by an 

elemental analyzer (CE440, Exeter Analyzer, Warwickshire, UK). About 2 mg of sample 

was used for the measurement and WO3 was added as a combustion aid for the C, H, and 

N analysis. The maximum permissive error of measurement of C, H, and N contents was 

±0.3%. The S contents were measured by an ion chromatography (Dionex ICS-1600, 

Thermo Fischer Scientific, Waltham, MA, US). About 2 mg of sample was used for a 

measurement. The maximum permissive error of measurement of S content was ±0.3%. 

The content of oxygen was calculated by subtracting the sum of the quantified percentage 

of C, H, N, and S from 100%. The elemental compositions of JHSS standards [17], Dando, 
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and Inogashira humic acids were referred in the results to make a comparison between 

humic acids of common land soils and dredged soil samples. 

 

3.3. Results 

3.3.1. Characterization of the mixtures 

3.3.1.1. Unconfined compressive strength 

The average qu values of the mixtures is shown in Fig. 3-6. Error bars are omitted, as 

they typically fell within the range of the plot size, and they do not affect the interpretation 

on coordinates of the plots on the figure. Mixtures 1D and 1H did not develop sufficient 

strength to undergo unconfined compressive strength tests and the plots are not presented 

in Fig. 3-6. The qu value of mixture 1G was low throughout the 28 days of the curing period 

(18 to 28 kPa). Mixtures 1D, 1H, and 1F were classified as soft mixtures, which did not 

qualify for use as construction works with lower strength than the target strength of 250 kPa 

at 28 days of curing, calculated from required strength of 100 kPa with safety factor [18]. 

Mixtures 1A, 1B, 1C, 1E, and 1F with qu values above 250 kPa at 28 days of curing were 

classified as hard mixtures, making them acceptable for use in construction work. Mixtures 

1A, 1B, 1C, 1E, and 1F developed strength (increases in qu value) during the curing period; 

mixture 1A showed the highest strength at 28 days of curing, followed by mixtures 1B, 1E, 

1F, and 1C. 
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Fig. 3-6 Unconfined compressive strength (qu) values of mixtures 1A, 1B, 

1C, 1E, 1F, and 1G with curing time (data for mixtures 1A, 1B, and 1C are 

from Toda et al. [1]). 

 

3.3.1.2. Mineralogical phase assemblages 

The XRD patterns of mixtures 1A, 1B, 1C, 1D, 1E, 1F, 1G, and 1H are shown in Fig. 

3-7. The XRD patterns of mixtures 1A, 1B, 1C, and 1D are from Toda et al. [1]. The 

consumption of portlandite was the major change in the mineralogical phase assemblage in 

some mixtures as a function of curing time. Mixture 1E showed the consumption of 

portlandite after 7 days of curing with disappearance of the peak intensity corresponding to 

portlandite (Fig. 3-7e). This tendency of the portlandite peak disappearance in mixtures 

exhibiting a qu value above 600 kPa at 28 days of curing were also observed in mixtures 1A 

and 1B (Fig. 3-7a,b). In mixtures 1F, 1G, and 1H, the portlandite still remained after 28 

days of curing (Fig. 3-7f,g,h) as did mixtures 1C and 1D (Fig. 3-7c,d). Amorphous silica 

and C-S-H were not detected with XRD, due to their amorphous and poorly crystalline 

characteristics [19,20]. 
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1C and 1D. The calcium concentration of mixtures 1D and 1H were around 30 mmol/L at 

least until 7 days of curing (Fig. 3-8b). The calcium concentration of the pore water of 

mixtures 1A, 1B, 1E, 1F, and 1G gradually decreased from over 15 to below 10 mmol/L 

with curing time. Calcium concentrations of pore water of mixture 1C between 1 and 7 days 

of curing were maintained at around 5 mmol/L. Silica concentrations of pore waters of all 

mixtures were between 0.07 and 0.38 mmol/L during 28 days of curing (Fig. 3-8c). 

 

Fig. 3-8 (a) pH of pore waters of mixtures 1A, 1B, 1C, 1D, 1E, 1F, 1G, and 1H 

at 1 to 28 days of curing, (b) calcium concentrations, and (c) silica 

concentrations of the pore waters of mixtures 1A, 1B, 1C, and 1D of 1 to 7 

days of curing and of mixtures 1E, 1F, 1G, and 1H of 1 to 28 days of curing 

are plotted as a function of curing time. Standard errors of the 

measurements are plotted on the figures. 

 

3.3.1.4. Characterization of soil organic matter in dredged soils 

The TOC and humic acid content of the dredged soils and JHSS standard soils are 

shown in Table 3-2 with elemental compositions of the corresponding humic acids. The 

TOC contents of the dredged soil samples were lower than Inogashira and Dando soils. 

The humic acid contents in the dredged soils were lower than those in the JHSS standards, 

except for soil G. The TOC and humic acid contents of soils A, B, C, D, E, F, G, and H 

varied from 0.60 ± 0.01% to 3.86 ± 0.01% and 0.09% to 0.93%, respectively. Soil G had 

higher TOC and humic acid content than that of the other dredged soils, as could be 
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3.4. Discussion 

3.4.1. Indicators for strength development of the steel slag-dredged soil mixtures 

Inorganic amorphous silica content in the dredged soils and portlandite content in steel 

slag have been pointed out as important factors for the strength development of steel slag-

dredged soil mixtures [1]. Amorphous silica supplies dissolved silica and portlandite 

supplies dissolved calcium and establish alkaline condition for C-S-H formation via the 

pozzolanic reaction. The amorphous silica content of dredged soils was linearly correlated 

to qu values of the mixtures, i.e., at 28 days of curing, except in soils G and H (Fig. 3-9a). 

Soils G and H were two of the dredged soils classified as resulting in soft mixtures, with 

remaining portlandite after curing (Fig. 3-7g,h), regardless of the similar content of 

amorphous silica to the soils, which formed hard mixtures (Fig. 3-9a) with portlandite 

consumption (soils A, B, and E) (Fig. 3-7a,b,e). This suggests that soils G and H contain 

components that may inhibit the pozzolanic reaction. 
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Fig. 3-9 Relationship of (a) amorphous silica, (b) sulfur in the humic acid 

fraction, (c) TOC and (d) humic acid content per gram of dried dredged soil 

with qu values of each steel slag-dredged soil mixtures at 28 days of curing. 

The qu values for mixtures 1D and 1H are plotted as 0 kPa in order to include 

their plots in the diagram; they did not undergo unconfined compressive 

strength tests. The amorphous silica content of soils A, B, C, and D and the 

qu values of mixtures 1A, 1B, 1C, and 1D are cited from Toda et al. [1]. Error 

bars of figure (a,c) show standard errors of data collected from repeated 

experiments and error bars of figure (b,d) show accuracy of the 

measurements. 

The sulfur content in the humic acid fraction distinguished soils G and H, and also soil 

D from soils A, B, C, E, and F (Fig. 3-9b). Soils G, H, and D contained over 0.151 mg of 

sulfur per gram of soil in the humic acid fraction (Fig. 3-9b), whereas soils A, B, C, E, and F 

contained sulfur below 0.05 mg/g. Therefore, the sulfur in humic acid fraction could suggest 

the occurrence of inhibition in the pozzolanic reaction and the subsequent strength 

development of the mixtures. Inhibition in the pozzolanic reaction of mixtures 1G and 1H 

was suggested to result from the effect of soil organic matters because soils G and H were 

rich in sulfur in the humic acid fraction and had sufficient dissolved silica supply similar to 
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soils that formed hard mixtures: soil A, B, and E. Furthermore, inhibition in the pozzolanic 

reaction of the mixture 1D may result from the effect of soil organic matters, together with 

the limitation of dissolved silica supply because soil D was rich in sulfur in the humic acid 

fraction but had minimal amorphous silica content among the studied dredged soil 

samples. 

In addition, as expected from Toda et al. [1], the TOC (Fig. 3-9c) or humic acid content 

(Fig. 3-9d) showed no relationship with qu values of the mixtures, which emphasized the 

importance of interpreting the content of specific components of soil organic matters for the 

indication of dredged soils, which form soft mixtures. 

 

3.4.2. Characteristics of humic acids that inhibit strength development of the mixtures 

From the results in Fig. 3-9b, it is clear that the inhibition of the strength development 

of the 1G, 1H, and 1D mixtures were indicated by the content of sulfur-bearing components 

in the humic acids. These may be directly attributed to the inhibition in the pozzolanic 

reaction of the mixtures, as well as there may be unquantified components in the soil 

organic matters that correlate positively to the sulfur-bearing components and may 

contribute to the inhibition of the pozzolanic reaction. 

Intrinsic characteristics of humic acids of the soils G, H, and D were further 

investigated with a comparison of their elemental ratios, which have been used to evaluate 

the average properties, sources, and alterations of humic acids [8,21,22]. 

The S/C of humic acids in all of the studied dredged soils was higher than that of the 

JHSS standards (Fig. 3-10a). This may result from differences in the following: (1) the 

inclusions of sulfur-bearing organic compounds; (2) degree of abiotic reaction of reduced 

sulfur with organic matter [23], which increases the preservation of sulfur in sedimentary 

soils [24]; and/or (3) the redox state of the sedimentary soils [21] where reducing conditions 
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are favorable to conserve sulfur in the sediments. Factors affected S/C of humic acids of 

dredged soils is not conclusive, though it could be further discussed with analysis of sulfur 

redox states of humic acids, which may indicate the redox condition of sedimentary soils. In 

addition, if sulfur-bearing components play a role in the inhibition of the pozzolanic reaction, 

their redox state would be critical for a full understanding of the inhibition mechanism of the 

pozzolanic reaction. The speciation of sulfur in humic acids of sedimentary soils is 

commonly assumed to be disulfides, thiols, sulfonates, or ester-bonded sulfates [24,25]; 

however, these various chemical properties would act differently on the pozzolanic 

reaction. 

 

Fig. 3-10 (a) S/C versus H/C atomic ratios and (b) N/C versus H/C atomic 

ratios of humic acids extracted from the dredged soils (A, B, C, D, E, F, G, 

and H), Dando humic acid and Inogashira humic acid. 

