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The soil-water characteristic curve (SWCC) and permeability function are critical parameters for understanding the hydraulic behavior of unsaturated soils and are increasingly relevant in evaluating alternative materials for geotechnical and environmental applications. While recycled materials like concrete waste hold promise as substitutes for natural soil, limited research has been conducted to systematically characterize their unsaturated hydraulic properties. In particular, previous studies have largely overlooked the influence of grain size distribution on the SWCC and permeability of concrete waste, resulting in a gap in data necessary for practical application. This study addresses that gap by directly measuring the SWCC and saturated permeability (ks) of concrete waste with varying grain size distributions—a novel approach not widely explored in earlier research. The SWCC was determined using a Tempe cell, and saturated permeability was measured using a constant head test. Results showed that three of the five samples exhibited relatively low ks values, while the remaining two displayed significantly higher permeability. In terms of saturated volumetric water content, In terms of saturated volumetric water content, poorly graded sand demonstrated a greater capacity to retain water, whereas sandy gravel and well-graded sand had much lower water retention, indicating poor drainage. These findings reveal that the hydraulic behavior of concrete waste is highly variable and dependent on its particle size composition and internal structure. By providing new empirical data, this study contributes original insights into the feasibility of using concrete waste as an engineered fill or barrier material in soil-related applications, where understanding unsaturated hydraulic properties is essential for modeling groundwater flow and assessing environmental impact.
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1 INTRODUCTION
As the largest archipelagic nation with a tropical climate, Indonesia faces a high degree of vulnerability to the impacts of climate change. Increased temperatures and intensified rainfall patterns contribute to a greater likelihood of slope failure, particularly in areas underlain by residual soils. These soils, commonly found in tropical regions, are inherently heterogeneous, with grain-size distributions that are highly variable and often unpredictable (Murthy, 2002). From a geotechnical perspective, understanding the behavior of such soils under changing moisture conditions requires the application of unsaturated soil mechanics. Key to this understanding is the role of soil suction, especially in the vadose zone, where it mitigates excess pore water pressure caused by flux boundary changes like infiltration and evaporation (Rahardjo et al., 2019a).
Soil suction, defined as the difference between air pressure and pore water pressure (ua – uw), typically simplifies to negative pore-water pressure under field conditions where air pressure is atmospheric (Briaud, 2023). During rainfall events, the infiltration of water into the unsaturated zone forms a perched water table, causing an increase in pore water pressure and shifting the stress state depending on the depth of wetting. In Indonesia, slope failures—largely associated with residual soils—commonly occur during the rainy season due to this mechanism.
Several studies have emphasized the role of rainfall-induced infiltration and the application of capillary barrier systems (CBS) in reducing slope instability (Rahayu et al., 2024). While these studies have established the conceptual viability of CBS in minimizing infiltration and excess pore pressure (Li et al., 2021), limitations remain. Most prior research has been conducted using conventional soil materials, with little focus on sustainable alternatives such as construction and demolition waste. Furthermore, limited data exists on the hydraulic behavior of waste concrete under unsaturated conditions, particularly in configurations relevant to CBS design. The variability in grain size distribution in waste-derived materials also introduces complexities that have not been sufficiently explored in relation to their effect on unsaturated hydraulic properties.
To address these gaps, this research presents a novel investigation into the use of waste concrete as a non-cohesive material for capillary barrier systems. The originality of this study lies in its focus on characterizing the unsaturated hydraulic behavior of recycled concrete materials with varying particle size distributions—an area previously underexplored in tropical slope stability research. Previous studies on unsaturated hydraulic properties, such as the soil-water characteristic curve (SWCCs) and the permeability function, have largely focused on natural soils (Li et al., 2011; Wijaya et al., 2024; Yao et al., 2021; Zhang et al., 2017; Zhou et al., 2014). Previous works also demonstrated that SWCC behavior is affected by sample size, plasticity, and fines content (Raghuram et al., 2020; Raghuram et al., 2023; Raghuram et al., 2024), highlighting the importance of material-specific investigations. Recent study also highlighted significant progress in suction measurement methods, including the development of high-suction polymer tensiometer (Liu et al., 2024). Studies on recycled concrete materials have given little consideration to the unsaturated hydraulic properties (Ito et al., 2022; Rahardjo et al., 2013).
