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ABSTRACT:  

In order to ascertain the contaminant-encapsulation potential of stabilized soil, a knowledge of its 

unsaturated hydraulic behaviour, specifically the Soil Water Retention Curve (SWRC), is paramount. 

In this paper, centrifuge testing was used to obtain SWRCs for sediment derived from an Irish harbour, 

stabilized with Ordinary Portland cement (OPC) and Ground Granulated Blast Furnace Slag (GGBS) 

binders. The effects of the different binder proportions and different curing times on both the 

Unconfined Compressive Strength (UCS) and SWRC were investigated, with the support of Scanning 

Electron Microscope (SEM) data. The Fredlund & Xing (1994) empirical model was found to provide 

the best fit to the stabilized sediment SWRCs. The water holding capacity was found to increase with 

increased binder content, increased GGBS proportion in the binder and increased curing time, 

suggesting that high-GGBS binders are most suitable for locking in contaminants. An examination of 

relationships between one of the model parameters (Air Entry Value, AEV) and UCS further highlights 

differences in strength and water retention mechanisms between the two binder combinations. In 

addition to its well-known environmental credentials, this research highlights the technical merits in 

using GGBS in contaminated sediment reuse projects.   

KEYWORDS: 

Dredged sediment; contaminants; SWRC; water holding capacity; unconfined compressive strength; 

OPC; GGBS. 
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1. Introduction 

Dredging, carried out periodically in ports and channels to maintain sufficient depth for 

navigation, may result in the transfer of large volumes of sediment from an aquatic to a terrestrial 

environment. These sediments may contain significant amounts of contaminants including heavy 

metals, organotin compounds, polycyclic aromatic hydrocarbons (PAH) and polychlorinated biphenyls 

(PCB) that may impact negatively on human health and the environment. Therefore suitable sediment 

management strategies are required (Agius and Porebski, 2008; Akcil et al., 2015); the two main 

strategies are: (i) washing the soil to eliminate contaminants entirely and (ii) encapsulating the 

contaminants within the soil. While the former approach is more desirable in theory, it tends to be 

limited to laboratory or pilot scale, and its low processing efficiency renders it expensive (Mulligan et 

al., 2001; Akcil et al., 2015). Soil stabilization using a cementitious or pozzolanic binder, a commonly-

used encapsulation strategy, is more practical; the sediment may still be redeployed as a construction 

material, often in close proximity to where it originated.  

Ground Granulated Blast Furnace Slag (GGBS), a by-product of steel manufacture, is now widely 

used as a partial replacement for Ordinary Portland Cement (OPC) in concrete. It is well-known that 

GGBS has a significantly lower carbon footprint than OPC, has negligible sulphur dioxide and nitrogen 

oxide emissions, and the reuse of this waste product can reduce the environmental impact of a 

construction project. However, OPC has traditionally been used to provide physical stability to re-used 

sediments, and the industry has been much slower to consider GGBS for stabilization, despite potential 

advantages over OPC for contamination scenarios. The lower pH in GGBS mixes is known to reduce 

the leaching potential of metals compared to OPC-only mixes (Gutsalenko et al. 2016). Through tank 

leaching tests and observations of microstructure, Deja (2002) demonstrated the potential of binders 

incorporating Ground Granulated Blast Furnace Slag (GGBS) to immobilize four heavy metals in a 

sediment. 

The primary use of these improved sediments in construction is as structural fill materials (e.g. 
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for land reclamation), which are almost always located above the groundwater table. Therefore this 

unsaturated condition must be considered when investigating likely engineering performance. The 

unsaturated hydraulic (or soil water retention) behaviour is specifically relevant to the movement of 

contaminants (Birle et al., 2008), as most contaminants leach (diffuse) out from soil by dissolving in 

the pore water. The unsaturated hydraulic properties are governed by the relationship between suction 

and volumetric water content, known as the Soil Water Retention Curve (SWRC), which is derived 

experimentally. Unfortunately, the literature considering SWRCs for stabilized soil is quite sparse; 

exceptions include Fredlund and Rahardjo (1993), Puppala et al. (2006) and Aldaood et al. (2014b). 

The unsaturated behaviour of GGBS-stabilized marine sediments (as reflected in SWRCs) and 

associated implications for construction practice remains an obvious gap in the literature.  

It is well-known that the properties (such as strength, stiffness and permeability) of soil stabilized 

with OPC change with time in early life (Kim et al., 1998; Osinubi, 1998; Oti et al., 2009; Wang et al., 

2015); the effect is prolonged when GGBS is used as an OPC replacement due to its longer setting 

time (Kumar et al., 2008). However, most traditional means of deriving the SWRC are time-consuming 

and therefore unsuitable for these time-dependent materials; for example, in one study reported in the 

literature, 21 days was required to derive the SWRC for stabilized soil using tensiometric plates, 28 

days using a membrane technique and more than 4 weeks for the vapour equilibrium technique 

(Aldaood et al., 2014b). Newer centrifuge methods can provide a much quicker means of deriving the 

SWRC, while providing results compatible with traditional techniques. For example, Khanzode et al. 

