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Abstract 18 

Nowadays, using soil amendments to improve physical hydrological properties is popularly employed 19 

in agricultural engineering. This paper at first reports an experiment to compare the effect of two 20 

different soil amendments for their effect on soil water retention capacity. They two agents are the 21 

natural clay and a conditioning soil retainer. Soil water retention curve (SWRC) has been selected to 22 

quantify their effect on a benchmark pure sand soil in full range of water saturation, i.e. from fully 23 

saturated to nearly dry. Both the classic van Genuchten model and a novel three phase soil water 24 

retention model have been adopted to characterize the effect of the two soil amending agents on 25 

soil water retention capacity. The research results demonstrate that the clay has a significant 26 

enhancement on soil water retention at low content of clay and high soil water content range, 27 

however its effect reduces considerable with increasing clay content. Meanwhile the conditioning 28 

water retainer shows little effect at high soil water content range but has significant effect on soil 29 

water retention at low soil water content range. The results indicate the conditioning water retainer 30 

can help the reduction of the surface water evaporation and the water reservation underneath. The 31 
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modelling has shown that the three-phase model is able to effectively represent the soil water 32 

retention curve in full range of soil water content, which provides a convenient tool to efficiently 33 

characterise the effect of conditioning water retainer. In addition, the three-phase model also 34 

provides the functional analysis and help understand the working mechanisms of the agents. 35 

 36 

Keywords: soil amendment; clay; conditioning water retainer; full range soil water retention 37 

characteristic modelling. 38 

 39 

1. Introduction 40 

Global warming and climate change have caused unstable water supply scenarios worldwide. In 41 

Europe, freshwater shortage has been directly impacting on the agricultural industry. Both efficient 42 

management for water use and the technologies to improve the water retention capacity of soils 43 

have received high interest (Lemos et al., 2021). Nowadays, using soil amendment to improve soil 44 

physical hydrological properties is popularly employed in agricultural engineering to enhance the soil 45 

water retaining capacity and reduce nutrient loss under challenging environmental conditions 46 

(Spitalniak et al., 2019; Xerdiman et al., 2022). 47 

There are two types of additive soil amendments in terms of their properties (Seddik et al. 2019). 48 

One type comprises natural agents sourced from clay minerals such as attapulgite, bentonite, 49 

kaolinite and zeolite (Murray, 2000). The other one is synthetics, such as biochar, superabsorbent 50 

polymer (SAP) (Huang et al., 2022), non-woven geotextiles and water absorbing geo-composites 51 

(Orzeszyna et al., 2006; Mohawesh and Durner, 2019). Both types can effectively improve soil water 52 

retention to reduce both water infiltration below the surface and evaporation at the surface 53 

(Keiblinger and Kral, 2018; Spitalniak et al., 2021). 54 

In general, the soil water retention capacity basically depends upon the soil texture and pore 55 

structure. The underlying physical mechanisms are based on the interfacial molecular interaction 56 

forces at the soil particle surfaces and the derived condensing action due to capillarity (Dontsova et 57 

al., 2004; Zhang and Lu, 2020). The conventional assessment of the soil water retention capacity takes 58 

an approach using the soil water retention curve (SWRC), an intrinsic soil constitutive relation 59 

between the soil water content and soil matric suction. SWRC also plays a key role in the prediction 60 
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for the soil hydraulic conductivity and diffusivity on the concept of their intrinsic link with soil pore 61 

size distribution and particle size. For this reason, soil water retention curve has also been widely 62 

employed to assess the influence of soil amendments on soil water retention improvement 63 

(Spitalniak et al., 2019; 2021; Wanniarachchi et al., 2019; Miller et al., 2018; Edeh & Mašek, 2022; 64 

Huang et al., 2022; Zhou et al., 2020; Wang et al., 2023). 65 

Modelling SWRC has been a longstanding research topic (Chang and Cheng 2018; de Rooij et al 2021; 66 

de Rooij 2022). So far, numerous mathematical models have been proposed in different formulation 67 

by different approaches (Du, 2020). Among them, the mathematical formula proposed by van 68 

Genuchten (1980) is still the most popular one, which has been widely used in both hydrology and 69 

geotechnics, as it provides an effectively convenient way for the hydraulic conductivity prediction. 70 

There were many revisions ever proposed on the original van Genuchten’s formula (Lima and Silva, 71 