The main objective of this research is to determine the hydraulic characteristics of waste concrete as a non-cohesive material under unsaturated conditions. Five different grain-size distributions are tested. The soil-water characteristic curve (SWCCs) of the samples are determined using the Tempe Cell method, and the hydraulic properties are derived through saturated permeability tests and fitted statistical models. These unsaturated parameters are essential for future research aiming to optimize the configuration of fine- and coarse-grained layers within a capillary barrier system.
2 METHODS
2.1 Material properties
The material used in this research is concrete waste. Recycled concrete aggregate (RCA) is prepared the same as soil but is pulverized using a rock hammer after being collected from waste materials that are no longer in use. The concrete waste used in this study was collected from construction debris originating in Bandung, West Java, Indonesia. All samples were prepared by compacting manually the concrete waste aggregates using a pestle with each layer tamped uniformly. This procedure was selected to minimize excessive particle crushing while ensuring uniform density across samples. Based on the grain size distribution, sample one contains 90 percent coarse sand. Sample two contains 95 percent medium sand. Sample three contains 95 percent medium sand. Sample four contains 50 percent gravel and 28 percent coarse sand and 22 percent medium sand. sample five contains 10 percent medium sand and 50 percent medium sand.
2.2 Soil-water characteristic curve
In this research, laboratory tests under unsaturated conditions were performed on disturbed of concrete waste (CW) samples. The initial conditions of the CW samples were determined prior to testing. Table 1 shows the values of initial void ratio (e), gravimetric water content (w), and volumetric water content (θ). These parameters provide the initial reference in the determination of unsaturated permeability function. Suction measurements were performed using the Tempe Cell (Rahardjo et al., 2019b). The Tempe Cell comprises four main components, including a base cap, a porous ceramic plate, a brass cylinder, and a top cap. The component dimensions of the specimen cylinder are 2.12 inches (5.38 cm) and a length of 2.36 inches (6.00 cm). The maximum capacity of soil suction that occurs on porous ceramic plates (high AEV) is only 100 kPa. To ensure that soil suction measurements can run optimally, the porous ceramic plate must first be saturated by submerging it inside a container filled with distilled and de-aired water.
TABLE 1 | Initial condition of CW samples.	Initial condition of CW samples	Sample 1	Sample 2	Sample 3	Sample 4	Sample 5
	Void Ratio, e	1.12	1.00	1.01	0.36	0.86
	Gravimetric water content, w (%)	39.87	33.53	37.75	13.66	30.99
	Volumetric water content, θ	0.50	0.44	0.50	0.27	0.45


The working principle of the Tempe Cell is that the amount of air pressure applied is the same as that of soil suction that occurs on the porous ceramic plate. When air pressure is applied, the water molecules in the specimen cylinder can flow out into the porous ceramic plate. The time required to reach equilibrium conditions in soil suction measurements is highly dependent on the thickness and permeability of the soil specimen being tested. Measurement of water content was carried out by weighing the concrete waste sample in the specimen cylinder along with the Tempe Cell after reaching equilibrium conditions in the soil suction. After performing the final measurement of soil suction by applying the highest air pressure of 100 kPa, the CW sample was removed and dried in an oven for approximately 24 h. The final measurement results of water content and weight changes in the previous concrete waste sample were used to recalculate the water mass in accordance with the soil suction value in stages. Next, the soil suction values ​​and water content (gravimetric, volumetric, and degree of saturation) can be plotted on a graph, ultimately producing a SWCC curve.