Furthermore, Fig. 3-10a shows that the S/C ratio of humic acid of soils D and H were 

almost twice as large as the S/C ratio of humic acids of other dredged soils and JHSS 

standards. The sulfur content in the humic acid fraction of dredged soils could indicate the 

inhibition of a pozzolanic reaction of the mixtures made with soils D and H (Fig. 3-9b), 

because their humic acids had a high S/C ratio. The inhibition of pozzolanic reaction of the 

mixture made with soil G, whose humic acid had a similar S/C ratio to the humic acids of 

dredged soils that formed hard mixtures, was also indicated by the sulfur content in the 

humic acid fraction of dredged soils (Fig. 3-9b) because the content of humic acid in soil G 
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was high. Characteristics of humic acids are suggested to vary between dredged soils that 

form soft mixtures. The input of organic matters to the sedimentary soils and sulfur 

enrichment in the soil organic matter structure shape the sulfur content in the humic acid 

fraction of dredged soils as an indicator of dredged soils that form soft mixtures. 

The nitrogen content in the humic acid fraction of the dredged soils did not clearly 

indicate dredged soils that form soft mixtures as sulfur did; hence, nitrogen-bearing 

functional groups are not likely a candidate of soil organic matters that inhibit the 

pozzolanic reaction. However, the N/C versus H/C plot suggested that the N/C ratio of the 

humic acid could be a characteristic of the dredged soils that form soft mixtures (Fig. 3-

10b). The humic acids of soils D, G, and H plot between the two JHSS standards of N/C of 

0.062 to 0.073. The higher N/C of soil organic matter has been suggested to result from the 

sedimentation of marine organic matter rich in amides, and/or as a result of low aeration, 

which could conserve the compositions of the sedimented organic matter [8]. Stuermer et 

al. [21] supported the former factor when they observed that algal sources, rather than 

highland plant sources, caused N/C enrichment. 

The causes of sulfur and nitrogen enrichment of humic acids in dredged soils are not 

determined due to several possible causes of the enrichment. Despite the requirement of 

further investigations to clarify specific components in soil organic matters that may 

contribute to the inhibition of the pozzolanic reaction, the discussion here highlights that: (1) 

the content of such organic components in dredged soils is suggested to be affected by the 

input of organic matters to sedimentary soils and the sedimentary environment; (2) the N/C 

of humic acids also indicate the dredged soils that form soft mixtures as the sulfur content 

in the humic acid fraction of dredged soils does. Overall, these newly discovered indicators 

of dredged soils that form soft mixtures when mixed with a steel slag, together with 

quantification of their inorganic amorphous silica content, would enhance the utilization of 

dredged soils by accelerating the evaluation processes of their strength development. 
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to cover the mineral surface will be investigated to determine how pozzolanic reaction 

inhibition occurs in the mixtures made with soils D, G, and H in future research. 

3.5. Conclusions 

The inhibition of strength development in steel slag-dredged soil mixtures by soil 

organic matters is detailed. Our data especially highlight the importance of the 

quantification of specific components among soil organic matter in evaluating the effect on 

the strength development of such mixtures. Dredged soils with enriched sulfur content in 

the humic acid fraction, and/or N/C ratio of extracted humic acids similar to that of land 

humic acids, resulted in the formation of soft mixtures. These characteristics could be used 

as indicators of dredged soils that form soft mixtures, together with the inorganic 

amorphous silica content in the dredged soils. Also, the TOC and humic acid content in 

dredged soils are not suggested as indicators of soft mixture formation. Our findings clarify 

that the strength development indicators have significant implications for the utilization of 

steel slag-dredged soil mixtures. The discovery of indicators of strength development of 

steel slag-dredged soil mixtures will accelerate evaluation processes for the strength 

development of mixtures made with newly sampled dredged soils by making the estimation 

of their strength development possible, which would facilitate and promote the utilization of 

steel slags and dredged soils. 

Subsequently, the inhibition of the pozzolanic reaction by soil organic matters that form 

soft mixtures was not due to the pH-buffering capacity of soil organic matters but may be 

occurring because of calcium complexation or mineral surface coverage by soil organic 

matters. An understanding of the inhibition mechanism of the strength development 

requires further studies, clarification of what component in the soil organic matters to 

attribute to the inhibition of the pozzolanic reaction, and how this component inhibits it; 

however, the results show the potential of this study for further investigations to facilitate 

the validation of dredged soils by mixing with cementing additives that form C-S-H as the 
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major binding phase via the pozzolanic reaction. Overall, the findings should contribute to 

an increased utilized fraction of dredged soils and industrial by-products that act as alkaline 

activators that replaces the destination of such materials from disposal wastes to 

construction resources, which would promote their utilization in the construction industry. 
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4. Effects of lignosulfonate on synthesis 

products of the pozzolanic reaction 
 

Abstract 

Soil organic matters affect the pozzolanic reaction that may determine the strength 

development of soil-employed construction materials. The effect of lignosulfonate, a model 

soil organic matter, on the pozzolanic reaction with initial Ca/Si ratio of 1.6, 1.0 and 0.8 (C1.6-

S-H, C1.0-S-H and C0.8-S-H) was investigated. 

At equal synthesis period but escalation in the amount of lignosulfonate addition, C1.6-

S-H, C1.0-S-H, and C0.8-S-H formation was inhibited explicitly with a threshold. Below 

thresholds, lignosulfonate caused C-S-H formation with modification to an uniform structure 

regardless to initial Ca/Si ratio. Inhibition of C-S-H formation is suggested to occur by 

formation of secondary phases that occur when lignosulfonate dosage exceeds the limit of 

C-S-H formation. 

 

Keywords: C-S-H, pozzolanic reaction, lignosulfonate, reaction inhibition 

 

4.1. Introduction 

Industrial byproducts and waste soils are environmentally low-impact resources for the 

construction industry. The industry has been actively receiving such materials that validates 

wastes. Construction materials made with such resources are particularly attractive for 

regional use close to the material sources because of the feasibility in the transport and 

application associated with cost savings.  

 Dredged soils are one of the candidates for civil construction engineering among those 

raw materials. Dredged soils harden by alkaline activation of cement [1,2] but also by 
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and amorphous silica, there appear to be the thresholds for the lignosulfonate dosage in 

which to inhibit the pozzolanic reaction.  

 

Fig. 4-1 XRD profiles of synthesized products, with initial Ca/Si of (a) 1.6, (b) 

1.0 and (c) 0.8 with increment in the dosage of lignosulfonate. Vertical axis 

shows the weight percentage of lignosulfonate against the sum of 

amorphous silica and portlandite added in the systems. 

 

4.3.2. Polymerization state of silicates 

29Si MAS NMR spectra of synthesized products are shown in Fig. 4-2. Samples that the 

formation of C-S-H was confirmed by XRD, showed Q1 and Q2 peaks that corresponds to C-

S-H [24,26]. The intensities of Q1 peak decreased and Q2 peak increased with escalation of 

lignosulfonate dosage in C1.6-S-H and C1.0-S-H series. In reverse, Q2 peak intensity 

decreased with escalation of lignosulfonate dosage in C0.8-S-H series. 

Ca/Si ratio calculated from NMR spectra is shown in Fig. 4-3. The Ca/Si ratio of C-S-H 

changed as a function of lignosulfonate dosage. Increase in lignosulfonate dosage caused 





 106 

 

Fig. 4-3 Ca/Si ratio of calcium silicate hydrate (C-S-H) calculated from 29Si 

MAS NMR spectra as a function of the weight percentage of lignosulfonate 

against the sum of amorphous silica and portlandite added in the systems. 

 

4.3.3. Solution composition 

Calcium, silica and DOC concentrations and pH of solutions after synthesis are shown 

on Fig. 4-4. 

pH of the solutions in the C1.6-S-H series was in the range between 12.24 and 12.42, 

which slightly decreased as lignosulfonate dosage increased (Fig. 4-4a). In the C1.0-S-H and 

C0.8-S-H synthesis series, pH decreased more significantly as lignosulfonate dosage 

increased in the samples where C-S-H formation was successful. pH decreased from 12.30 

to 11.31, and from 10.75 to 9.68 in the C1.0-S-H and C0.8-S-H series, respectively. On the 

other hand, in the samples where C-S-H was not formed, pH of the pore waters was above 

12.00 which is likely buffered by portlandite (Fig. 4-4a; i.e., pH 12.45 at 56 wt.% of 

lignosulfonate addition in the C1.0-S-H series, pH 12.10 at 65 wt.% of lignosulfonate addition 

in the C0.8-S-H series). 

DOC in the solutions increased as lignosulfonate addition increased in all the C-S-H 

series (Fig. 4-4b). However, slope of DOC increase as a function of lignosulfonate dosage 

was steeper in the C0.8-S-H synthesis series than C1.0-S-H series. In the C1.6-S-H series, 
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slope of the DOC increase was consistent with that in the C1.0-S-H series under the conditions 

where C-S-H was formed, but abruptly increased after the C-S-H formation was inhibited 

(i.e., 47 wt.% of lignosulfonate addition). Then, the slope became more consistent with that 

in the C0.8-S-H series.  

Dissolved Ca concentrations were 18.5, 2.97 and 0.67 mmol/L without lignosulfonate 

addition in the C1.6-S-H, C1.0-S-H and C0.8-S-H series, respectively (Fig. 4-4c). Dissolved Ca 

concentration increased as a function of lignosulfonate addition in all the C-S-H series, 

except for the conditions where C-S-H was formed (0 to 29 wt.% of lignosulfonate addition) 

in the C1.6-S-H series that slightly decreased in its concentration from 18.5 to 15.2 mmol/L.  

Dissolved Si concentrations were 0.02, 0.12 and 1.25 mmol/L without lignosulfonate 

addition in the C1.6-S-H, C1.0-S-H and C0.8-S-H series, respectively (Fig. 4-4d). In all the 

series, dissolved Si concentration increased with increasing lignosulfonate dosage, while C-

S-H formation was successful. Over the threshold of inhibition of C-S-H formation, Si 

concentration was constrained in the range of 0.20 to 0.94 mmol/L in all series.  