2022; Huang et al., 2022). In recent decades, great efforts have been made to interpret the water 72 

retention curve from both capillarity and surface adsorption to improve the modelling of soil 73 

hydrological properties, particularly from very low water content states to fully saturated state. They 74 

include the segmental modelling (Du, 2020; Wang et al., 2022), which divide the water retention 75 

curve into two different parts for the adsorption and capillarity, respectively, and a combined 76 

sorption-isotherm and capillary model (Wang et al., 2022). However, the segmental modelling may 77 

be inefficient to accurately reflect the fact that the surface adsorption and capillary condensation are 78 

coexisting at all unsaturated ranges. On the other hand, the formulas of the combined sorption-79 

isotherm and capillary model presents a complex procedure when used for modelling 80 

characterization. 81 

On the concept of capillarity, soil matric suction is attributed to the interfacial meniscus formed 82 

between the air and the bulk water in pore spaces, and the Laplace's equation is employed to 83 

evaluate the suction by soil pore size distribution (Dullien, 1991). On the fact that the bulk water in 84 

unsaturated soils starts to accumulate from the angular corner spaces of all pores regardless of size, 85 

Tuller et all. (1999) tried to address the water sorption and capillary contribution to metric suction 86 

within one framework. They proposed to explicitly define the soil matric suction using an augmented 87 

Young-Laplace equation consisting of two components. One is to represent the capillary pressure 88 

related to the meniscus formed at the interface of the bulk water in pores, which is evaluated by the 89 

Laplace’s equation. The other one is to represent the surface adsorption force related to the water 90 

film on surfaces of empty pores. The effect of the surface adsorption force is evaluated by the water 91 
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film thickness in terms of the concept of disjoining pressure (Iwamatsu and Horii 1996). Meanwhile 92 

a series of pore geometric model were proposed to represent the soil pore network at microscopic 93 

scale (Tuller et al. 1999). Following the work by Tuller et al. (1999), such pore-scale modelling for 94 

water retention curves (WRC) using the disjoining pressure to estimate the water film effect has also 95 

been reported by other researchers, but using different pore geometric models (Or and Tuller, 1999; 96 

Likos, 2009; Lebeau and Konrad, 2010; Tokunaga, 2011; Mohammadi and Meskini-Vishkaee, 2012; 97 

Beckett and Augarde, 2013).  98 

Although these efforts before have demonstrated that the water film on the surface of empty pores 99 

at unsaturated states makes a significant contribution to the matric suction, there are still challenges 100 

and ineffectiveness faced by these evaluating approaches. Firstly, to rigorously calculate the 101 

adsorptive suction component requires a deterministic relationship between the water film thickness 102 

and the pore water content and vice versa. However, most of these pore-scale modelling for WRC 103 

simply used a mean-field model of the capillary condensation in a slit-type pore (Iwamatsu and Horii, 104 

1996) to estimate the effect of the wetting film. Secondly, it is difficult to take account of the water 105 

film configuration on soil particles, because it varies with the thickness and the convex curvature of 106 

particles. The latter one theoretically consists of a negative contribution to matric suction (decrease 107 

of the matric suction). Thirdly, the pore-scale modelling generally simplifies the complexity of the 108 

realistic pore geometric shape. At last, the suction worked out at pore-scale does not equal to that 109 

at macroscopic bulk soil scale. The latter one is a volume average of all the values at individual pores. 110 

To simplify the geometric pore structure modelling, Wang et al. (2008) ever proposed a physical-111 

chemical model for SWRC, which also starts from the concept that surface water film and condensed 112 

bulk pore water coexist in unsaturated pore network (Wang et al., 2012), but the soil matric suction 113 

is evaluated by volume average theorem. 114 

This paper at first reports an experimental test measuring the influence of two types of soil amending 115 

agents, i.e. natural clay and a conditioning water retainer, on the SWRC. The control soil (benchmark) 116 

is pure sand, which was amended using different percentage of clay and different concentration of 117 

the conditioning water retainer. Drying soil water retention curves (SWRCs) were measured using the 118 

evaporation method starting from fully saturated up to nearly dry. The full range SWRCs were 119 

measured using two different approaches. One is using the HYPROP device to directly measure the 120 

SWRCs at low suction range or high water content range. The other one is using environmental 121 

chamber to control the relative humidity for the SWRCs at high suction range or low water content 122 
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range. Thereafter, a new three-phase SWRC model were adopted to represent the measured SWRCs 123 

and compared with the van Genuchten modelling. Finally, the three-phase model has been employed 124 

to characterize the effect of the WR usage on SWRC. 125 

 126 

2. Materials and Experiment 127 

The control/benchmark soil is a pure sand with particle sizes in the range from 0.06 mm to 2 mm. 128 