The water characteristic curve consists of three conditions that represent the desaturation zone in a type of soil, including boundary conditions, transition conditions, and residual conditions (Rahardjo et al., 2019a). Specifically, the Air-entry value (AEV) is defined as the point at which there is a sufficiently large pressure difference between the air and water so that water molecules can be displaced by the air from the soil pore space. Meanwhile, residual suction is defined as a point where there is a further increase in matrix suction that fails to remove large amounts of water. The best fitting of the soil-water characteristic curve in this study includes six parameters fitting curve based on a non–linear regression function utilizing Equation 1 proposed by Satyanaga et al. (2017):
θw=1−ln1+ψψrln1+106ψr×θr+θs−θr −βerfclnψa−ψψa−ψms(1)
where: β = 0 when ψ≤ψa; β = 1 when ψ≥ψa; θw = calculated volumetric water content; θs = saturated volumetric water content; ψ = matric suction under consideration (kPa); ψa = parameter representing the air-entry value of the soil (kPa); ψm = parameter representing the matric suction at the inflection point of the SWCC (kPa); ψr = suction corresponding to the residual water content, θr ; s = parameter representing the geometric standard deviation of the SWCC; θr = parameter representing the residual volumetric water content.
2.3 Permeability function
The constant-head (CH) permeameter method is widely used in pervious concrete permeability coefficient test at the laboratory (Zhang et al., 2020). The Constant head permeability test follows the principle of Darcy’s Law. The coefficient of water permeability was calculated by Equation 2:
KT=QLAHt(2)
Where: KT is the water permeability coefficient at water temperature of T °C (cm/s); Q is the quantity of water collected over time t (s); L (cm) is thickness of sample; A is the cross-sectional area of the sample (cm2); H is the water head above the specimen (cm); t is the time of the water collected after the water flow from the over flow port stabilizes (s).
The constant head consists of a plastic soil specimen, two porous stones, two rubber stoppers, one spring, one constant head chamber, a large funnel, a stand, a scale, three clamps, and some plastic tubes (Das, 2004). The constant head permeability test was conducted on cylindrical specimens with a diameter of 63.2 mm and a length of 140 mm. A hydraulic gradient was applied by maintaining a constant head difference equivalent to the specimen length. The detailed experimental setup and procedure followed those adopted in previous study by Adinegara et al. (2025).
In unsaturated soil mechanics, the permeability function can be determined from the soil-water characteristic curve (Fredlund and Xing, 1994). The soil-water characteristic curve describes the behavior and ability of soil to store or drain water, which is highly dependent on the grain size distribution of soil. The permeability function reflects the relationship between the coefficient of permeability (kw) and soil suction (ψs). The determination of the permeability function was conducted using statistical methods following the procedure explained in (Fredlund et al., 2012). To estimate the soil permeability function based on the three parameters in the SWCC curve, it can be analyzed using Equation 3 (Fredlund and Xing, 1994):
kw=ksat·∫ln⁡ψln⁡ψrθsey−θsψeyθs′eydy∫ln⁡ψAEVln⁡ψrθsey−θsψAEVeyθs′eydy(3)
Where kw is the relative coefficient of permeability, ksat is the saturated coefficient of permeability, and θs is the volumetric water content. ψ is soil suction, ψaev is the suction at the lower limit of integration, commonly taken as the air-entry value (AEV), and ψr is the soil suction at the upper limit of integration, commonly taken as residual soil suction.
3 RESULTS AND DISCUSSION
The grain-size distributions (GSDs) of the investigated concrete waste are presented in Figure 1. It shows that Sample four consists of around 79% gravel and 31% sand size particles. Samples 1, two and three present the uniform particle size since the shape of their GSD is classified as poorly graded sand. Sample five is classified as well-graded sand with 10% coarse sand, 45% medium sand, and 45% fine sand.