(2002) found reasonably good agreement between centrifuge test and pressure plate test results for 

three different soils with a range of clay contents: processed silt (liquid limit, wL = 24%; plasticity 

index, Ip = 0 and clay content = 7%), Indian Head till (wL = 35.5%, Ip = 17%, and clay content = 30%) 

and Regina clay (wL = 75.5%, Ip = 21%, and clay content = 70%).  

The well-established sustainability credentials of GGBS, along with the absence of research 

considering the impact of replacing OPC with GGBS on the unsaturated behaviour of stabilized 

sediment, prompted the original investigation reported in this paper. Sediment dredged from a 
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commercial harbour in Ireland was stabilized using OPC alone and various combinations of OPC and 

GGBS for different curing periods, and the likely contaminant-encapsulation potential was inferred 

from SWRCs. A centrifuge method was adopted to derive SWRCs for these improved sediments, with 

the advantage of a short test period of less than 3 days.  

2. Materials and Specimens 

Approximately 50 litres of freshly-dredged sediment was collected from a commercial harbour 

in Ireland in December 2016. Once in the laboratory, debris was removed and the sediment was 

carefully homogenized and stored in a freezer until time of use. The sediment comprised 82.9% of 

sand, 16.4% silt and 0.7% clay (average from n=3 samples), classifying as a silty sand. The particle 

size distribution is shown in Figure 1, with average coefficients of uniformity (CU) and curvature (CZ) 

of 13.2 and 2.6 respectively. The natural gravimetric water content of the sediment (w) fell in the range 

52.3-54.4% (n=4); Atterberg limits could not be derived due to the coarse nature of the material. The 

chemical composition of the sediment is provided in Table 1. 

The OPC (Lagan CEM I 42.5 R) and GGBS used in this study were supplied by Ecocem Ireland 

Limited. The particle size distributions for each are shown in Figure 1. The particle size of the OPC 

and GGBS is typically more than an order of magnitude smaller than that of the sediment, with the 

GGBS particle size marginally smaller than that of the OPC. Blaine fineness values for OPC and 

GGBS were distinctly different at 3520 cm2/g and 4490 cm2/g respectively. The chemical composition 

of both binders is also provided in Table 1. 

The binders were added as a percentage of the dry mass of sediment in a plastic basin. The mass 

of binder (mb) was calculated using Equation (1), where mt is the total mass of sediment and the 

bracketed term constitutes the dry mass: 

 𝑚𝑏 = (
𝑚𝑡

1+
𝑤

100

) × 𝑏𝑖𝑛𝑑𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡(%)                    (1) 
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A total of 8 different mixes were produced, labelled T0 to T7 (Table 2), with total binder contents 

ranging from 0% to 16% (T0 served as an unstabilised reference). The goals of the study can be 

summarized as follows: 

 T0, T1, T2, T3 and T7 (28 days curing) were used to investigate the effect of OPC only on 

the Unconfined Compression Strengths (UCS) and the SWRCs of the stabilized sediments.  

 T3, T4, T5 and T6 (28 days curing), prepared at same total binder content of 12%, were used 

to evaluate the effect of the replacement of OPC with GGBS on both UCS values and SWRCs. 

In these cases, the term  is used to refer to the ratio of GGBS to OPC in a particular mix.  

 Specimens of T1, T3 and T5 were prepared at 7, 28 and 56 days of curing to assess the effect 

of curing time on UCS values and SWRCs. 

After thorough mixing, Perspex moulds with an inner diameter of 50 mm and a height of 100 mm were 

used to produce samples for the UCS tests. The specimens were removed from the moulds when the 

structure was formed and subsequently cured in a sealed plastic bag at 20±2 0C in a temperature-

controlled room. Steel cylindrical moulds (70mm height × 23mm diameter) were used to prepare the 

SWRC specimens; the inner wall of each mould was covered with petroleum jelly to prevent 

preferential drainage along the periphery of the sample, while also protecting the mould against 

corrosion. The specimens for the centrifuge test were cured in the steel moulds and also sealed within 

a plastic bag in the same curing environment as the UCS specimens.  