One of the soil amendments is a pure clay with the maximum particle size about 500 µm. Fig. 1 shows 129 

the particle size distribution of the sand and clay. The other soil amendment is a conditioning water 130 

retainer (WR) developed by the Water & Soil® Ltd in Hungary. Unlike conventional soil amendments, 131 

such as biochar as well as mineral or polymer gel additives, which in general stand as an independent 132 

solid phase mixed into the soil particles, the WR agent here is in liquid form, which is diluted using 133 

water before applied on soils.  134 

 135 

Fig. 1. Particle size distribution of the used sand and clay 136 

 137 

The state-of-the-art equipment, HYPROP-2 (Meter Group), was used to measure the drying SWRCs 138 

curves at low suction range or high soil water content range within its measuring capacity. The 139 

corresponding part of the SWRCs in the range of high suction or low soil water content were 140 

measured indirectly by relative humidity equilibrium approach using an environmental chamber to 141 

control the relative humidity stepwise. The two measuring approaches cover a wide SWRC range 142 
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starting from fully saturated state up to nearly dry. Table 1 lists out the prepared soil samples with 143 

and without soil amendments. 144 

 145 

Table 1. The Soil samples for the SWRCs test 146 

Samples Components 

Sand 

(% by weight) 

Clay 

(% by weight) 

Water retainer 

(% by volume of water)  

Sand (Control) 100 0 1,2,3,5 

Clayey sand A 70 30 1,2,3,5 

Clayey sand B 50 50 1,2,3,5 

 147 

Both sand and clay were dried separately at first in an electrical oven at 110°C for 24 hours to achieve 148 

100% dryness before made the samples. Meanwhile, the WR was added to the distilled water to 149 

prepare the solutions of four WR concentrations by weight (1%, 2%, 3% and 5%). 150 

2.1. Measuring SWRCs at the range of low suction or high soil water content 151 

The tests were performed using HYPROP-2. A certain weight of the oven dried soils were taken, 152 

measured and loaded into the sample ring of HYPROP-2. The amount of the soils just reaches the full 153 

volume capacity of the rings given slightly compacting. Thereafter, the soil-loaded HYPROP-2 sample 154 

rings were put into glass containers filled with either distilled water or the WR water solution of the 155 

defined volume percentages in the Table 1. The surface of the water within the container was kept 156 

at 2/3 of the height of the sample rings. The pressure sensors and the base unit of the HYPROP-2 157 

were degassed and set-up following the procedure outlined in the operation menu. After 24 hours, 158 

all soil samples bathed in the containers, assumed been fully saturated, were taken out and installed 159 

on the set-up HYPROP-2 unit to start the tests. All the tests thereafter were conducted automatically 160 

until the HYPROP-2 run out of its measurement range/capacity. 161 

2.2. Measuring SWRCs at the range of high suction and low soil water content 162 

The tests were performed using an environmental chamber. Distilled water or the WR water solution 163 

of the volume percentages in the Table 1 was little by little added into the oven dried soils until soils 164 

became fully saturated. Thereafter, they were loaded into aluminium containers of the dimensions: 165 
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54 mm in diameter and 30 mm in height. The saturated soil samples in the containers were further 166 

compacted using a stoper at the top to reach a height of 20 mm within the containers. Thereafter, 167 

all the prepared soil samples were weighed again and then put into the environmental chamber. The 168 

environmental chamber was set for a series of controlled relative humidity (RH) magnitudes, which 169 

were 90%, 75%, 60%, 45%, 30%, 20% and 10%, by stepwise. The soil samples were left under a certain 170 

RH magnitude for an enough long period of time. In the time, the soil water content was monitored 171 

by weighting on a scale with an accuracy of 0.01 g until the samples reached a stable state with no 172 

weight change detected for at least 1 week, when the soil pore water was assumed have reached an 173 

equilibrium state, before RH was set further down one step. 174 

 175 

3. Results and Discussion 176 

Fig. 2 shows the SWRC measurements of the HYPRO-2 tests. It can be seen that the clay amendment 177 

has significant effect on the water retention capacity enhancement for the control sand soil. The 30% 178 

clay content by weight has an average water saturation increase by about 3 times at a certain suction 179 

value in the range of pF = 2 ~ 3 (or suction = 100 ~ 1000hPa). However, when the clay content is over 180 

30% the effect on soil water content increment becomes much less. The effect of the clay on water 181 

retention improvement is more pronounced at relatively low soil water content or high suction value. 182 