Ca/Si ratio of solid phase after synthesis was calculated by subtraction of Ca and Si 

distributed to solution phase from total Ca and Si in experiment batches, which is plotted as 

a function of the added weight percentage of lignosulfonate against the sum of amorphous 

silica and portlandite used in synthesis (Fig. 4-5). Solid Ca/Si ratio of C1.6-S-H series was 

almost constant around 1.57 regardless to lignosulfonate dosage. C1.0-S-H and C0.8-S-H 

series showed slight decrement of Ca/Si ratio as a function of lignosulfonate dosage, from 

1.0 to 0.95 and 0.80 to 0.74, respectively. 
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Fig. 4-4 Changes in solution chemistry as a function added weight 

percentage of lignosulfonate against amorphous silica and portlandite used 

in the synthesis (wt.%). Each graph shows (a) pH, (b) Dissolved organic 

carbon (DOC), (c) calcium concentration and (d) silica concentration of 

solutions collected after C-S-H synthesis. 
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Fig. 4-5 Ca/Si ratio of solid phase calculated by subtraction of Ca and Si 

distributed to solution after synthesis from total Ca and Si in experiment, is 

plotted as a function of the added weight percentage of lignosulfonate 

against the sum of amorphous silica and portlandite used in the experiment. 

4.4. Discussion 

4.4.1. Lignosulfonate modifies C-S-H structure  

Lignosulfonate may modify the structure of C-S-H synthesized in this study. Basal 

reflection of C-S-H disappeared (Fig. 4-1), which suggests the interference of lignosulfonate 

on stacking of C-S-H layers, similar to intercalation of organic polymers in C-S-H [34]. The 

changes of Ca/Si ratio of C-S-H as a function of lignosulfonate dosage, calculated from 29Si 

MAS NMR spectra (Fig. 4-3), confirmed modification of bridging state of silicate chains in C-

S-H, which was similarly observed in the effect of polyacrylic acid to C-S-H structure [35]. It 

was found the Ca/Si ratio of C-S-H to converge to a value regardless to initial Ca/Si ratio by 

addition of lignosulfonate (Fig. 4-3). Overall, components of lignosulfonate, similar to studied 

organic polymers or other components original in lignosulfonate may intercalate in between 

C-S-H layers and modify the Ca/Si ratio simultaneously, where the effect of the lignosulfonate 

to the structure of C-S-H are uniform regardless to initial Ca/Si of synthesis experiments. 

The causes of modification in C-S-H structure may be from electrostatic interaction in 

solid phases [12,20] or Ca complexation reaction by lignosulfonate in solution phase, which 
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latter cause was speculated from positive correlation of DOC and Ca concentration in 

solution phase (i.e., C1.0-S-H and C0.8-S-H series in which C-S-H had formed, Fig. 4-7). The 

causes are discussed by the comparison of Ca/Si ratio of C-S-H calculated from 29Si MAS 

NMR spectra (Fig. 4-3) and Ca/Si ratio of solid phase calculated by subtraction of Ca and Si 

in solution after the synthesis from total Ca and Si in each system (Fig. 4-5).  

C1.6-S-H series showed discrepancy in two calculated Ca/Si ratios (Fig. 4-3,Fig. 4-5). 

Undetected remnant portlandite in XRD analysis may be counted in calculation of Ca/Si ratio 

from solution partitioning but not by 29Si MAS NMR spectra, where 1.57 and 1.17 was 

respective calculated Ca/Si ratio of the lignosulfonate-free C-S-H. Also, the decrease of Ca/Si 

ratio calculated from 29Si MAS NMR spectra as a function of lignosulfonate dosage, that was 

not explanatory by constant Ca/Si ratio of C-S-H calculated from solution partitioning of Ca 

and Si, suggested lignosulfonate to affect C-S-H structure by the fraction partitioned to solid 

phase.  

C0.8-S-H series also showed discrepancy in two calculated Ca/Si ratios (Fig. 4-3,Fig. 

4-5). Ca/Si ratio calculated from 29Si MAS NMR spectra increased as a function of 

lignosulfonate dosage. Whereas Ca/Si calculation from solution partitioning showed the 

opposite trend. These opposing trends indicated that Ca distribution to solution phase did 

not explain the Ca/Si ratio modification of C-S-H by increase in lignosulfonate dosage. 

Therefore, the tendency of lignosulfonate to modify Ca/Si ratio of C-S-H towards a value in 

C1.6-S-H and C0.8-S-H series, calculated from 29Si MAS NMR spectra, may be caused by 

incorporated lignosulfonate in C-S-H structure, rather than Ca partitioning to solution by 

complex formation with lignosulfonate.  

C1.0-S-H series did not show significant discrepancy in the calculated Ca/Si values, 

where both values decreased as a function of lignosulfonate dosage (Fig. 4-3,Fig. 4-5). 

Hence, decrease in Ca/Si ratio of C-S-H confirmed by 29Si MAS NMR spectra may be caused 

by the distribution of Ca to solution phase (Fig. 4-4c) that was increased by lignosulfonate 

addition, presumably by forming Ca-lignosulfonate complexation. Simultaneously, 
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incorporation of lignosulfonate in C-S-H structure formed in C1.0-S-H series maybe occurring 

as suggested in C1.6-S-H and C0.8-S-H series, as increase of lignosulfonate dosage cause 

Ca/Si ratio of C-S-H to modify towards a similar value of C1.6-S-H and C0.8-S-H series.  

Although the interaction of lignosulfonate with pozzolanic reaction that determines C-S-

H structure was not conclusive, incorporation of lignosulfonate to C-S-H structure and Ca-

lignosulfonate complex formation was suggested to occur when C-S-H formed in coexistence 

of lignosulfonate via the pozzolanic reaction. It was also found that difference in initial Ca/Si 

ratio to cause variation in how lignosulfonate interacts with pozzolanic reaction. The 

interaction in C1.6-S-H and C0.8-S-H series was suggested to occur in solid phase, that may 

be caused by electrostatic interaction of C-S-H and lignosulfonate. The interaction in C1.0-S-

H series is suggested to occur similarly in solid phase, but also by Ca-lignosulfonate complex 

formation.  
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Fig. 4-6 Schematic diagram of C-S-H structure change by lignosulfonate.  

Stacking layers of C-S-H on upper left of each figure(a), (b) and (c) show the 

structure of C-S-H viewed along the a axis, and the magnification of the area 

enclosed by rectangle show the schematic structure of C-S-H. Figure (a) and 

(b) show C-S-H synthesized without lignosulfonate, and figure (c) shows the 

C-S-H synthesized with lignosulfonate, below the C-S-H formation 

thresholds. Regardless to initial Ca/Si ratio, addition of lignosulfonate was 

suggested to modify C-S-H to a uniform structure. 

 

 

Fig. 4-7 Relationship of DOC and calcium concentrations of solutions after 

C-S-H synthesis 
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formation of C-S-H. Alternatively, constraints of solution chemistry may inhibit the pozzolanic 

reaction. Pozzolanic reaction is considered as an iterating reaction (Fig. 4-8a), that starts 

from portlandite dissolution until its equilibrium that supplies dissolved Ca and increases pH 

to alkaline region (Fig. 4-8a(i,ii)). Consequently, amorphous silica dissolves as it has high 

solubility under higher alkaline condition (Fig. 4-8a(iii)). Such dissolution of initial phases 

results in saturation of C-S-H. Formation of C-S-H links silica with Ca ion, that releases proton 

(decreases pH) in silanol groups with consumption of Ca and silica in solution (Fig. 4-8a(iv)). 

Hence C-S-H formation undersaturates the solution against portlandite which initiates the 

next iteration of the pozzolanic reaction (Fig. 4-8a(i,ii)). If the pozzolanic reaction occur in 

coexistence of lignosulfonate that inhibits the reaction (Fig. 4-8b), the iteration may not 

iterate. After the dissolution of portlandite and amorphous silica (Fig. 4-8b(i,ii)), formation of 

the secondary phases with silica and lignosulfonate (Fig. 4-8(iv)) is speculated. It would not 

release proton and may also not consume Ca ion (Fig. 4-8b(iv)), hence portlandite remains 

saturated and insignificantly consumed, with a unique solution composition. This reaction 

may explain the observations of the samples which the pozzolanic reaction was inhibited. 

Interaction of lignosulfonate in solid phase may cause such reaction, rather than Ca-

lignosulfonate complexation formation that must consume portlandite as a Ca source. 

Overall, what determines the success of the iteration of the pozzolanic reaction could regard 

on the choices between Ca (Fig. 4-6) or lignosulfonate (Fig. 4-9) for silica to precipitate with. 

In conclusion, the effect of lignosulfonate on the products over the thresholds of the C-

S-H formation, is speculated to be similar regardless to initial Ca/Si ratio, that may form the 

secondary phases that at least form from lignosulfonate and amorphous silica. It may 

compose the impermeable layer or constrain the solution composition and inhibit the 

pozzolanic reaction. The silicate structure of the lignosulfonate-silica phase may resemble 

the silicate chains of ordinary C-S-H, but their polymerization may not develop as a C-S-H 

layer, since the phase contain variety of polymerized states of silica tetrahedra, and the 
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pozzolanic reaction inhibition is speculated to start when C-S-H layers are no longer possible 

to form.  

  

Fig. 4-8 Schematic diagrams of pozzolanic reaction a) without soil organic 

matters and b) with soil organic matters that inhibit formation of C-S-H (after 

[6]). 

 

 

Fig. 4-9 Schematic diagram of the lignosulfonate-silica phase, that may 

occur when lignosulfonate inhibits the pozzolanic reaction. Polymerized 

state of silica would be similar to that of C-S-H, and it would form a 

composite with lignosulfonate. 
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4.4.3. Implication to the dredged soil utilization 

The C-S-H synthesis with lignosulfonate explicitly illustrated that soil organic matters 

could inhibit the pozzolanic reaction. Also, a specific amount of soil organic matters was 

proved to trigger the inhibition of the pozzolanic reaction, which was speculated from the 

common high sulfur content of soil organic matters in dredged soils, that formed soft mixtures 

[7]. The existence of portlandite in samples which the pozzolanic reaction was inhibited, 

simulated the phases compositions of steel slag-dredged soil mixtures after curing, that 

formed soft mixtures. Although further study is needed to clarify what components in soil 

organic matters and lignosulfonate cause the inhibition of the pozzolanic reaction, both 

organic matters may contain common specific components that inhibit the pozzolanic 

reaction, such as sulfur-bearing components.  

In addition, the investigation on the effect of lignosulfonate to the structure of C-S-H 

suggests the possibility of lignosulfonate, soil organic matters, to influence the strength 

development of construction materials, even they do not inhibit the pozzolanic reaction. It is 

because, Ca/Si ratio of C-S-H is known to affect the strength development of construction 

materials [38], hence incorporation of soil organic matters to C-S-H may similarly affect the 

strengths.  