[image: Particle size distribution graph with percent finer on the vertical axis and grain diameter in millimeters on the horizontal axis. Five samples are compared: Sample 1 (red diamonds), Sample 2 (green triangles), Sample 3 (purple circles), Sample 4 (black squares), and Sample 5 (blue plus signs). The chart shows distinctions between gravel, coarse sand, medium sand, fine sand, and fines, with sample lines descending left to right.]FIGURE 1 | Grain-size distribution of concrete waste.Table 2 lists the saturated permeability of concrete waste material used in this study. Specifically, Samples 3, 2, and one have a uniform grain size distribution pattern and are classified as poorly graded sand. The saturated permeability (ks) in each sample has a relatively very small value, namely, 1.12 x 10−5 m/s, 3.27 x 10−5 m/s, and 3.46 x 10−5 m/s. Sample 5 has a diverse grain size distribution pattern and is classified as well-graded sand, with a relatively high saturated permeability (ks), namely, 750 x 10−5 m/s. Sample 4 has a very diverse grain size distribution pattern and is classified as sandy gravel, with a relatively very high saturated permeability (ks), namely, 1,000 x 10−5 m/s. As is known, grain size distribution plays a quite important role, especially in terms of groundwater flow. The smaller and more uniform the grain size of a soil type, the smaller the saturated permeability value (Rotz, 2021).
TABLE 2 | Saturated permeability of CW material.	Soil mechanical properties	Sample 1	Sample 2	Sample 3	Sample 4	Sample 5
	Grain-size distribution parameters
	D60	3.6	1.8	0.9	12	0.9
	D30	2.9	1.4	0.72	6	0.42
	D10	2.5	1.2	0.62	1	0.23
	% passing No. 200	0	0	0	2	2
	Permeability Test (Constant Head)
	Coefficient of Permeability, ks (cm/s)	0.00346	0.00327	0.00112	1	0.75
	Coefficient of Permeability, ks (m/s)	3.46 x 10−5	3.27 x 10−5	1.12 x 10−5	0.01	0.0075


In a typical procedure, the Tempe cell test was started with a saturation process. Based on the concrete waste saturation process, there is an increase in water content with each addition of water molecules. The saturation process for the concrete waste sample was carried out for 7 days until reaching a fully saturated condition, which was characterized by stability in the weight of the Tempe Cell and the sample in the specimen cylinder.
Figure 2 shows the lab data on the measurement results from soil suction data obtained using the Tempe Cell. The best-fitting curve was performed after determining the appropriate initial values for the six parameters for the SWCC curve unimodally using a non–linear regression function (Satyanaga et al., 2017). The procedure for applying the non–linear regression function has been repeatedly provided in Microsoft Excel software.
[image: Three graphs show soil water retention data. Graph (a) plots volumetric water content versus soil suction for five samples with best-fitting curves. Graph (b) displays degree of saturation versus soil suction for the same samples with corresponding best-fit lines. Symbols differentiate the samples. Soil suction ranges from 0.1 to 100 kPa.]FIGURE 2 | Modeling and plotting best fit curve (SWCC). (a) Relationship between volumetric water content and soil suction. (b) Relationship between degree of saturation and soil suction.The relationship between the volumetric water content and soil suction of the investigated concrete waste are presented in Figure 2a. The volumetric water content is defined as the comparison value between the volume of water and the total volume of the specimen cylinder expressed as a percent (Leong and Wijaya, 2023). The saturated volumetric water content (θs) describes the behavior and ability of the soil to store water. Samples one and three have a very high storage capacity, with a saturated volumetric water content (θs) value of 0.495 or 50%. Samples two and five have high storage capacities, with respective saturated volumetric water content (θs) values of 0.445 or 45%, and 0.455 or 46%. Sample 4 has a low storage capacity, with a saturated volumetric water content (θs) of 0.265 or 27%. Meanwhile, the residual volumetric water content (θr) describes the behavior and ability of the soil to drain water. Sample 4 has a low drainage capacity, with a residual volumetric water content (θr) of 0.145 or 15%. Samples 5, 1, and three have relatively moderate drainage capacities, with respective residual volumetric water content (θr) values of 0.175 or 18%, 0.195 or 20%, and 0.205 or 21%. Sample 2 has a high drainage capacity, with a residual volumetric water content (θr) of 0.275 or 28%.