A logical explanation for the observation is that the clay particles increase the total pore surface area 183 

of soil samples and reduces the average pore size, which enhances the relative amount of water film 184 

absorbed on pore surfaces and the condensed bulk water in pore volume. This also explains why the 185 

effect is more pronounced at high suction end. On the other hand, the total pore surface area 186 

increase is not in a linear trend with the increase of clay content. Compared with the clay, the WR 187 

amendment has displaced little effect on water retention enhancement in the suction range, pF = 0 188 

~ 3, or the corresponding water saturation range, Sw = 0.2 ~ 1. Fig. 3 compares the effect on the 189 

SWRCs when WR was used for the clay amened soils. Compared with the sand soil, the WR shows 190 

increased effect helping water retention at the tested WR concentrations up to 5%, particularly for 191 

the clayey sand B. 192 

 193 
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(a) The effect of clay 

 

(b) The effect of WR 

Fig 2. The effect of the two amendments on SWRC at low suction range 194 

 

(a) WR effect on clayey sand A 

 

(b) WR effect on clayey sand B 

Fig. 3. The WR effect on SWRCs of clayey sands at low suction range 195 

 196 

The measurements in Figs.2 and 3 show that for sand, the HYPROP-2 can only reach the maximum 197 

suction pF = 3 or the lowest water saturation Sw = 0.1. However, for the two clayey sands, the lowest 198 

water saturation can only reach at about Sw = 0.5, i.e. half saturated. For the part of the SWRCs at 199 

lower water content, the tests using the approach of relative humidity control and an environmental 200 

chamber were performed. The measurements of the environment chamber tests are given out in 201 

Figs. 4 and 5. The SWRCs are in the form of the relative humidity (RH) versus soil pore water 202 
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saturation. For the RH control tests, the capillary pressure or suction can be evaluated in terms of the 203 

Kelvin equation (Eq. (1)) according to Fredlund (1989). 204 

 205 

𝜓𝑚 = −𝑅𝑇𝑙𝑛(𝑅𝐻)/𝑉𝑤        (1) 206 

 207 

where ψm is the matric suction (Pa) with a positive value, R is the gas constant (8.314 J/mol), T is 208 

Kelvin temperature (set as room temperature at 21°C), RH is the relative humidity and Vw is the water 209 

molar volume, which is about 18.03×10-6 m3/mol at room temperature.  210 

Fig. 4(a) shows that the 30% clay amendment has the noticed effect on soil water content increase 211 

at a certain controlled RH when RH > 25%. However over 30% clay amendment, the effect almost 212 

unnoticeable. The result is in consistance with that observed in Fig. 2(a). When RH < 25%, the water 213 

retention capacity becomes worse for the clayey sands, compared to the control sand soil. This could 214 

be explained by that there is remaining pore water in clayey sands at such low water level because 215 

of the increase of inaccessible pores at that water content range. 216 

 217 

 

(a) Clay effect 

 

(b) WR effect 

Fig. 4. The influence of two soil amendments on the sand soil retention curves controlled by RH 218 

magnitude 219 

 220 
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Fig. 5 compares the effect of WR amendment on the SWRCs of the clayey sand soils. Contrast to the 221 

results in Fig. 3 for the part at high water content range, it can be seen that the WR amendment 222 

displaced noticeable effect enhancing the soil water retention capacity at low water content range. 223 

The lower the soil content, the higher the enhancing effect of the WR amendment. Meanwhile, the 224 

enhancing effect increases with the WR concentration. The results indicate the WR helps enhance 225 

the amount of water in the form of the film on pore surfaces. In the other word, the WR agent 226 

particularly increases the surface force between the soil particles and the pore water film. The 227 

comparison of the Fig. 5(a) and (b) further shows that the WR effect is quite similar on both clayey 228 

sands. This reflects the previous reasoning that the total pore surface area increase is not in a linear 229 

trend with the increase of clay content. 230 

 231 

 

(a) WR effect on clayey sand A 

 

(b) WR effect on clayey sand B 

Fig. 5. The effect of the water retainer (WR) on the SWRCs of clayey sands at low water content 232 

 233 

4. Soil Water Retention Characteristic Modelling 234 

To quantify the effect of soil amendment on the SWRCs, two models were compared in this study. 235 

One model is based on the van Genuchten formula (1980) in the form of the Eq. (2). 236 

 237 
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 𝑆𝑒 = [
1

1+(𝛼𝜓𝑚)𝑛]
(1−

1

𝑛
)

         (2a), 238 

 𝑆𝑤 = 𝑆𝑟 + (𝑆𝑠 − 𝑆𝑟) [
1

1+(𝛼𝜓𝑚)𝑛]
(1−

1

𝑛
)