3. Test Programme 

3.1 Unconfined Compressive Strength (UCS) and Scanning Electron Microscope (SEM) imaging  

UCS tests were conducted on the stabilized sediments after curing times of 7, 28 and 56 days 

using a UTS012 Fully-Automated Cyclic Triaxial (FACT) Testing Machine. The loading rate used was 

1.0 mm/min (Aldaood et al., 2014a). Three replicate UCS tests were carried out for each of the 
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specimens in Table 2; mean strengths and standard deviations are displayed on subsequent plots. The 

UCS results were intended to serve as a frame of reference for the interpretation of the SWRC results. 

The microstructure of samples T0, T3 and T5 was investigated using a Hitachi S-4700 Scanning 

Electron Microscope (SEM). The test specimens were dried overnight at 400C, stuck onto aluminium 

stubs and covered with gold in advance of scanning.  

3.2 Centrifuge tests 

The stabilized soil specimens were removed from the sealed bags after 6, 27 or 55 days and were 

saturated according to ASTM (2006) for 1 day at room temperature, with centrifuging therefore 

commencing after 7, 28 or 56 days of curing respectively. Gravimetric water contents and bulk 

densities before saturation are provided in Table 2. Bulk densities were also determined after saturation, 

gravimetric water contents after saturation was back-calculated from the water content at the end of 

centrifugation and the total volume of water draining from the sample. The difference between water 

contents before (measured) and after saturation (calculated) was a maximum of 6% (T4, 28 days), but 

typically much less. Therefore the impact of additional water in the pores due to the saturation process 

was considered to have very little effect on the soil-binder chemical reactions.  

SWRCs were developed using a SIGMA 4-16KS centrifuge (Figure 2) equipped with a rotor 

(product no. 11650), centrifuge cups (product no. 13450) and inserts (product no. 17677). The Gardner 

equation (2) was used to calculate the matric suction () in the soil:             

                         
2

2 2 3

2 1 10
2

w r r
 

  
   
 

                          (2) 

where ω is the angular velocity (radians per second, s-1), w is the density of the liquid (water, 1000 

kg/m3), r2 (m) is the distance from the centre of rotation (COR) to the free water surface, and r1 (m) is 

distance from the COR to the midpoint of the soil sample. The equation is manipulated so that suitable 
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centrifugation angular velocities (ω) can be chosen to generate the desired matric suctions ().  

The samples were placed into a 50 ml cylindrical centrifuge tube with a conical end (Figure 2). 

The bottom of the samples were held with muslin cloth to ensure sample stability during flight. One 

of the centrifuge tubes in each insert was reserved for ballast to ensure that the centrifuge was balanced 

prior to flight. After each suction step, the samples were weighed again and shrinkage measured (using 

a Vernier caliper) at three positions at the top of the samples (near the centres of three 1200 segments). 

The inserts were reinstated in the apparatus and the procedure repeated at a higher suction level. The 

gravimetric water content of the samples (obtained by drying at 1050C for 24 hours) was measured 

after the last suction step, which allowed the volumetric water content before and after each of the 

suction steps to be calculated, and in turn, the SWRC to be plotted. 

Prompted by findings by Vero et al. (2016), a preliminary test was performed to assess the duration 

needed for the volumetric water content to equilibrate under each suction step. One sample (T5, with 

28 days curing) was subjected to suctions of -50 kPa, -500 kPa and -1000 kPa for periods of 3, 6, 9 

and 12 hours. Sample masses indicated that effective hydraulic equilibrium, signified by convergence 

of the SWRCs, was attained after either 6 or 9 hours, so 10 hour suction steps were used conservatively 

in subsequent testing. A total of six nominal suction steps (-5/-10, -50, -100, -200, -500 and -1000 kPa) 

was used in each of the main tests. Actual suction values were lower, because the value of r1 in equation 

(2) increased slightly during centrifugation due to shrinkage of the specimens. Three replicate SWRC 

tests were carried out for each scenario in Table 2; mean volumetric water contents at a given suction 

level are displayed on subsequent plots, along with their standard deviations. All centrifuge tests were 

performed at 100C. 

In general, total suction is composed of matric suction and osmotic suction. In geotechnical 

engineering applications, the osmotic component is usually ignored (e.g. Fredlund et al. 2012), with 

matric suction used as a proxy for total suction. Research by Miller and Nelson (2006) illustrated that 

this assumption may be problematic when there is a significant level of salt in the soil (as may be the 
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case for marine sediments). Therefore, it is acknowledged that the matric suctions measured in this 

study may not be representative of total suctions; measurement of osmotic suction requires alternative 

apparatus and is beyond the scope of this paper. 