 

4.5. Conclusions 

C-S-H synthesis via the pozzolanic reaction with lignosulfonate at escalating dosages, 

illustrated the existence of a threshold of the dosage that inhibits the pozzolanic reaction. 

The lower initial Ca/Si ratio of C-S-H needed higher amount of lignosulfonate to reach the 

threshold. The inhibition of the pozzolanic reaction with a model organic matter was 

experimentally illustrated. Below the threshold, C-S-H formed and increment in 

lignosulfonate dosage converged Ca/Si ratio of C-S-H to a value regardless to initial Ca/Si 

ratio. Increase in lignosulfonate dosage is speculated to uniformly modify the secondary 
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phases formation. Also, structural stacking of C-S-H layers disappeared by addition of 

lignosulfonate.  

Over the threshold, C-S-H did not form, with remaining portlandite and amorphous silica. 

Undefined secondary phase, here named as lignosulfonate-silica phase, consisting of Q0, 

Q1, and Q2 states of silica formed when the pozzolanic reaction was inhibited. A secondary 

phases that consist of lignosulfonate and silica may cause the inhibition of the pozzolanic 

reaction, which may be the impermeable layer that inhibit the hydration of starting materials, 

or it may inhibit the pozzolanic reaction by constraining the solution composition to 

oversaturation of portlandite, as it may not consume Ca nor decreases pH that hinder the 

iteration of the pozzolanic reaction. 

The C-S-H synthesis via the pozzolanic reaction well simulated the mineralogical phases 

assemblage of the steel slag-dredged soil mixtures that did and did not develop strength. 

Dredged soils that forms soft mixtures must contain specific soil organic matters that inhibit 

the pozzolanic reaction. The successful simulation suggests the possible existence of 

common key organic components to inhibit the pozzolanic reaction in soil organic matters in 

dredged soils and lignosulfonate, such as sulfur-bearing components. In addition, the effect 

of lignosulfonate to C-S-H structure may imply that even soil organic matters do not inhibit 

the pozzolanic reaction, they may affect the strength development of soil-employed 

construction materials by affecting the C-S-H structure. 

In conclusion, the investigation on the interaction of soil organic matters with pozzolanic 

reaction was proved to have a significant implication in utilization of soil wastes as 

construction materials. We propose that with further studies on clarification of interaction 

between the soil organic matters and the pozzolanic reaction, the validation of waste soils 

would be enhanced, which will increase the sustainability of the construction industry. 
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5. Key components in organic reagents on the 

inhibition of the pozzolanic reaction 
 

Abstract 

Soil organic matters are suggested to inhibit the pozzolanic reaction, that determine the 

strength development of soil-employed construction materials. The effect of four organic 

reagents, Aldrich humic acid (HA), lignosulfonate, lignin, and Wako HA on the pozzolanic 

reaction with initial Ca/Si ratio of 1.6 is investigated, by characterization of organic reagents 

and synthesized products. 

At equal synthesis period but escalation in the amount of organic reagents addition, from 

0 to 56 wt.% with increment of ca. 10 wt.%, C-S-H formation was inhibited explicitly with 

thresholds, except Wako HA added series that had low solubility. The organic reagent 

dosage at the thresholds were different between three organic reagents, that indicated the 

specific organic components that play a key role in the inhibition of the pozzolanic reaction, 

undeterminable from the total dosage of organic reagents. At the thresholds, the abundancy 

of reduced sulfur was at similar values. Reduced sulfur was speculated to trigger the 

inhibition of the pozzolanic reaction, when organic reagents are soluble in the system, that 

let key components such as reduced sulfur to interact with the pozzolanic reaction. 

 

Keywords: pozzolanic reaction, soil organic matters, C-S-H, formation threshold 

5.1. Introduction 

Soil organic matters inhibit hardening of soil-employed construction materials. Steel 

slag-dredged soil mixtures are an example of such materials. The strength development of 

steel slag-dredged soil mixtures is caused by the formation of calcium silicate hydrates (C-

S-H) as a major secondary phase via the pozzolanic reaction. Soil organic matters are known 
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to inhibit the pozzolanic reaction, that was revealed in Chapter 4. The inhibition of the 

pozzolanic reaction results in soft mixtures, disadvantageous to utilize as construction 

materials. From comparison of the elemental composition of the extracted soil organic 

matters from dredged soils, difference in its composition, such as sulfur content, was able to 

distinguish dredged soils that form soft mixtures. Therefore, content of specific soil organic 

matters in dredged soils was speculated to determine their effect on the pozzolanic reaction. 

However, the key components in soil organic matters that plays a key role on the inhibition 

of the pozzolanic reaction was not clarified.  

This study aims to clarify the key components, by comparing the effectiveness of four 

organic reagents, Aldrich humic acid (HA), lignosulfonate, lignin, and Wako HA, on the 

inhibition of the pozzolanic reaction. It is evaluated through C-S-H synthesis via the 

pozzolanic reaction in coexistence of each organic reagents with escalation in the dosage. 

The Ca/Si ratio of C-S-H synthesis was fixed at 1.6, to compare the effect of organic reagents 

to the pozzolanic reaction. The Ca/Si ratio of 1.6 was chosen as C-S-H with high Ca/Si is 

expected to form at early stage of curing in steel slag-dredged soil mixtures, like cementitious 

composites [1]. Organic reagents are expected to inhibit the C-S-H formation at different 

dosages, which would lead to the interpretation of the effectiveness of each reagent to the 

inhibition of the pozzolanic reaction. Organic reagents were characterized in terms of 

elemental composition, carbon speciation, oxidation state of sulfur, and the content of acidic 

functional groups. Those characteristics were compared between organic reagents regarding 

to their ability to inhibit the pozzolanic reaction. The key component in soil organic matters 

that play a key role in the inhibition of the pozzolanic reaction was interpreted. 

 

5.2. Materials and methods  

5.2.1. C-S-H synthesis 
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Ca and Si concentrations in the supernatant solutions were measured by inductively 

coupled plasma-atomic emission spectroscopy (ICP-AES; ICPE-9000, Shimadzu). pH was 

also recorded for the same solutions. Dissolved organic carbon (DOC) was measured by 

total organic carbon analyzer (TOC; TOC-L, Shimadzu).  

 

5.2.3. Characterization of organic reagents 

5.2.3.1. Elemental composition 

Analyses of C, H, N, and S contents of purified Aldrich HA, lignosulfonate, and lignin, 

and as received Wako HA were carried out at the Center for Instrumental Analysis at 

Hokkaido University. Prior to the analyses, the powdered organic reagents were dehydrated 

under reduced pressure for at least 24 hours. The C, H, and N contents were measured by 

an elemental analyzer (CE440, Exeter Analyzer, Warwickshire, UK). About 2 mg of sample 

was used for the measurement and WO3 was added as a combustion aid for the C, H, and 

N analysis. The maximum permissive error for measurement of C, H, and N contents was 

±0.3%. S in organic reagent was oxidized by the combustion flask method [2]. Those sulfate 

ions, which were absorbed to aqueous H2O2, were analyzed using ion chromatography 

(Dionex ICS-1600, Thermo Fischer Scientific, Waltham, MA, US). About 2 mg of organic 

reagent was used for a measurement. The maximum permissive error of measurement of S 

content was ±0.3%. The content of oxygen was calculated by subtracting the sum of the 

quantified percentage of C, H, N, and S from 100%.  

 

5.2.3.2. Solid-state 13C Cross-Polarization/Magic-Angle Spinning Nuclear Magnetic Resonance 

(CP/MAS NMR) 

Solid-state 13C CP/MAS NMR spectra were obtained with Bruker DCX-300 spectrometer 

at a field strength corresponding to 75.5 MHz using a 4-mm CPMAS probe. Samples were 

packed into 4 mm rotor. The acquisition parameters were as follows: spectral frequency, 99.4 

MHz; contact time, 1 ms; pulse delay, 4 s; scan times, 16000; spinning rate, 8 kHz; line-
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lignosulfonate and Aldrich HA series. Wako HA only slightly increased in DOC concentration. 

The concentration of DOC at 56 wt.% dosage was 0.17, 0.50, 0.18, and 0.02 mol/L in Aldrich 

HA, lignosulfonate, lignin, and Wako HA added systems, respectively. Lignosulfonate series 

increased in DOC concentration drastically after the threshold of C-S-H formation. Whereas, 

Aldrich HA and lignin did not show the same trend, as the DOC concentration constantly 

increased. Wako HA did show low increment in DOC concentration, which may result from 

low solubility of the reagent itself, which was noticed from Wako HA powder remaining 

undissolved after the synthesis. 

Dissolved Ca concentrations were 18.5 mmol/L without organic reagent addition. Dissolved 

Ca concentration decreased as a function of organic reagent addition in all series, except for 

the conditions where C-S-H did not form in 38 to 56 wt.% of lignosulfonate addition, and 56 

wt.% of lignin addition.  

Dissolved Si concentrations were 0.02 mmol/L without organic reagent addition. In all the 

series, Si concentration was constrained at ca. 0.02 mmol/L while C-S-H was forming. 

Similarly, Si concentration increased as a function of organic reagent dosage in all series 

over the threshold of the C-S-H formation. After the C-S-H formation thresholds, Aldrich HA 

series showed Si concentration between 0.04 to 0.37 mmol/L. Similarly, lignosulfonate series 

showed Si concentration from 0.20 to 0.70 mmol/L. Lastly, lignin series showed Si 

concentration of 0.14 mmol/L.  
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Fig. 5-2 Changes in solution chemistry as a function added weight 

percentage of organic reagents against amorphous silica and portlandite 

used in the synthesis (wt.%). Each graph shows (a) pH, (b) Dissolved 

organic carbon (DOC), (c) calcium concentration and (d) silica concentration 

of solutions collected after C-S-H synthesis. 

 

5.3.3. Characterization of organic reagents 

5.3.3.1. Elemental composition of organic reagents 

Elemental analysis data of organic reagents are summarized in Table 5-1. C, H, O, 

and S contents of organic reagents and N content of Aldrich HA and Wako HA was in the 

range of soil organic matters  [9]  Nitrogen was under the detection limit for lignosulfonate 

and lignin, which were not in the range of soil organic matters. No specific elemental 
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content of organic reagent correlated to their order of the effectiveness to the inhibition of 

the pozzolanic reaction. 

 

Table 5-1 The elemental compositions of organic reagents. 