       (2b), 239 

 240 

where 𝑆𝑒 =
𝑆𝑤−𝑆𝑟

𝑆𝑠−𝑆𝑟
 is the effective soil water saturation degree, Sw is the water saturation, Sr is the 241 

residual water saturation, Ss is the fully saturated water saturation; ψm is the matric suction (Pa); and 242 

α (1/Pa) and n are two parametric constants. 243 

 244 

 245 

Fig. 6. The water at pore scale in unsaturated soils 246 

pv - pore vapour pressure; pw - bulk pore water pressure; pwf - pore water film pressure 247 

 248 

The other one is a new three phase model, a revision on an ever-proposed physicochemical model 249 

for static water retention in unsaturated porous media (Wang el al., 2008; Wang, 2010; Wang et al., 250 

2012). As illustrated in Fig. 6, for unsaturated soils, three water phases coexist in pore space, they 251 

are the bulk water phase in the filled pore volume; the water vapour in the empty pore volume; the 252 

water film on the empty pore surfaces. In terms of the pressure of mixtures, the pore water matric 253 

potential is determined by the state of the three phases together, which therefore can be expressed 254 

in the form of the Eq. (3) below.  255 

 256 

𝜓𝑚 = 𝑃𝑐 + 𝑃𝑠 = (〈𝑝𝑤〉 − 〈𝑝𝑏〉) + 〈𝑝𝑤𝑓〉      (3) 257 
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 258 

where, 𝑃𝑐 = (〈𝑝𝑤〉 − 〈𝑝𝑏〉) is the capillary pressure evaluated by the interfacial meniscus between 259 

bulk pore water and the pore vapour; 𝑃𝑠 = 〈𝑝𝑤𝑓〉 is the average pressure of the entire water film on 260 

empty pore surfaces, i.e., surfaces of soil particles. The bracket, 〈 〉 =
1

𝑉𝑅𝐸𝑉
∫ 𝑑𝑉

𝑉𝑝𝑜𝑟𝑒

0
, is an operator 261 

for the volume average of bulk soil. The VREV stands for representative elementary volume of soil, 262 

and Vpore is the total pore volume in the VREV. The pore-scale pressure of the three phases can be 263 

evaluated by the Kelvin equation, Eq. (4), below. 264 

 265 

𝑝𝑓𝑖 =  𝑝0exp (
∆𝜇̅̅ ̅̅

𝑓𝑖

𝑅𝑇
)         (4) 266 

 267 

where pfi is the average gauge pressure of the fluid phase i on an adsorption surface (i.e. soil particle 268 

surfaces); ∆𝜇̅̅̅̅
𝑓𝑖 is a local average intrinsic molar chemical potential change of the fluid phase i and it 269 

is defined as ∆𝜇̅̅̅̅
𝑓𝑖 =

1

ℎ
∫ ∆𝜇𝑓𝑖(𝑧)𝑑𝑧

ℎ

0
 , where h is the thickness fluid phase on the adsorptive substrate 270 

surface, and ∆𝜇𝑓𝑖(𝑧) is the molar molecule potential change of the fluid phase at position z above 271 

the substrate surface. R is the gas constant; T is the temperature; p0 is a normal pressure. 272 

According to the understanding, the volume average pressure for the bulk water phase can be 273 

worked out as: 〈𝑝𝑤〉 =
1

𝑉𝑅𝐸𝑉
∫ 𝑝𝑤𝑑𝑉

𝑆𝑤𝑉𝑝𝑜𝑟𝑒

0
, where Sw is the pore water saturation degree. Similarly, 274 

the volume average pressure for the coexisting bulk vapour phase can worked out to be: 〈𝑝𝑣〉 =275 

1

𝑉𝑅𝐸𝑉
∫ 𝑝𝑣𝑑𝑉

(1−𝑆𝑤)𝑉𝑝𝑜𝑟𝑒

0
. Substituting Eq. (4) into the integration for the volume average of pressure, 276 

the volume average of the capillary pressure can be determined as shown in Eq. (5) (Wang et al., 277 

2012). 278 

 279 

𝑃𝑐 = 𝜆 [
1

𝛼
(exp( 𝛼𝑆𝑤) − 1) −

1

𝛽
(exp( 𝛽(1 − 𝑆𝑤)) − 1)]    (5) 280 

 281 

where λ is a constant relevant to the porosity (Vpore/VREV) and the initial water film condition when 282 

bulk water starts to accumulate in pore volume due to capillary condensation; α is a constant relevant 283 
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to the interfacial farce between the condensed water phase and the soil particles, while β is a 284 

constant relevant to the interfacial force between the vapour phase and the pore wall surfaces. 285 