4. Soil Water Retention Curve mathematical models 

Four popular mathematical models of the SWRC were used to fit the measured data: Gardner 

(1958), Burdine (1953), Van Genuchten (1980) and Fredlund and Xing (1994); the equations for which 

are listed in Table 3. In all models, θ and θs denote the volumetric water content and saturated 

volumetric water content (volumetric water content at suction= 0 kPa) respectively, while a, n and 

m are curve-fit parameters. Specifically, a is related to the air entry value (AEV) of the soil, which is 

the matric suction at which air starts to penetrate into the soil pores and bulk water is extracted 

(Fredlund and Rahardjo, 1993; Ahmad-adli et al., 2014); n is related to the pore-size distribution of the 

soil (which controls the slope of the SWRC), while m is related to the residual volumetric water content 

(the minimum water content achievable under suction). The value of a can be assumed to approximate 

AEV, especially at small values of m (Fredlund and Xing, 1994).  

5. Results and Discussion 

5.1 UCS and microstructure 

The well-known increase in 28-day UCS values with OPC content is shown in Figure 3. The 

relationship is approximately linear up to 12% OPC, but thereafter, the UCS increases sharply. The 

linear increase in strength over a certain range of OPC contents has been identified in previous studies 

(Bahar et al., 2004; Jauberthie et al., 2010; Yoon and Abu-Farsakh, 2009), as has the accelerated 

strength gain rate once a threshold OPC content has been reached (Sariosseiri and Muhunthan, 2009). 

The UCS increases arise due to the development of a grid framework of cementitious materials (e.g. 

Calcium Silicate Hydrate C-S-H, Calcium Aluminate Hydrate C-A-H and ettringite) from hydrolysis 

and hydration reactions between cement and soil from an early stage (Xing et al., 2009). In addition, 
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exchange reactions among Ca2+, Na+, and K+ ions decrease the thickness of the electric layer, 

shortening the distance between the particles resulting in a more compact structure. These effects are 

evident in the SEM surface morphologies for the parent sediment T0 (Figure 4a) and T3 (12% OPC, 

Figure 4b). In the latter case, significant amounts of needle-shaped ettringite can be seen in the voids, 

connecting the aggregates and bringing about a denser structure, as shown by Rollings et al. (1999), 

Rajasekaran (2005) and Du et al. (2013).  

The 28-day UCS values for specimens containing GGBS (with 12% total binder content) are also 

illustrated in Figure 3, as a function of their  values (secondary axis). At lower levels of cement 

replacement (i.e. <1), the GGBS/OPC combination provides improved UCS values over the 12% 

OPC mix, with an approximately linear relationship between UCS and. Previous studies have shown 

that the latent cementitious reactivity of GGBS is activated by hydration materials (Gupta and Seehra, 

1989; Nidzam and Kinuthia, 2010), such as alkaline activators calcium hydroxide Ca(OH)2, sodium 

hydroxide NaOH, and potassium hydroxide KOH, which can break the Si-O and A1-O bonds (Wu et 

al., 1990). While it is not well understood how the activator works on the GGBS, De Schutter and 

Taerwe (1995) have suggested that cement-hydration and slag-hydration reactions can be expected, as 

well as some interaction between them. In addition to these three reactions, it is conceivable that there 

are some activators within the marine sediment itself giving rise to the dramatically higher strengths 

in comparison to those of pure OPC mixes. The SEM image for T5 (Figure 4c) is consistent with these 

theories; fewer ettringite and more gel-like materials are evident in comparison with pure OPC (Figure 

4b), leading to reduced void space and a denser structure. This denser microstructure for mixes 

containing GGBS is also illustrated clearly in X-ray tomography images presented by Gutsalenko et 

al. (2017). 

However, when the proportion of GGBS is excessive (i.e.>1 in Figure 3), there is insufficient 

activation of these reactions, leading to a reduced UCS value. For the silty sand used in this study, 

mixing OPC and GGBS in equal proportion (i.e. =1) gives rise to the highest strength; the UCS value 

(750 kPa) is more than sufficient for most re-use applications. 
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The effect of curing time (up to 56 days) on UCS for both the 12% OPC (T3) and 6% OPC + 6% 

GGBS (T5, =1) binders is shown in Figure 5; the UCS/time gradient is approximately linear for the 

OPC-only mixes and reducing with time for the OPC+GGBS mixes. Nevertheless, the much greater 

28-day UCS values exhibited by the 6% OPC + 6% GGBS (T5) mix compared to the 12% OPC mix 

(T3) shown in Figure 3 is also evident in the 7-day and 56-day UCS values in Figure 5. The UCS value 

for the 6% OPC + 6% GGBS (T5) stabilized sediment is approximately 2.7 times that of the 12% OPC 

(T3) mix after a curing time of 56 days.  