Samples 
Elemental composition (wt.%) Ash content 

(wt.%) C H N S O 

Aldrich HA 55.89 4.42 0.86 1.87 37.0 n.d. 1) 

Lignosulfonate 47.74 5.21 n.d.1) 6.78 37.28 3.02 

Lignin 56.99 5.04 n.d.1) 3.04 34.9 n.d. 1) 

Wako HA 50.73 3.21 0.98 0.83 27.9 16.4 

1) Not detected. The detection limit of elemental analysis was 0.3 wt.%. 

5.3.3.2. Carbon functional groups 

The 13C CPMAS NMR spectra of lignosulfonate, lignin, and Wako HA are shown in Fig. 

5-3. Relative compositions of different carbon functional groups estimated from integration 

of the spectra and that of Aldrich HA reported on [3] are shown in Table 5-2. All organic 

reagents composed of various carbon functional groups where the abundancy of each 

groups was different. However, no content of specific carbon functional groups correlated to 

the trend of the effectiveness of organic reagents to the inhibition of the pozzolanic reaction. 
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Fig. 5-3 13C CP MAS NMR spectra of organic reagents. Numbers above the 

spectra show the chemical shifts of the maxima. 

 

Table 5-2 Relative compositions of different carbon functional groups 

estimated from solid-state 13C NMR spectra of organic reagents. 

Sample Composition (%) 

 Carbonyl 

C 

Aromatic- 

or olefin-

(C-O) 

Aromatic- 

or olefin-

(C-H, C-C) 

Polysaccharide N,O-

alkyl-

C 

Alkyl 

C 

Aldrich HA1) 12.7 10.8 24.9 8.2 4.5 38.9 

Lignosulfonate 3.4 5.1 18.6 46.6 15.8 10.6 

Lignin 3.5 18.2 34.8 13.1 17.6 12.9 

Wako HA 9.4 9.4 58.8 3.7 1.9 17.0 

1) data from Yabuta et al., (2008)[3]. 
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Fig. 5-4 S-K edge XANES spectra of organic reagents. Dashed lines show 

the reference materials used for linear combination fitting to quantify the 

redox states of sulfur in organic reagents samples. 
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Table 5-3 The abundancy of sulfur in oxidized, intermediate, and reduced 

form calculated from linear combination fitting of S XANES spectra of 

organic reagents. Oxidized fraction was calculated from peak areas of 

Na2SO4, intermediate fraction from cysteic acid and methionine sulfoxide 

and reduced fraction from cysteine and L-cystine. 

Redox state 

Aldrich HA Lignosulfonate Lignin Wako HA 

Percent of S species (%) 

Oxidized 2.0 n.d. n.d. 24.9 

Intermediate  46.7 91.0 88.8 27.3 

Reduced  51.3 9.0 11.2 47.8 

 

 

5.3.3.4. Acidic functional groups 

Content of total acidity, carboxylic group, and phenolic group of Aldrich HA, 

lignosulfonate, and lignin are shown in Table 5-4. Total acidity and carboxylic group content 

of Wako HA were not measured due to their low solubility. Total acidity of Aldrich HA was 

higher compared to those of lignosulfonate and lignin, both of which were not statistically 

different. Carboxylic group content was highest in Aldrich HA, followed by lignin and 

lignosulfonate. Phenolic group content, the difference of total acidity and carboxylic group 

content, was also not statistically different. The content of carboxylic group, total acidity and 

phenolic group content did not correlate to the effectiveness of organic reagents to the 

inhibition of the pozzolanic reaction. 
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threshold of the C-S-H formation. Ca concentrations of the samples over the C-S-H formation 

thresholds did not show the same trend between organic reagents as a function of the 

dosage. Lignosulfonate and lignin increased Ca concentration in solution as a function of its 

dosage over the C-S-H formation threshold though Aldrich HA showed the opposite trend. 

The interaction of organic reagents and Ca could partition their complex to solid phases, but 

as discussed in Chapter 4, Ca-organic reagent complex may not be the major cause of the 

inhibition of the pozzolanic reaction. The existence of portlandite suggested the consumption 

of Ca to the complex formation was not significant to consume all Ca in starting materials 

that can inhibit Ca supply to the pozzolanic reaction. The Si concentration of the samples 

over the C-S-H formation thresholds of all organic reagent series was higher in comparison 

to samples below the thresholds, unlike Ca concentration in solution. The same tendency of 

Si concentration that increases over the thresholds between all organic reagent series, infer 

that the effect of organic reagents to the behavior of silica, maybe triggering the inhibition of 

the pozzolanic reaction, by forming a secondary phase that influence the concentration of Si 

in solution. It suggests the formation of secondary phases unlike to C-S-H, which may form 

an impermeable layer or constrain the solution composition that inhibit the pozzolanic 

reaction. This discussion also supports the research in Chapter 4, which discussed on how 

organic matters may inhibit the pozzolanic reaction. 

 

5.4.1.2. Key component in organic reagents 

Key components in organic reagents that inhibit the pozzolanic reaction were 

investigated by calculating the amount of specific organic components in the batches at the 

inhibition of the C-S-H formation. Content of each components in organic reagents at 20, 38, 

and 56 wt.% addition of Aldrich HA, lignosulfonate, and lignin series, respectively, was 

calculated. The content of specific organic reagent is hypothesized to be close in values 

between the batches, which should trigger the inhibition of the pozzolanic reaction. 



 140 

The comparison of the elemental composition, carbon speciation, and carboxylic group 

content of organic reagents at the thresholds had different contents of each components (i,e., 

Fig. 5-5, shows the abundancy of milliequivalents of carboxylic group against 1 g of 

amorphous silica and portlandite used in the synthesis, at the thresholds). The content of 

phenolic groups may lay in similar value at the thresholds, as the standard errors lay over a 

range of same content. 

 

Fig. 5-5 The abundance of acidic functional group at the threshold of C-S-H 

formation. The content of acidic functional groups was calculated for 

Aldrich HA, lignosulfonate, and lignin at 20, 38, and 56 wt.% of organic 

reagent dosages, respectively. 

 

The content of reduced sulfur depicted the thresholds, where the contents showed close 

values. Reduced sulfur content was 0.19, 0.23, and 0.19 wt.% in Aldrich HA, lignosulfonate, 

and lignin series, respectively (Fig. 5-6). Wako HA, which did not inhibit the formation of C-

S-H in the dosage between 0 to 56 wt.%, consisted of 0.12, 0.13, and 0.22 wt.% of oxidized, 

intermediate, and reduced sulfur, respectively, in the batch of 56 wt.% addition. The amount 

of reduced sulfur was in the similar value with other organic reagents at the thresholds, 

though it did not inhibit the pozzolanic reaction. It may result from the insoluble property of 

Wako HA, that limited the mobility of reduced sulfur. The activity of reduced sulfur was likely 

retained low compared to other organic reagents that dissolved in the solution. The solubility 
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of organic matters is determined by the existence of hydrophilic functional groups in the 

structure. 

Overall, the amount of reduced sulfur was suggested as a key component in organic 

reagents to trigger the inhibition of the pozzolanic reaction. The amount of phenolic group 

may also be a key component. In addition, the solubility, the abundancy of hydrophilic 

functional groups in organic reagents, was also suggested important to cause the inhibition 

of the pozzolanic reaction. The availability of hydrophilic functional groups determines 

whether soil organic matters can dissolve in solution and affect the pozzolanic reaction. 

Reduced sulfur is suggested to interact with the pozzolanic reaction, most likely at the 

surfaces of the solid phases, that forms a secondary phase which may constrain the solution 

composition or form impermeable layer that inhibit the pozzolanic reaction. 

 

 

Fig. 5-6 Percent of sulfur oxidation states in organic reagents at the 

thresholds. 
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5.5. Conclusions 

Four organic reagents caused the inhibition of the pozzolanic reaction at different 

dosages. Aldrich HA was the most effective organic reagent to the inhibition of the pozzolanic 

reaction, followed by lignosulfonate, lignin, and Wako HA. The inhibition of the pozzolanic 

reaction was suggested to result from the formation of secondary phases that forms in 

coexistence of organic reagents, which either constrain the solution composition or limit the 

access of water to starting materials that inhibit the hydration.  

The components in organic reagents that explained the occurrence of the thresholds 

was the content of reduced sulfur. Reduced sulfur may play a key role in the inhibition of the 

pozzolanic reaction. Also, organic reagents with low solubility did not inhibit the pozzolanic 

reaction, even they contained reduced sulfur. This suggests that the organic reagents must 

be soluble to water, that enables the key components of organic reagents such as reduced 

sulfur, to be mobile in the system.  

The clarification of the key components in the organic reagents to the inhibition of the 

pozzolanic reaction is significant in understanding the effective components in soil organic 

matters that inhibit the pozzolanic reaction. The analysis of the sulfur oxidation states of soil 

organic matters in waste soils is suggested as a more accurate indicator of the strength 

development of the mixtures of soils with steel slags. Secondly, this study suggested the 

possibility to utilize soils that contain organic matters that inhibit the pozzolanic reaction. 

Existence of the threshold of the dosage in organic matters to inhibit the pozzolanic reaction 

suggests that addition of other construction materials may enable the utilization of soils. Also, 

further study to remove or cover the effect of reduced sulfur by additives may enable their 

utilization. 
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6. Characterization of humic acids of shallow 

sea sediments in ports of Japan 
 

Abstract 

The utilization of waste soils and industrial byproducts such as dredged soils and steel 

slags is carried out by mixing the materials together, to apply on construction materials. The 

mixtures are known to develop strength, though some organic constituents in dredged soils 

inhibit the strength development of the mixtures, that inhibit the utilization of some dredged 

soils. The mixtures are known to develop strength by the pozzolanic reaction, that solidifies 

the mixtures. If the key component in soil organic matters which play a role in the inhibition 

of the pozzolanic reaction is revealed, the utilization of such soils may become possible. This 

study focuses on characterizing the soil organic matters in dredged soils in detail, to clarify 

the specific components that may play a role in the inhibition of the pozzolanic reaction. The 

content of enriched content of reduced sulfur in soil organic matter fraction was common in 

dredged soils which formed mixtures without significant strength development. This study 

also suggested such soils may arise due to the sedimentary conditions which are favorable 

to conserve polysulfides. 