The relationship between the saturated water content and soil suction of the investigated concrete waste are presented in Figure 2b. Degree of saturation is defined as the ratio of water volume to void volume, which is also expressed as a percentage. Sample one and Sample two exhibit moderate degrees of saturation with respective values of 0.943 or 94%, and 0.89 or 89%. Sample 3, four and Sample five have a relatively high degree of saturation with respective values of 0.99 or 99%.
Based on Figures 2a,b, soil suction consists of three conditions, including boundary conditions (ψaev), transition conditions (ψm), and residual conditions (ψr). The AEV (ψaev) quantity describes the existence of a large enough pressure difference between air and water so that water molecules can be moved by air from the soil pore space. Samples 2, 3, 4, and one have relatively moderate AEV (ψaev) magnitudes, with values of around 0.5 kPa. Sample 5 has a high AEV (ψaev), with a value of 0.8 kPa. The suction inflection point (ψm) represents a brief increase in matrix suction which is correlated with the desaturation speed (δs). Samples one and two have low suction inflection points (ψm), with values of 0.50 kPa and 0.59 kPa respectively. Samples four and three have relatively moderate suction inflection points (ψm), with values of 1 kPa and 1.2 kPa respectively. Sample 5 has a high suction inflection point (ψm), with a value of 2 kPa. For more details, the best-fitting parameters of the water characteristic curve of concrete waste can be shown in Table 3.
TABLE 3 | Best Fitting Parameters of water characteristic curve of concrete waste.	Parameter	DEG. SAT
	Sample 1	Sample 2	Sample 3	Sample 4	Sample 5
	s	5.00	2.51	1.18	8.00	2.00
	R2	0.999	0.999	1.000	0.999	0.992
	θs	0.94	0.89	0.99	0.27	0.45
	θr	0.14	0.188	0.19	0.00	0.00
	ψaev (kPa)	0.50	0.48	0.49	0.50	0.80
	ψm (kPa)	0.50	0.59	1.22	1.00	2.00


As is known, grain size distribution is greatly influenced by the amount of soil suction that occurs. The smaller the grain size contained in a type of soil, the greater the air–entry value (ψaev) into the soil pores (Leong, 2019).
Figure 2 shows that conversion and graph plotting are performed on the modeling results, along with the best fit for the water characteristic curve (SWCC). It is worth noting that the test data for the saturated permeability of CW material were used to determine the permeability function. The saturated permeability (ks) was found to be 1.12 x 10−5 m/s in Sample 3, 3.27 x 10−5 m/s in Sample 2, 3.46 x 10−5 m/s in Sample 1, 750 x 10−5 m/s in Sample 5, and 1,000 x 10−5 m/s in Sample 4. In terms of application, the permeability function can be analyzed using Equation 2.2, based on three parameters from the best fit on the SWCC. Generally, the permeability function reflects the relationship between the coefficient of permeability (kw) and soil suction (ψs).
Figure 3 shows conversion and graph plotting for the permeability function of CW. The coefficient of permeability (kw) in CW material, especially in boundary conditions (ψaev), has a value of 5.43 x 10−4 m/s in Sample 3, 1.57 x 10−3 m/s in Sample 2, 1.73 x 10−3 m/s in Sample 1, 4.95 x 10−1 m/s in Sample 4, and 6.00 x 10−1 m/s in Sample 5. Meanwhile, the coefficient of permeability (kw) in CW material, especially in transition conditions (ψm), has a value of 1.37 x 10−3 m/s in Sample 3, 1.73 x 10−3 m/s in Sample 1, 1.92 x 10−3 m/s in Sample 2, 1.000 m/s in Sample 4, and 1.500 m/s in Sample 5. As is known, grain size distribution plays a crucial role, especially in understanding the behavior of groundwater flow. Fine grained soil generally retain water through adsorption and capillarity, with adsorption being dominant in clay due to the high specific surface area (D.G. Fredlund and Rahardjo, 1993; Lu, 2016; Lu and Likos, 2004). However, since the concrete waste examined in this study contains no clay particles, adsorption is negligible. The unsaturated hydraulic behavior is therefore governed primarily by capillarity and pore-size distribution, which explains the observed differences in SWCC and permeability among the samples.