5.2 Soil Water Retention Curves 

Based on previous research into curing temperatures in stabilized soils, the reduction in 

temperature to 100C at the outset of centrifugation is likely to have inhibited further curing. Ahnberg 

and Holm (1984) define a ‘maturity’ parameter which captures the effects of both curing time and 

temperature on strength. While the test duration (3 days) is long relative to the 7 day curing period 

(43%), calculations using their expression suggest that the maturity increased by only 10-15% 

between 7 and 10 days. Corresponding changes in maturity over the test duration for those specimens 

cured for 28 and 56 days are much lower.  

5.2.1 SWRCs for OPC-stabilized sediments 

SWRCs developed for sediment incorporating varying amounts of OPC, cured for 28 days, are 

shown in Figure 6. The addition of OPC clearly leads to a reduction in the initial volumetric water 

content θs (θs values are plotted at 0.01 kPa rather than 0 kPa on account of the log scale) in the sediment 

by generating chemical products (C-S-H, C-A-H and ettringite minerals) which fill the voids and 

decrease the pore size from that of the parent sediment (Horpibulsuk et al., 2010). Although the 

volumetric water content θ decreases with increased suction in all cases, the extent of reduction shows 

a clear dependence on the OPC content. The most pronounced reduction in volumetric water content 

arises for the unstabilised sediment (T0); its higher water permeability allowing the water to escape 
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most easily. As the pores are filled with reaction products upon increasing the amount of OPC, the 

extent of drainage diminishes (over the range of suctions considered). This clearly implies that 

increased OPC content can have a greater encapsulation effect on pore water in the unsaturated 

condition and in turn, on any contaminants therein.   

The mathematical models in Table 3 were fitted to the measured OPC-stabilized sediment SWRCs 

in Figure 6 using a nonlinear minimum least square subroutine Lsqcurvefit from MATLAB. The 

parameters a, n and m are provided in Table 4 and the corresponding curve fits are shown in Figure 7. 

All models provide good fits to the data and can be regarded as suitable for stabilized sediment; all 

regression R2 coefficients exceed 0.99 with the exception of the Gardner model. The F&X (Fredlund 

and Xing 1994) model provides marginally the best fit of these three on average. The parameters 

obtained from the F&X model in Table 4 were interrogated for an effect of OPC content. It is clear 

that the addition of OPC significantly increased the a value, a measure of AEV, up to (but not beyond) 

a threshold of 12% OPC. 

5.2.2 SWRCs of stabilised sediments with different ratios of GGBS to OPC  

The effect on the SWRC (after curing for 28 days) of substituting OPC with GGBS is shown in 

Figure 8, in which the =0 reference data corresponds to the 12% OPC curve (T3) in Figure 6. A 

significant reduction in water content from the =0 case to the >0 cases is observed, as expected 

given the reduction in microstructural porosity brought about by the addition of GGBS as already 

shown in Figure 4 and by Gutsalenko et al. (2017). However, the key observation in Figure 8 is that 

the SWRCs become progressively ‘flatter’ as the value of increases, indicating that the replacement 

of cement with GGBS offers additional ‘water-holding’ capacity and benefits for contaminant 

encapsulation, over and above that already noted (Figure 6) due to the increase in overall binder content. 

It is interesting to note that, while the UCS values at 28 days are seen to decline from =1 to =2 

(Figure 3), improved water holding capacity is observed at =2 compared to =1. This suggests that 

the additional finer GGBS particles, while not yet (at 28 days) fully contributing to the chemical 
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reactions process, still serve a useful purpose of filling void space and therefore enhancing water 

holding capacity. 

The curve fits for the SWRC data in Figure 8 are shown in Figure 9, with parameters a, n and m 

provided in Table 5. Again, the F&X model was found to provide the best fit for all  values. Although 

an obvious ‘flattening’ of SWRCs was noted for increasing , there were no obvious individual 

relationships between  and a, n and m.  

5.2.3 SWRCs for the stabilized sediment with different curing durations 

The SWRCs for sediment stabilized at different curing times are illustrated in Figure 10(a): 4% 

OPC (T1); (b): 12% OPC (T3) and (c): 6% OPC+6% GGBS (T5); the corresponding F&X models are 

also superimposed. A notable dependence of the SWRC on curing time was observed in all cases, 

which is consistent with previous research (Aldaood et al., 2014). Importantly, this substantiates the 

earlier assertion that any SWRC test method requiring a long test duration is unsuitable for 

investigating the unsaturated properties of stabilized soil.  

In the case of the sediment stabilized with 4% OPC (Figure 10a), the decreasing initial volumetric 

water content with curing duration is evidence, once again, that curing duration has a significant 

influence on the microstructure density. However, the effect of curing time becomes less noticeable 

with increased suction (over -50 kPa), where the 7, 28 and 56 day SWRCs essentially converge. An 

OPC dosage of 4% OPC would be considered to be relatively low for field stabilization problems; the 

convergence may therefore be related to the weak structure becoming compromised at higher 

centrifuge rotation speeds, regardless of the initial differences in curing ages; leading to the same 

limiting condition of shrinkage.   