 

Keywords: Humic acids, marine dredged sediment, cementation 

 

 

6.1. Introduction 

Soil sediments in ports, waterways or dams are dredged frequently to maintain the water 

depths shallowed by soil particle sedimentation, for safe shipments [1]. Dredged soils are 

often treated as wastes instead of utilizing as raw materials for construction materials. The 
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6.2. Materials 

Eight dredged soils used in this study are hereafter named as soil A, B, C, D, E, F, G 

and H. Strength development variation of steel slag-dredged soil mixtures was compared by 

forming the mixtures with the same steel slag samples and curing under the same condition. 

The mixing ratio of steel slag to dredged soils was set to 3:7 in volume, where the water 

content of dredged soils was normalized as 1.5 times of the respective soil liquid limits with 

artificial sea water (Aqua Marine for metal corrosion test, Yashima Yakuhin Co., Ltd.). The 

strength development of the mixtures was measured by uniaxial compressive strength tests. 

The strength development of dredged soil steel slag mixtures were put into order from strong 

to weak as follows: Soil A, B, C, E, F and G. Soil A, B, C, D, E and F increased the strengths 

from during the curing period, but soil F did not increase in its strengths and remained weak 

[5]. Uniaxial compressive strengths at 28 days of curing were 1070, 810, 660, 480, 250, 30 

kPa respective to mixtures made with soil A, B, E, F, C and G (Table 6-1). The weakest 

dredged soils were Soil D and H, which they did not undergo uniaxial compressive strengths 

tests as demolding the mixture specimen was not successful as the mixtures were not 

cemented.  

Humic acids were extracted from dredged soils A, B, C, D, E, F, G and H. Humic acid 

samples are hereafter labeled as humic acid (HA) A, B, C, D, E, F, G and H. Humic acids 

were extracted and purified by dialysis which the method is described on elsewhere [12]. 

Sulfur content in humic acid fraction was calculated with humic acid quantification and 

elemental analysis which the data are summarized on Table 6-1 after Toda et al., 2020. Soil 

A, B, C, D, E, F, G and H contained 28.3, 54.4, 30.8, 216.9, 18.2, 23.8, 150.7 and 169.0 ppm 

of sulfur in humic acid fraction, respectively. Humic acid samples were stored in vacuum 

chamber at least for 24 hours prior to the experiments to eliminate the effect of humidity on 

their weight measurement. 
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Table 6-1 Uniaxial compressive strength of steel slag-dredged soil mixtures 

at 28 days of curing, humic acid content, elemental compositions of humic 

acids and sulfur content in humic acid fraction of dredged soils (ppm) of 

soil A, B, C, D, E, F, G and H. 

Soils qu 

(kPa) 
Humic 
acid 
content 
(wt.%) 

Elemental composition of humic acids (%) Sulfur 
content
(ppm) 

C H N S O1) 

Soil A 1070 0.09 45.55 3.61 2.39 3.14 45.31 28.3 

Soil B 810 0.20 47.26 4.22 2.73 2.72 43.07 54.4 

Soil C 250 0.14 52.03 4.46 2.53 2.20 38.78 30.8 

Soil D n.d. 0.30 41.12 3.57 3.25 7.23 44.83 216.9 

Soil E 660 0.16 43.33 3.15 2.13 1.14 50.25 18.2 

Soil F 480 0.24 46.17 3.92 2.86 0.99 46.06 23.8 

Soil G 30 0.93 51.76 4.12 3.93 1.62 38.57 150.7 

Soil H n.d. 0.24 47.88 4.70 3.92 7.04 36.46 169.0 

 

6.3. Methods 

6.3.1. Sulfur K-edge X-ray Adsorption Near Edge Structure (XANES) 

XANES experiment was carried out at Beamline BL-11B at the Photon Factory in 

Tsukuba, Japan. Ni-coated focusing mirror and Si (111) double-crystal monochromator were 

used to produce a monochromatic X-ray. The reference materials, pyrite, cysteine, L-cystine, 

methionine sulfoxide, cysteic acid and Na2SO4 were measured in total electron yield mode. 

All reference materials were obtained from FUJIFILM Wako Pure Chemical Corp. (Osaka, 

Japan), Kanto Chemical Co., Inc. (Tokyo, Japan) or Tokyo Chemical Industries, Co.,Ltd. 

(Tokyo, Japan). Humic acids A, C, D, E, F and H were measured in fluorescent mode and 

humic acid B and G in total electron yield mode. Humic acids and reference materials were 

ground thoroughly and mounted on nickel plate by spreading the sample thinly on carbon 

tape to set in vacuum chamber (~1x10-7 Bar.) at ambient temperature for the measurement. 
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Fig. 6-1 S-K edge XANES spectra of humic acids. Dashed lines show the 

reference materials used for linear combination fitting to quantify the redox 

states of sulfur in humic acid samples. 
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Quantification of sulfur redox state was carried out by classifying reference materials of 

pyrite, L-cystine and cysteine as reduced sulfur, methionine sulfoxide and cysteic acid as 

sulfur with intermediate redox state and Na2SO4 as oxidized sulfur (Table 6-2). All humic 

acids composed reduced, intermediate, and oxidized sulfur where their proportion varied on 

the humic acid samples. HA D contained 77.7 % and HA H contained 82.4 % of reduced 

sulfur, where reduced sulfur fraction of other humic acids varied between 31.7 to 53.8%. 

Consequently, oxidized sulfur was rather in low concentration in HA D and HA H, which had 

3.6 and 2.0 % of SO42- where that of other humic acids varied between 11.6 to 25.6%. 

Quantified redox states of sulfur were applied to classify the total sulfur content in humic 

acids fraction of dredged soils (Fig. 6-2). It is clarified that reduced sulfur caused sulfur 

enrichment in humic acid fraction of dredged soil D and H which contained 169 and 139 ppm, 

respectively. Dredged soil D and H contained 0.3 and 0.24 wt.% of humic acid in dredged 

soils, respectively, where other dredged soils except soil F contained 0.24 wt.% or less of 

humic acids. The sulfur enrichment of sulfur in dredged soil D and H was caused by over 7 

wt.% content of sulfur in humic acid composition rather than their humic acid content. 

Reversely the rich content of sulfur in humic acid fraction of dredged soil F is originating from 

the 0.94 wt.% content of humic acid. Also, the speciation of sulfur redox state of HA F is 

rather like that of HA A, B, E, C and F. Hence, high content of sulfur in humic acid fraction in 

dredged soil F was caused by reduced (66 ppm) and intermediate sulfur (66 ppm), which its 

enrichment was essentially caused by the content of humic acid itself in dredged soils. 

Hence, the existence of reduced (and intermediate) sulfur conservation or addition of 

humic acids in dredged soil D and H, or the high content of sedimentary humic acids are 

clarified as the reasons for successful separation of dredged soils which exhibit weak 

strengths development when mixed with steel slags. The following characterization of humic 

acids target to extract humic acid components that is enriched in HA D and H. 

  



 152 

Table 6-2 The abundancy of sulfur in oxidized, intermediate, and reduced 

form calculated from linear combination fitting of S XANES spectra of humic 

acids. Oxidized fraction was calculated from peak areas of Na2SO4, 

intermediate fraction from cysteic acid and methionine sulfoxide and 

reduced fraction from cysteine, L-cystine and pyrite. 

Samples Oxidized  Intermediate  Reduced 

 Percent of S species (%) 

HA A 15.1 32.9 52.0 

HA B 25.6 42.6 31.7 

HA C 18.0 28.2 53.8 

HA D 3.6 18.7 77.7 

HA E 11.6 38.2 50.2 

HA F 18.8 28.7 52.5 

HA G 12.1 44.1 43.8 

HA H 2.0 15.6 82.4 

 

 

Fig. 6-2 Speciation of sulfur in humic acid fraction of dredged soils. Quantity 

of classified sulfur redox speciation are plotted on X axis and name of 

dredged soils are shown on Y axis. 
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6.4.2. Carbon species of humic acids 

To characterize carbon chemical state of humic acids, relative abundance of various 

carbon species was characterized using solid-state 13C CPMAS NMR. All humic acids 

consisted of all classification of carbon functional groups (Fig. 6-3). Classification of carbon 

functional groups were divided into carbonyl C (160-220 ppm), aromatic or olefinic C-O (140-

160 ppm), aromatic or olefinic C-H and C-C (110-140 ppm), polysaccharide (60-110 ppm), 

N,O-alkyl C (45-60 ppm) and Alkyl C (0-45 ppm).  

 

Fig. 6-3 Solid-state 13C CP/MAS NMR spectra of humic acids. The alphabets 

on the right-hand side of the spectra are the name of humic acid samples. 

Numbers on the top of spectra indicate the chemical shift of inflection point. 

The assignment of carbon chemical species are as follows: 21, 26, 30 ,43 

ppm: Alkyl-C, 55 ppm: N,O-Alkyl-C,72 ppm: Polysaccharide-C, 101 ppm: 

Anomeric-C in polysaccharide, 128 ppm: Aromatic-C, 151, 151 ppm: 

Aromatic- or olefin-(C-O), 172 ppm: Carbonyl-C. 
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The number of peaks assigned to pyrolysate compounds on the total ion chromatograms 

were 32, 52, 47, 46, 52, 53, 52, and 51 peaks for HA A, B, C, D, E, F, G, and H, respectively. 

Pyrolysate compounds that was common in HA D and H are shown in Table 6-4. The unique 

pyrolysates in HA D and H were octadecenoic acid, dimethyl trisulfide and styrene. Unique 

pyrolysates in HA D, H, and G was phytol and propenioic acid. Dimethyl trisulfide, 

octadecenoic acid, and propenoic acid suggest the sedimentary environment of soil D and H 

to be rather reducing which was favorable for sulfur-reducing bacteria to actively metabolize, 

and to conserve the metabolites within the sediments. Firstly, the formation of polysulfide is 

attributed to the equilibrium between microbially formed elemental sulfur and sulfides and 

their abiotic oxidation [23], which such formed polysulfide is suggested possible to consist a 

structure of humic substances [9]. Secondly, octadecenoic acid is an unsaturated fatty 

acid[24,25], which may be cis-vaccenic acid, a cellular fatty acid of sulfur-reducing bacteria. 

Some previous studies discuss the retention time of isomeric fatty acids get fractionated by 

the position of their unsaturated bonds [26,27], which may distinguish isomers of 

octadecenoic acids, though the determination of the isomers would need further study. 

Lastly, propenoic acid is stated as one of metabolites of sulfur reducing bacteria [28].  