To evaluate the water film component 〈𝑝𝑤𝑓〉 in Eq. (3), a t-curve model was adopted here. t-curve is 286 

a plot of the statistical thickness of the adsorbate liquid film on the surface of nonporous adsorbents 287 

at varied adsorbate vapour pressures. It plays an important role in pore structure analysis and 288 

provides an alternative method to estimate the specific surface area of porous media in addition to 289 

the BET model (Mikhail et al., 1968; Monnier et al., 2010). De Boer et al. (1966) reviewed three 290 

empirical models which had been successfully used to represent the measurements of the nitrogen 291 

adsorption isotherms of nonporous adsorbents, which are the modified BET model (Eq. 6(a)), the 292 

Harkins-Jura model (Eq. 6(b)) and the Frenkel-Halsey-Hill model (Eq. 7(c)). The three models have 293 

become useful tools in pore structure analysis (Christos et al., 2004; Soboleva et al., 2010). 294 

 295 

𝑡 =
𝑉

𝑉𝑚
=

𝑐𝑘(𝑝 𝑝0⁄ )

(1−𝑘(𝑝 𝑝0⁄ ))(1+(𝑐−1)𝑘(𝑝 𝑝0⁄ ))
       (6a) 296 

𝑙𝑜𝑔( 𝑝/𝑝0) = 𝐵 −
𝐴

𝑡2         (6b) 297 

𝑝/𝑝0 = 𝑒𝑥𝑝 (
−𝐶

𝑡𝑟 )         (6c) 298 

 299 

where t is the statistic water film thickness and p/p0 is the vapour relative pressure, which decides 300 

the intrinsic potential of the water film at the thickness t and can be described using the Kelvin 301 

equation (Eq. (4)). Comparing Eq. (4) with Eq. (6c), we may obtain Eq. (7). 302 

 303 

∆𝜇̅̅ ̅̅ 𝑤𝑓

𝑅𝑇
=

−𝐶

𝑡𝑟           (7) 304 

 305 

In unsaturated soils, the 𝛥𝜇̅̅̅̅
𝑤𝑓 decides the pressure of the water film on empty pore wall surfaces 306 

and t is linked to the pore water saturation degree. Based on this concept, a power function (Eq. (8)) 307 

is suggested here to describe the contribution of the water film to the matric suction in terms of pore 308 

water saturation. 309 
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 310 

〈𝑝𝑤𝑓〉 = 𝜒(1 − 𝑆𝑤)𝑛         (8) 311 

 312 

where c  and n are two constants; and Sw is the pore water saturation degree. 313 

Substituting Eq. (5) and (8) into the Eq. (3), the matric potential (or suction) of unsaturated soils can 314 

be expressed in the form of the Eq. (9). 315 

 316 

𝜓𝑚 = 𝜆 [
1

𝛼
(exp( 𝛼𝑆𝑤) − 1) −

1

𝛽
(exp( 𝛽(1 − 𝑆𝑤)) − 1)] + 𝜒(1 − 𝑆𝑤)𝑛  (9) 317 

 318 

In the next section, Eqs. (2) and (9) are used to represent the SWRCs measured in the preceding 319 

experimental tests. 320 

 321 

5. SWRCs Modelling  322 

5.1. Soil water retention curves at the low suction range 323 

Fig. 7 compares the modelling results using the van Genuchten model (Eq. (2)) and the three-phase 324 

model (Eq. (9)) to represent the SWRC measurements of the HYPROP-2 tests. The results 325 

demonstrate that both characteristic models present a good representation for the SWRC at low 326 

suction (or high-water saturation) range for all three soils at three different levels of WR application. 327 

However, when suction increases (or water saturation reduces) below a certain value, the van 328 

Genuchten (vG) model diverts away from the trend of the experimental data but the three-phase 329 

model keeps a good fit to the measurements. 330 

 331 
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 332 

(a) Sand (Control) with three different WR applications 333 

 334 

(b) Clayey sand A with three different WR applications 335 

 336 

(c) Clayey sand B with three different WR applications 337 

Fig. 7. Modelling of the SWRCs measured by HYPROP-2 tests 338 

 339 

5.2. Soil water retention curves at the high suction range 340 
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Figs. 8 and 9 compares the results using the Eqs. (2) and (9), respectively, to represent the SWRC 341 

measurements of the environmental chamber tests. Fig. 8 shows that the van Genuchten (vG) model is 342 

ineffectively representing both the SWRCs of all the three soils and the effect of the WR at varied 343 

application levels on the SWRC. For all measurements, Eq. (2) diverts away from the SWRC trend when 344 

the suction is higher than 124 MPa (or the controlling RH is lower than 40%). The fitting curves indicate 345 

that WR effect on water retention is particularly active at low water content and increases with the 346 

concentration. 347 

 348 

 