The reduction in the initial volumetric water content with increased curing duration for 12% OPC-

sediment (Figure 10b) is in keeping with that for the 4% OPC case. The UCS results (Section 5.1) 

confirm greater microstructural changes for 12% OPC than for 4% OPC; borne out here by the fact 
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that the effect of curing time on the entire SWRC (up to -1000 kPa) is more obvious. The increasingly 

flat shape of SWRCs over time implies that by allowing a longer curing period, a greater water-holding 

capacity can be obtained for stabilized sediment. The differences between the 28 and 56 day SWRCs 

are in keeping with the differences in microstructure apparent in Figures 4(b) (28 days) and 4(d) (56 

days).  

The SWRC variation with time is shown in Figure 10(c) for the 6% OPC+6% GGBS case. Once 

again, the initial volumetric water content reduces with increased curing duration, consistent with the 

trend for OPC-only sediment. However, the extent of the time effects on the entire SWRC is more 

dramatic for the GGBS+OPC sediment than the OPC-only sediment. This is consistent with the fact 

that microstructural changes, i.e. the formation of pore-filling gel materials, continue for a longer time 

and to a greater extent in GGBS+OPC mixes than in OPC mixes with the same total binder content 

(De Schutter and Taerwe, 1995; Menéndez et al., 2003); these differences are apparent from the SEM 

images in Figures 4(d) (OPC) and Figure 4(e)(GGBS). 

A summary of the F&X model parameters for the SWRC data in Figure 10 is shown in Table 6. The 

parameter a for the sediment with 4% OPC and 6% OPC+6% GGBS clearly increases with time. There 

is no obvious effect of curing time on the other parameters (n and m), probably since the model depends 

on the pore size and distribution, which is very difficult to quantify accurately. 

The data in Figure 10 are re-configured in Figure 11 to allow a comparison of the SWRCs for the 

OPC-stabilized and OPC+GGBS-stabilized sediment at same curing times (7, 28 and 56 days). The 

SWRC for the 4% OPC sediment exhibits the greatest change in volumetric moisture content after 7 

days; the SWRCs for the 12% OPC and 6% OPC+6% GGBS cases are quite similar owing to the 

slower reaction of GGBS in the early stages (Figure 11a). However, at the higher curing times (Figures 

11b and 11c), the differences between the OPC-stabilized and GGBS+OPC-stabilized sediment are 

more pronounced. At both 28 and 56 days, the initial volumetric water content for the 6% OPC+6% 

GGBS case is smaller than that with 12% OPC and the slope of the SWRC is flatter. Overall, it can be 
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concluded that while a OPC and 50:50 OPC-GGBS 12% mixes have similar SWRCs early in the curing 

process, the 50:50 OPC-GGBS mix can deliver a significant improvement to the properties of sediment 

(unsaturated permeability and strength) over a longer time period. 

5.3 Relationship between strength and SWRC 

In an effort to link the independent UCS and SWRC measurements, Figure 12 explores the 

relationships between UCS and AEV (assumed to be approximated by a) obtained from the F&X 

model for OPC-stabilized and OPC+GGBS-stabilized sediments. In the case of the OPC-stabilized 

sediment, there is a clear declining power relationship between UCS and AEV; suggesting a tendency 

for a limiting value of AEV at higher strengths (UCS values greater than 500 kPa). While additional 

cementitious material delivers higher strengths; the capacity of the cement particles to fill the pores 

eventually becomes limited (due to the high-volume structure produced by the ettringite), meaning that 

the AEV cannot change beyond a certain strength.  

A very different trend is seen for the OPC+GGBS-stabilized sediment, where the value of AEV 

increases linearly with UCS, to at least 950kPa, the maximum strength derived in this test series. The 

implication is that for OPC+GGBS-stabilized sediment, there is a corresponding reduction in pore size 

as the strength increases. This is probably attributable to the fact that the free (unreacted) GGBS 

particles aid in providing a more favourable particle size distribution with newly-formed aggregates. 

From the data in Figure 12, it is apparent that there is greater potential to achieve high AEVs (and thus 

lower permeability) with OPC/GGBS mixes than OPC only mixes, if the (readily-achievable) high 

strengths are obtained. 

6 Conclusion 

Sediment which is subject to stabilization is typically re-used in an environment which is 

unsaturated. In this paper, soil water retention curves for OPC and OPC+GGBS-stabilized sediments 

were obtained using a centrifuge test, with unconfined compressive strengths conducted as a frame of 
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reference. In addition, the relationship between the SWRC and strength was explored. The following 

conclusions can be drawn from the research: 

  All four models used to fit the SWRCs of the stabilized sediment were deemed to be suitable, 

with the Fredlund and Xing (1994) model consistently providing the best fit to the measured data. 