The existence of styrene and phytol suggest the input of plant-originated organic 

matters, which was rather well conserved within the sediments. Styrene originates from 

plants or coal tars, that is a low molecular weight compound that shows solubility in water. 

Phytol is a plant chlorophyl, which suggests that soils D, H, and G to have input of plant 

originated organic matters but may also conserve the sedimented organic matters. 
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which are plant chlorophyl and low molecular weight, soluble organic compounds which 

originate from plants. Overall, this study added an insight to the characteristics of dredged 

soils which form soft mixtures. The effectiveness of soil organic matters to the pozzolanic 

reaction may attribute to the input organic matters to sedimentary soils but also how they are 

conserved and metabolized in the sediment soils. 
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7. Microscopic study on the interaction of soil 

organic matters with the pozzolanic reaction 
 

Abstract 

The utilization of waste soils and industrial byproducts such as dredged soils and steel 

slags are carried out by forming construction materials by mixing them together, as the 

mixtures develop strength. However, soil organic matters in dredged soils are known to inhibit 

the cementation reaction of the mixtures, the pozzolanic reaction. It is known that the 

inhibition of the pozzolanic reaction may occur due to the excess of reduced sulfur and/or 

phenolic functional groups in the soil organic matter fraction in the dredged soils, though how 

such organic constituents inhibits the pozzolanic reaction is still unknown. Through STXM 

study on the samples of the mixtures which did and did not show significant strength 

development, and the samples of the synthetic products of the pozzolanic reaction with and 

without excess of organic reagent dosage which did not and did inhibit the pozzolanic 

reaction, indicated the possibility of aromatic carbon to play a role in the inhibition of the 

pozzolanic reaction. Because aromatic carbon itself unlikely inhibits the pozzolanic reaction, 

functionalized aromatic carbon, or organic compounds of, for example, aromatic carbon and 

reduced sulfur, was suggested to trigger the inhibition of the pozzolanic reaction. 

 

Keywords: Humic acids, marine dredged sediment, pozzolanic reaction, calcium 

silicate hydrate, STXM 

 

 

7.1. Introduction  
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Dredged soils that contain higher reduced sulfur and presumably phenolic groups in soil 

organic matter fraction was suggested to inhibit the pozzolanic reaction (chapter 5,6). The 

possibility on how soil organic matters inhibit the pozzolanic reaction have been discussed 

in chapter 4 and 5. Although the cause of the pozzolanic reaction by soil organic matters 

were not conclusive, it was clarified that not the pH buffering capacity nor the ability to form 

calcium complexation of soil organic matters, cause the inhibition. The remaining possibilities 

were the formation of an impermeable layer around the starting materials that inhibits water 

to access the materials, which could inhibit the pozzolanic reaction. Alternatively, formation 

of secondary phases that can form at high dosage of specific soil organic matters, was 

suggested to constrain the solution composition may inhibit the iterative reaction of the 

pozzolanic reaction, by keeping portlandite saturated. Therefore, the analysis on the solid-

state samples collected in previous chapters, such as the steel slag-dredged soil mixtures 

and the synthesis products of the pozzolanic reactions, may indicate the cause of the 

pozzolanic reaction by soil organic matters.  

This study focuses on clarifying the interaction of soil organic matters with the pozzolanic 

reaction in solid phases. The distribution of soil organic matters when the pozzolanic reaction 

is inhibited was discussed, majorly with the results of elemental mapping and carbon 

speciation mapping of the synthesis products of the pozzolanic reaction and the powder 

samples of the steel slag-dredged soil mixtures, under macroscopic scales. The results of 

the samples which the pozzolanic reaction was and was not inhibited is compared. 

 

7.2. Materials and methods 

7.2.1. Materials 

7.2.1.1. Synthetic products of the pozzolanic reaction 

The products of the C-S-H synthesis experiments via the pozzolanic reaction, carried 

out in chapter 4, was employed for further microscopic study on the distribution of organic 
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samples with and without C-S-H formation. Synthesized powders were spread on carbon 

tape which was carbon coated for the observation. Ca, Si and S mapping of the pozzolanic 

reaction products with and without the C-S-H formation inhibition was carried out. 

 

7.2.2.2. X-ray Adsorption Near Edge Structure (XANES) 

XANES analysis at C-K edge was carried out for lignosulfonate, humic acids of dredged 

soil samples, and humic acid standards, Inogashira humic acid (HA) and Dando HA, provided 

from Japan Humic Substance Society (JHSS). The XANES analysis was carried out at BL-

19B in Photon Factory. Monk-Gillieson mounting monochromator with a varied-line-spacing 

plane grating was used as X-ray monochromator [1]. The XANES spectra were obtained with 

the total electron yield (TEY). The grinded samples were mounted on copper plate embedded 

in In metal, which was set in a chamber purged with He gas for the measurement. 

 

7.2.2.3. Scanning Transmission X-ray Microscopy (STXM) 

STXM analysis was carried out on the pozzolanic reaction products and the mixture 

samples. Prior to the STXM analysis, SEM analysis on the powder samples on the TEM grid 

was conducted to determine the grains for the STXM observations. SEM analysis was 

conducted with minimal exposure to electron beam to avoid the sample damage and carbon 

contamination. Sample observation was carried out with acceleration voltage of 8 kV at 60 

cps. 

Submicron distribution images of carbon and calcium speciation of the powder samples 

of the pozzolanic reaction products, and carbon speciation of the mixtures were obtained in 

transmission mode by using a compact STXM at BL-19A in Photon Factory [2]. Mapping of 

transmitted X-ray from pre-edge to post-edge of carbon K-edge and calcium L-edge was 

obtained using the image stacking method. The TEM grids were loaded on the sample 

holders and placed in a chamber purged with 0.1 atm He. The sample was scanned by X-
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ray beam focused by a Fresnel zone plate with beam diameter minimum of 30 nm. XANES 

spectra at each edge were obtained using the aXis2000 software. 

 

7.3. Results  

7.3.1. SEM 

The elemental mapping of the pozzolanic reaction products is shown in Fig. 7-1. The 

distribution of Si, Ca, and S of the C-S-H formed in coexistence of lignosulfonate, with 

addition of 29 wt.% of lignosulfonate, showed even distribution of the elements (Fig. 7-1a). 

On contrary, the distribution of Ca and Si of the samples which the C-S-H formation was 

inhibited due to the addition of 56 wt.% of lignosulfonate, showed heterogeneity in the 

distribution (Fig. 7-1b). The distribution of S, probably attributed to the distribution of 

lignosulfonate, was observed to overlap with the distribution of Si.  

 

 

Fig. 7-1 The distribution of Si, Ca, and S elements and SE image of the 

synthesis products of the pozzolanic reaction of (a) the calcium silicate 

hydrate (C-S-H) formed with addition of lignosulfonate, and (b) the 

pozzolanic reaction products which the C-S-H formation was inhibited by 

lignosulfonate. 
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7.3.2. STXM 

7.3.2.1. The pozzolanic reaction products 

 STXM images of the products of the pozzolanic reaction at Ca-L edge and C-K edge 

are shown in Fig. 7-2 and Fig. 7-3, respectively. A particulate with relatively rich content of 

Si was selected for the observation for the sample of synthesized by the pozzolanic reaction 

with 56 wt.% of lignosulfonate addition, regarding to the SEM investigation which suggested 

the selective existence of lignosulfonate with Si rich grains. For particulates of samples with 

C-S-H formation with addition of lignosulfonate at 29 wt.% of dosage, the synthesized 

particulates were homogenous, so a particulate with a common composition was selected 

for the observation. The RGB color-deconvoluted image of the particulate of the pozzolanic 

reaction products with 56 wt.% of lignosulfonate addition is shown in Fig. 7-2(a), and that of 

C-S-H formed in coexistence of 29 wt.% of lignosulfonate is shown on Fig. 7-2(b). Red 

mapping shows the distribution of portlandite-like state of calcium, and green mapping shows 

the C-S-H-like state of calcium with irregular symmetry of coordination [3,4]. Fig. 7-2(c) 

shows the regional XANES spectra of extracted regions, corresponding to circled areas on 

Fig. 7-2(a,b).  
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Fig. 7-2 (a) Scanning transmission X-ray microscopy (STXM) image of Ca L-

edge of a particulate of the reaction products of the pozzolanic reaction with 

56 wt.% dosage of lignosulfonate (b) and of C-S-H formed with addition of 29 

wt.% of lignosulfonate. Images in color shows the composition map of Ca 

with the X-ray adsorption near edge structure (XANES) spectra of extracted 

regions. Figure (c) shows the XANES spectra at the Ca-L edge extracted from 

different areas, where the number shown on the figure (a) and (b) 

corresponds to the area of the extraction. 

 

In contrary to the heterogenous distribution of calcium speciation in the particulate of the 

samples which the C-S-H formation was inhibited, the STXM image of C-K edge shows 

homogenous carbon chemical states on the same particulate Fig. 7-3(a). The carbon 

chemical state was homogenous in the particulate which the C-S-H formation was successful 

Fig. 7-3(b). Comparison of the C-K edge XANES spectra extracted from each particulate and 

the spectra of lignosulfonate reagent show the difference in the peak maxima of aromatic, 

phenolic, and carboxylic carbon that corresponds to adsorption peaks of 285.1, 286.8, and 
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288.6 eV, respectively[5]. The carbon species that coexist with solid phases of the pozzolanic 

reaction products was suggested to be minor in carboxylic groups, that was inferred from 

lower peak intensity of carboxylic group of region 1, the C-S-H formed sample, and region 2, 

the sample without C-S-H formation, in comparison with that of lignosulfonate (Fig. 7-3(c)). 

The intensity of aromatic carbon was similar in lignosulfonate and region 2, though lower in 

region 1, which suggested aromatic carbon as a preferable species to function on the solid 

phases at the occurrence of the C-S-H formation inhibition. Phenolic carbon had the same 

tendency with aromatic carbon. 

 

Fig. 7-3 (a) STXM X-ray adsorption image at C L-edge of a particulate of the 

reaction products of the pozzolanic reaction with 56 wt.% dosage of 

lignosulfonate (b) and of C-S-H formed with addition of 29 wt.% of 

lignosulfonate. Images in color shows the composition map of Ca with the 

XANES spectra of extracted regions. Figure (c) shows the XANES spectra at 

the C-L edge extracted from different areas, where the number shown on the 

figure (a) and (b) corresponds to the area of the extraction. XANES spectrum 

of lignosulfonate is shown together with the regional XANES spectra for the 

comparison. 