(a) 

 

(b) 

 

(c) 

Fig. 8. The vG model modelling of the SWRCs measured by relative humidity control tests 349 

 350 

Fig. 9 shows that the proposed three-phase model has well represented all the SWRCs measured by 351 

the relative humidity (RH) control tests. It has accurately predicted the effect of both soil 352 

amendments on soil water retention improvement in the whole tested RH range. As the soil water 353 

content in the range from fully saturated to the equilibrium state under 90% RH is that covered by 354 

the HYPROP-2 tests, and the curves in that range in the Fig.9 are almost same, so the RH control tests 355 

are consistent with the HYPROP-2 tests. The three-phase model demonstrates the ineffectiveness 356 

using the WR at relatively high soil water content range. Meanwhile it well descripts the influence of 357 

WR concentration on the SWRCs at low soil water content. A valuable notice from the modelling 358 

results is that for the 5% WR curves of the two clayey sand soils, the water retention capacity starts 359 

to decline at the high suction end (or low water content end), compared to that of the 3% WR. This 360 

can be attributed to the extremely low pore water content at the situation when the WR to water 361 
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ratio is too high to work effectively. This can also explain that the decline of the 5% WR curve of 362 

clayey sand B at high suction is much faster than that of the counterpart one of the clayey sand A. As 363 

the clayey sand B has higher specific surface area, under the same water content the WR 364 

concentration in the remaining soil water, particularly for the water film on pore surface, is much 365 

higher than that of the clayey sand A. 366 

 367 

 

(a) 

 

(b) 

 

(c) 

Fig. 9. The three-phase model modelling of the SWRCs measured by RH control tests  368 

 369 

The results of three-phase model can provide further understanding of WR effect on the capillary 370 

contribution (Pc) and water film contribution (Ps), respectively, in the total matric suction. Fig.10 371 

shows the two components (Eqs. (5) and (8)) in the Eq. (9) for all the SWRCs. Align with what have 372 

been observed in Fig. 9, it can be further seen that WR helps to enhance the Pc in high suction or low 373 

soil water saturation range because WR increases the bulk water surface tension. The higher the WR 374 

concentration, the higher is the increase of surface tension. The WR also enhances the Ps, particularly 375 

at the low soil water saturation. Comparing with the Pc , Ps is deliberately presented in log-scale in 376 

Fig. 10. The comparison illustrates that WR presents much significant effect on Ps in a form of 377 

exponential trend with WR concentration. It indicates that WR is particularly active in enhancing the 378 

bonding of water film with the soil particles. It can also be clearly seen that for the clayey soil A and 379 

B samples, the Ps of the 5% WR decreases fast when the water saturations are about 1.1%. The 380 

smaller the pore size (average pore size of clayey soil B < that of clayey soil A) the flatter the curve or 381 

the less active action of the WR can be observed. Fig. 9(a), (c) and (e) show that all Pc component 382 

curves converge to zero when the pore water content reaches the state of full saturation. However, 383 
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the Ps curves in (b), (d) and (f) intercept with the x-axis (suction = 10-4 Pa ≈ 0) at water saturation less 384 

than 1. For the clayey sand B, there is a clear trend that the higher the WR concentration the bigger 385 

the Sw of the x-axis intercept, because clayey sand B has a high specific surface area. The higher the 386 

Sw intercept on the x-axis the less the free water in fully saturated soil samples. The modelling 387 

highlights the enhancement of the WR effect with the its concentration. Overall, the three-phase 388 

model has identified all key underlying mechanisms well and is in good agreement with what has 389 

been noticed and discussed in the experiment before. 390 

 391 

 

(a) Sand (Control) - Pc component  

 

(b) Sand (Control) - Ps component  

 

 

(c) Clayey sand A - Pc component 

 

 

(d) Clayey sand A - Ps component 
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(e) Clayey sand B - Pc component  

 

(f) Clayey sand B - Ps component  

Fig. 10. The capillary component Pc and the water film component Ps in the three-phase modelling 392 