 It was shown that curing time has a significant influence on the unsaturated properties of 

stabilized sediment due to time-dependent microstructure changes (confirmed from SEM images) 

and as a result, it is essential that a test is used (such as the centrifuge technique) that can measure 

the SWRC over a short duration. 

  For the OPC-only stabilized sediment, a linear increase in strength (UCS) occurred with OPC 

content of up to 12%, with rate of strength gain increasing sharply between 12% and 16%. Water 

holding capacity and air entry value (AEV) also increased with increased OPC content; although the 

increase in AEV showed little change beyond 12% OPC, inconsistent with the trend between strength 

and OPC content. 

  The partial replacement of OPC with GGBS not only increased strength (up to GGBS:OPC 

=1:1 blends) but improved the water holding capacity notably (up to at least GGBS:OPC =2:1 blends); 

the finer GGBS particles, as well as interacting with OPC to generate reaction products, efficiently 

filled sediment void space.  

  A decreasing power relationship between AEV with UCS was observed for OPC-stabilized 

sediment, while a linear increase was observed for the OPC+GGBS-stabilized sediment. This suggests 

that high-strength GGBS mixes can deliver improved water-holding (and contaminant-encapsulating) 

properties compared to OPC-only mixes. 

Further research is warranted to investigate if the encapsulation benefits established by using GGBS 

to stabilise the silty sand sediment studied here are also applicable to other sediment types. 
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Figure 1 Particle size distribution curves for sediment, GGBS and OPC 

 

 

Figure 2 SIGMA 4-16KS centrifuge (with inserts and centrifuge tube shown in inserts) 
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Figure 3 28-day Unconfined compressive strength (UCS) for the sediment with different OPC contents 

and(GGBS/OPC) values 
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a)  

 

b)  

 

c)  

 

d) 

 

e) 

Figure 4 SEM photomicrographs of sediment: a) without additives; b) with 12% OPC at 28 days; c) with 6% 

OPC+6% GGBS at 28 days; d) with 12% OPC at 56 days; e) with 6% OPC+6% GGBS at 56 days 
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Figure 5 Relationship between UCS and curing time for the OPC-stabilized and OPC/GGBS-stabilized 

sediments  

 

Figure 6 Soil-Water Retention Curves (SWRCs) of the sediments with varying amounts of cement, cured 

for 28 days. 
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0% OPC 

 

4% OPC 

 

8% OPC 

 

12% OPC 

 

16% OPC 

Figure 7 SWRCs of OPC-stabilized sediments fitted by different models 
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Figure 8 SWRCs of sediments with the different ratios of GGBS and OPC after 28 days curing 
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 (12%OPC) 

 

OPC+4%GGBS) 

 

6%OPC+6%GGBS) 

 

4%OPC+8%GGBS) 

Figure 9 SWRCs of GGBS+OPC-stabilized sediments fitted by different models 
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a) 4% OPC 

 

b) 12% OPC 

 

c) 6% OPC+6% GGBS 

Figure 10 SWRCs of stabilized sediment at different curing time: a) 4% OPC; b) 12% OPC; c) 

6% OPC+6% GGBS 
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a) 7 days curing time 

 

b) 28 days curing time 

 

c) 56 days curing time 

Figure 11 SWRCs of stabilized sediment at a) 7 days; b) 28 days and c) 56 days curing days 
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Figure 12 Relationships between UCS and AEV for OPC-stabilized and GGBS+OPC-stabilized sediment 
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Table 1 Chemical constituents of dredged sediment, OPC and GGBS 

 
SiO2 

(%) 

Al2O3 

(%) 

Fe2O3 

(%) 

CaO 

(%) 

MgO 

(%) 

SO3 

(%) 

Mn2O3 

(%) 

TiO2 

(%) 

K2O 

(%) 

Na2O 

(%) 

BaO 

(%) 

C3A 

(%) 

FCaO 

(%) 

Sediment 75.51 8.225 3.335 1.315 0.755 1.905 0.03 0.635 1.45 1.11 0.205 - - 

OPC 19.9 5.1 2.7 64.5 1.2 2.3 - - 0.52 0.22 - 9.1 1.8 

GGBS 34.11 11.16 0.85 41.1 6.57 0.1 0.25 0.87 0.48 0.43 - - - 

 

 

 

 

Table 2 Compositions of the binders (GGBS and OPC) 