 

(a) (b) (c)

(b) Powder of C-S-H with 29 wt.% of 
lignosulfonate

(a) (b) (c)
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7.3.2.1. The steel slag-dredged soil mixtures 

Fig. 7-4 shows the XANES spectra of humic acid of dredged soil E, H, and JHSS 

standards. The humic acids extracted from dredged soils showed similar spectra in 

comparison with those of JHSS standards, composing of aromatic carbon, carboxylic carbon, 

and carbonates.  

 

Fig. 7-4 XANES spectra of humic acids extracted from dredged soil E, H, and 

JHSS standards. 

 

Fig. 7-5(a) shows the particulate of the mixtures made with soil E, and Fig. 7-5(b) shows 

the particulate of the mixtures made with soil H. The former particulate was a common type 

of particulate in mixture made with soil E, which was composed of Si, Al, C, and O under 

SEM analysis. Particulates of the latter mixture showed more heterogeneity in the 

composition of each particulates, hence the particulates which majorly composed of Si, Al, 

C and O was selected for the analysis. Particle of region 3 was a fragment of diatom frustules, 

and particle of region 4 maybe volcanic glass from the shape with sharp edges and the 

elemental composition. Fig. 7-5(c) shows the C-K edge XANES spectra of the particulates 
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of steel slag-dredged soil mixtures. The spectra of region 1 and 2 corresponds to the XANES 

spectra of the particulate in mixture made with soil E, and region 3, 4, and 5 correspond to 

that of the particulates in mixture made with soil H. The peak intensity of carboxylic carbon 

in the region 3, 4, and 5 was comparatively lower from the XANES spectra of humic acid in 

soil H (Fig. 7-4). In contrary, the peak intensity of aromatic carbon was not significantly 

lowered. The peak intensities of aromatic and carboxylic carbon in region 1 and 2 were like 

the XANES spectra of humic acid in soil E (Fig. 7-4). 

 

Fig. 7-5 Secondary electron image of (a) particulate of the mixtures made with 

soil E and (b) mixtures made with soil H. Silica rich particulates were selected 

for the STXM analysis. The circled regions on figure (a) and (b) are where C 

K-edge XANES spectra on figure (c) were extracted.  

 

7.4. Discussion  

1.0
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7.4.1. Soil organic matters may coexist with Si sources at the inhibition of the 

pozzolanic reaction 

Lignosulfonate selectively coexist with Si rich grains at the inhibition of the pozzolanic 

reaction (Fig. 7-1). Such organic matters, soluble in the pozzolanic reaction, may be attracted 

to the silica sources. The pozzolanic reaction, interpreted as iterative cycle, initiates at the 

dissolution of portlandite, which allows amorphous silica to dissolve. The rate-limiting step of 

the pozzolanic reaction was considered as the dissolution rate of amorphous silica, where 

portlandite and C-S-H dissolution and precipitation can be considered thermodynamically, 

though dissolution of amorphous silica must be treated kinetically at the simulation of the C-

S-H formation in steel slag-dredged soil mixtures (Chapter 2). Hence, without lignosulfonate 

dosage which inhibits the pozzolanic reaction, C-S-H would immediately form once 

amorphous silica supplies dissolved silica. Therefore, the accumulation of lignosulfonate with 

Si rich grains suggests that it may attribute to the dissolution of amorphous silica, which either 

the surface of amorphous silica at hydration or the secondary precipitates that form close to 

Si-rich grains to attract the organic matters. It supports the discussion in chapter 4, which 

suggested the formation of secondary phases that compose of lignosulfonate and silica, as 

the cause of the inhibition of the pozzolanic reaction. It was discussed to either limit the 

hydration of starting materials or constrain the solution composition to inhibit the reaction, 

though this study revealed that lignosulfonate may favorably function to form such 

impermeable layer surrounding amorphous silica. 

7.4.2. Contribution of aromatic carbon to the inhibition of the pozzolanic reaction 

Aromatic carbon commonly coexisted with the particulates which the pozzolanic reaction 

was inhibited (Fig. 7-3, Fig. 7-5). In chapter 5, reduced sulfur, and phenolic functional groups, 

illustrated the thresholds of the organic reagent dosage to cause the inhibition of the 

pozzolanic reaction (Fig. 7-6). In addition to such components in soil organic matters, 
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aromatic carbon may be playing a key role in the inhibition of the pozzolanic reaction, though 

it may not be the limiting factor for the initiation of the inhibition of the pozzolanic reaction.  

Although phenolic carbon was not detectable for humic acids treated in this study, other 

soils may contain the phenolic carbon in the amount recognizable under X-ray microscopic 

studies (i,e,, [6]). Also, the XANES spectra of the region in the particulate from the pozzolanic 

reaction product with dosage of 56 wt.% of lignosulfonate which the C-S-H formation was 

inhibited, the peak maxima of phenolic carbon were higher in comparison with that of C-S-H 

formed particulate. Therefore, this study supports the discovery in chapter 5 which suggested 

the quantity of phenolic functional group to trigger the inhibition of the pozzolanic reaction, 

and further suggested the contribution of aromatic carbon to the inhibition of the pozzolanic 

reaction (Fig. 7-6). 

 

 

Fig. 7-6 Schematic diagram of the reaction which may occur when soil 

organic matters inhibit the pozzolanic reaction.  

 

7.4.3. Interaction of the pozzolanic reaction with the soil organic matters 
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8. General conclusion 
 

Industrial byproducts and waste soils are environmentally low-impact resources for the 

construction industry. Construction materials made with such resources are particularly 

attractive for regional use close to the material sources, because of the feasibility in the 

transport and application associated with cost savings. Dredged soils excavated sediments 

of water ways, and steel slags, byproducts of iron making processes, have potential to form 

civil engineering constructions close to seashores, as their mixtures develop strength. The 

utilization of such mixtures is still limited due to their unpredictable variation of strength 

development when different dredged soils or steel slags are applied. Chapter 1 reviewed the 

literature on the general management of dredged soils and steel slags and current knowledge 

of technologies on their validation as construction materials, as well as the pozzolanic 

reaction, chemical reaction that develops strength of the mixtures, to identify the factors 

affecting the reaction. However, no previous studies have comprehensively investigated the 

key factors which affects the pozzolanic reaction. This study elucidates the key factors that 

affects the pozzolanic reaction in steel slag-dredged soil mixtures for the first time by 

identifying the contributions of both inorganic and organic components in steel slags and 

dredged soils to the strength development of the mixtures. 

8.1. Contribution of inorganic phases 

Chapter 2 focused on identifying the factors among inorganic components in dredged soils 

and steel slags affecting the strength development of the mixtures. Amorphous silica in 

dredged soils and portlandite in steel slags were identified as the key factors as major Si and 

Ca sources for the pozzolanic reaction, respectively. The pozzolanic reaction was interpreted 

as an iterative reaction that continues until the depletion of portlandite or amorphous silica. 

Hence, the content of both amorphous silica and portlandite in starting materials would be 

critical in forming a mixture with desired strength development.  



 177 

Some mixtures, made with dredged soils with enough amorphous silica and steel slag with 

enough portlandite to develop strength, formed soft mixtures. Therefore, the quantification of 

inorganic phases was determined as one of the key factors to determine the strength 

development of the mixtures, that suggested the other key factors that affect the strength 

development in the mixtures to exist in dredged soils. 

8.2. Contribution of organic phases 

Chapter 3 focused on identifying the effect of organic components in dredged soils to the 

strength development of the mixtures. In soft mixtures that contained enough amorphous 

silica, characteristics of dredged soils such as high sulfur content in soil organic matters 

fraction was a common characteristic, that suggested the strength development inhibition by 

soil organic matters. 

 Chapter 4, 5 and 6 focused on identifying the contribution of soil organic matters to the 

pozzolanic reaction. Chapter 4 clarified through the synthesis of the secondary phases 

majorly in charge of the strength development of the mixture, calcium silicate hydrate (C-S-

H), via the pozzolanic reaction. It was experimentally proven that the inhibition of the 

pozzolanic reaction by soil organic matters to occur, with a threshold in the dosage of the 

organic matter.  

Chapter 5 investigated the effectiveness of various organic reagents with similar structural 

composition to soil organic matters. It was tested with the synthesis of C-S-H via the 

pozzolanic reaction in coexistence of each organic reagents, which suggested the 

contribution of phenolic functional groups and reduced sulfur to play a role to the inhibition 

of the pozzolanic reaction within the macromolecular structure of soil organic matters that 

compose of numerous carbon species and functional groups.  

Chapter 6 focused on the characterization of soil organic matters to prove that such 

discoveries in chapter 4 and 5 are applicable to the inhibition of the pozzolanic reaction in 

real steel slag-dredged soil mixtures. Reduced sulfur was the sulfur species, that shaped the 
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sulfur content in soil organic matters to function as an indicator of soft mixtures. The 

discovery of reduced sulfur, being the indicator of the inhibition of the pozzolanic reaction in 

C-S-H synthesis experiment and in real steel slag-dredged soil mixtures, suggested that the 

inhibition of the pozzolanic reaction was similarly occurring by soil organic matters, in the 

steel slag-dredged soil mixtures.  

In addition to chapter 4, 5 and 6 which focused on identifying the key organic components 

that trigger the inhibition of the pozzolanic reaction, chapter 7 focused on identifying other 

organic constituents which may play a role yet does not define the thresholds in their dosage 

to trigger the reaction that inhibits the pozzolanic reaction. The macroscopic study of the 

particulates of the mixtures and the synthetic products of the pozzolanic reaction revealed 

that not only the phenolic groups and reduced sulfur, but aromatic carbon was suggested to 

play a role in the inhibition of the pozzolanic reaction.  

8.3. Research significance 

The utilization of dredged soils and steel slags would be enhanced, through the discovery 

of the indicators of the strength development that would facilitate the evaluation processes 

of their application to construction materials. Also, the discovery of the key components in 

soil organic matters that inhibit the pozzolanic reaction and insights into the process of its 

interaction to trigger the inhibition, is presented as a significant starting point to overcome 

the issues in the validation of waste soils which were impossible to utilize as construction 

materials. Overall, outstanding insights are derived from half-splitting analysis of key 

components in raw materials that promote and inhibit geochemical reactions in control of 

strength development of such construction materials. These findings in this study are 

unambiguously useful to enhance utilization of industrial byproducts and waste soils in the 

construction industry.  
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