 393 

6. Characterization of the WR Concentration on the SWRCs 394 

To provide guidance for effective use of the conditioning water retainer in soil water management 395 

practice, a characterization model for the WR concentration on the SWRCs is proposed. Unlike the 396 

clay amendment, which modifies the soil pore structure, the WR only modifies the interfacial forces 397 

between the three water phases in unsaturated soils but have no modification on the pore structure 398 

of soils. A WR effect model based on the three-phase SWRC model (Eq. (9)) is proposed in the form 399 

of the Eq. (10), as shown below. The added extra exponential term is to quantify the WR effect. The 400 

similar approach has been adopted for the characterization of other physical properties of 401 

unsaturated porous materials (Jin et al. 2017; Xiang et al. 2020) 402 

 403 

𝜓𝑚 = 𝑒𝛾𝐶𝑊𝑅 (𝜆 [
1

𝛼
(exp( 𝛼𝑆𝑤) − 1) −

1

𝛽
(exp( 𝛽(1 − 𝑆𝑤)) − 1)] + 𝜒(1 − 𝑆𝑤)𝑛) (10), 404 

 405 

where γ is a constant, CWR is the usage of the WR. For all the SWRC experimental tests, the WR was 406 

added in the water beforehand, then the prepared WR water solutions were mixed with oven dried 407 

soils up to saturated state. The SWRCs were measured by drying from a fully saturated state. In the 408 

drying process, the soil pore water evaporates, however, the WR is assumed not evaporable and 409 

remains in the soil. As the result, the WR concentration in soil pore water keeps increase with the 410 

drying process but the weight ratio of the WR to the soil samples remains a constant. Using the Eq. 411 

(10) to present all the SWRC measurements of a specific soil sample, we take the CWR to be the initial 412 

WR to Soil weight ratio (WR/Soil) at the start of the saturated state. Fig. 11 displays the modelling 413 

results using the Eq. (10) to fit all the SWRC measurements in 3D space for the suction versus the 414 
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WR/Soil ratio and the soil water saturation, and the modelling relative error. It can be seen that the 415 

Eq. (10) well represents the surface of suction for all the three soils. The overall modelling average 416 

relative error is about 5%. 417 

 418 

 419 

  

 420 

(a). Modelling for sand (Control) 421 

 422 

  

 423 

(b). Modelling for clayey sand A 424 

 425 

 426 
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(c). Modelling for clayey sand B 427 

Fig. 11. The characterization modelling of the effect of the WR concentration on SWRCs 428 

 429 

Fig. 12 illustrates the parametric variation of the Eq. (10) with the WR content for the three soils. It 430 

can be seen that the WR has little effect on the parameters of α and β which have a certain value for 431 

specific soils. The parameter, λ, decreases with the WR content at approximately a linear trend, while 432 

the parameter, χ, which is presented in log scale, increases exponentially until the WR at the initial 433 

saturated state reaches 3%. This is in line with previous analysis that WR particularly influences the 434 

interfacial forces between the water film and soil particles. 435 

 436 

 437 

(a) Sand (Control) 438 
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 439 

(b) Clayey sand A 440 

 441 

(c) Clayey sand B 442 

Fig. 12. The parametric variation of the model Eq. (10) with WC content 443 

 444 

7. Conclusions 445 

This paper reports research on the assessment of a natural solid and a synthesised liquid soil 446 

amendments for soil water retention improvement. The soil water retention curve has been selected 447 

to comparing their effects. Two approaches were adopted to obtain a full range of the SWRCs from 448 

fully saturated to nearly dry. A new mathematical model was proposed to represent the effect the 449 
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amendments on SWRCs in full range of saturation and employed to characterize the WR 450 

concentration effect. From the results and the analysis, the following conclusions can be drawn: 451 

• HYPROP-2 and relative humidity control approaches together have been successfully 452 

applied to assess the effect of soil amendments on soil water retention characteristic 453 

curves. The measurements are stable, and the recorded curves are smooth and complete. 454 

• Both the tested soil amendments demonstrate the effect on soil water retention 455 

enhancement. The natural clay is more effective at high soil water content range while the 456 

conditioning water retainer primarily works at low soil water content range. The active range 457 

of 3% WR is about at the pore water saturation is less than 0.02, and 5% WR is about 0.03. 458 

• The proposed 3-phase model demonstrates a good performance representing the SWRCs for 459 

wide range of the soil water saturation from fully saturated to nearly dry. In addition, it 460 

provides an advantage to assess the soil amendment agents effect on water film and bulk 461 

water capillarity, respectively, which helps to well understand and interpret the working 462 

mechanism of soil amendments. A derived model on it has been successfully applied to 463 

quantitatively characterize the effect of the WR usages on SWRCs. The two models can be 464 

useful tools for the WR application in water management practice. 465 
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