Sample T0 T1 T2 T3 T4 T5 T6 T7 

Curing time 

(day) 
28 7 28 56 28 7 28 56 28 7 28 56 28 28 

OPC (% of 

dry weight) 
0 4 4 4 8 12 12 12 4 6 6 6 8 16 

GGBS (% of 

dry weight) 
0 0 0 0 0 0 0 0 8 6 6 6 4 0 

 - 0 0 0 0 0 0 0 2 1 1 1 0.5 0 

ws (before 

saturation) 

(%)

52.3 47.0 43.5 40.6 40.6 42.7 39.9 38.1 36.4 42.5 40.2 37.8 36.8 35.5 

s (before 

saturation) 

(g/cm3)

1.71 1.71 1.70 1.70 1.71 1.72 1.72 1.71 1.71 1.72 1.71 1.71 1.71 1.72 
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Table 3 Mathematical models of Soil Water Retention Curve 

Model name Equation 

Gardner (Gardner, 1958)  

1

1
n

s

a



 

 
 

   

Burdine (Burdine, 1953)  

2
1

1

1

ns n

a






 
 

 



  
       

VG (van Genuchten) (van Genuchten, 1980)  

1

1

m
n

s

a



 

  
       

F&X (Fredlund & Xing) (Fredlund and Xing, 1994)  

1

ln

m
n

s

e
a
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Table 4 SWRC fitting parameters of the OPC-stabilized sediments 

Number 
OPC 

(%) 
Model name a n m 

Regression 

coefficient 

R2 

T0 0 

Gardner 10.86 0.57 - 0.9715 

Burdine 3.55 2.26  0.9990 

VG (Van Genuchten) 2.69 25.08 0.01 0.9993 

F&X (Fredlund & 

Xing) 
8.42 1.30 0.75 0.9998 

T1 4 

Gardner 75.90 0.70 - 0.9795 

Burdine 33.26 2.26 - 0.9978 

VG (Van Genuchten) 28.55 21.74 0.01 0.9986 

F&X (Fredlund & 

Xing) 
50.99 1.81 0.51 0.9998 

T2 8 

Gardner 141.29 0.75 - 0.9581 

Burdine 48.89 2.25 - 0.9908 

VG (Van Genuchten) 41.06 5.33 0.04 0.9940 

F&X (Fredlund & 

Xing) 
66.77 2.56 0.37 0.9986 

T3 12 

Gardner 252.07 0.72 - 0.9886 

Burdine 62.19 2.16 - 0.9968 

VG (Van Genuchten) 81.37 1.54 0.11 0.9978 

F&X (Fredlund & 

Xing) 
110.56 1.35 0.39 0.9983 

T7 16 

Gardner 535.83 0.75 - 0.9767 

Burdine 82.74 2.11 - 0.9977 

VG (Van Genuchten) 73.98 2.68 0.04 0.9982 

F&X (Fredlund & 

Xing) 
113.89 1.77 0.20 0.9971 
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Table 5 SWRC fitting parameters of the OPC+GGBS-stabilized sediments 

GGBS content in 

additives,12% 
Model name a n m 

Regression 

coefficient 

R2 



Gardner 252.07 0.72 - 0.9886 

Burdine 62.19 2.16 - 0.9968 

VG (Van Genuchten) 81.37 1.54 0.11 0.9978 

F&X (Fredlund & Xing) 110.56 1.35 0.39 0.9983 



Gardner 221.86 0.63 - 0.9950 

Burdine 48.48 2.09 - 0.9938 

VG (Van Genuchten) 132.27 1.0 0.14 0.9995 

F&X (Fredlund & Xing) 157.37 0.93 0.40 0.9994 



Gardner 127.73 0.57 - 0.9883 

Burdine 30.57 2.02 - 0.9857 

VG (Van Genuchten) 97.64 0.92 0.15 0.9936 

F&X (Fredlund & Xing) 112.32 0.87 0.40 0.9939 



Gardner 263.29 0.47 - 0.9770 

Burdine 29.94 2.02 - 0.9844 

VG (Van Genuchten) 49.49 1.05 0.028 0.9869 

F&X (Fredlund & Xing) 58.59 1.08 0.076 0.9892 

 

Table 6 SWRC fitting parameters for stabilized sediment at different curing times 

 
Curing 

days 
a n m 

Regression 

coefficient 

R2 

4% OPC 

7 41.18 1.62 0.5 0.9995 

28 50.99 1.81 0.51 0.9998 

56 70.43 2.10 0.48 0.9975 

12% OPC 

7 86.17 2.19 0.29 0.9999 

28 110.56 1.35 0.39 0.9983 

56 91.33 1.78 0.24 0.9990 

6% OPC +  

6% GGBS 

7 81.60 1.96 0.35 0.9972 

28 112.32 0.87 0.40 0.9939 

56 174.7 1.0 0.26 0.9958 

 