[image: Logarithmic graph showing the coefficient of permeability (k_w) versus soil suction (ψ) for five samples. Sample 1 (blue circles), Sample 2 (red squares), Sample 3 (red triangles), Sample 4 (green diamonds), and Sample 5 (black crosses) display decreasing permeability with increasing soil suction from 0.1 to 100,000 kPa.]FIGURE 3 | Permeability function.To further evaluate the effectiveness of concrete waste (CW) as a capillary barrier material, a one-dimensional seepage model was conducted using the seepage finite element program SEEP/W. This seepage analysis consisted of evaluating different finer layer materials (Samples 1,2,3,5) combined with Sample 4 as the coarser layer. The model configuration consisted of a finer CW layer (thickness of 0.75 m) overlying a coarser CW layer (Sample 4 with a thickness of 0.75 m). Sample four was selected as the coarser layer because it showed the highest saturated permeability. A constant rainfall infiltration rate of 150 mm/day was applied for 6 h at the top of the model. The boundary conditions specified zero pressure at the bottom of the model and no-flow along the sides to ensure that water movement occurred only in the vertical direction.
The initial matric suction at the top of the finer layer was approximately 15 kPa. At this suction, the unsaturated permeability of the finer materials differs significantly. At a matric suction of approximately 15 kPa, Samples one and 2 (uniformly graded with moderate θs) showed higher unsaturated permeability, on the order of 10−5 – 10−6 m/s, compared with the other samples, resulting in fast wetting. At matric suction of approximately 15 kPa, Sample three shows moderate unsaturated permeability values relative to the other finer materials. This behavior reflects the broader transition zone in its SWCC between the air-entry value and the suction inflection point. In contrast, Sample four shows significantly lower permeability (around 10−7 m/s) at the same suction level, reflecting stronger resistance to infiltration. The more gradual increase in unsaturated permeability observed in Sample four corresponds to its higher air-entry value and greater suction at the inflection point, allowing the material to maintain low permeability over a wider suction range.
Figure 4 shows the time-dependent pore-water pressure distribution of concrete waste (finer and coarser layers) under 150 mm/day rainfall. For Samples one to three used as the finer layer, the infiltration zone progresses downward more quickly, as indicated by the reduction of suction with time. In the case of Sample 4, changes in pore-water pressure are insignificant, reflecting its limited permeability under unsaturated conditions. This opposing behavior is governed by the air-entry value (AEV) and suction inflection point of each material. Samples one to three, with lower AEV values (around 0.50 kPa), allow earlier water entry and faster increase in permeability, which explains the quicker wetting response. In contrast, Sample 4 has a higher AEV and a delayed inflection point, which delays water entry and maintains lower permeability under rainfall infiltration.
[image: Four graphs display pore-water pressure versus column thickness for different samples over time. Each graph shows data from initial time to six hours using varied line colors. Dashed horizontal lines indicate separation between finer and coarser layers. The pressure decreases from left to right, showing how pore-water pressure changes dynamically across distinct samples and time intervals.]FIGURE 4 | Pore-water pressure profiles of CW under 150 mm/day rainfall.4 CONCLUSION
The hydraulic properties of soil are a determining factor in understanding the behavior of groundwater flow and are largely influenced by the grain size distribution of the soil type. The smaller the grain size of a type of soil, the higher the soil’s ability to absorb and store groundwater. However, this is inversely proportional to the relatively low ability of groundwater to flow. CW (Concrete Waste) material can be used as an alternative to prevent slope collapse during the rainy season because this material has quite high-water drainage capabilities. The CW material is installed as a cover at the bottom of the slope surface, which functions as a preventer of rainwater infiltration and reduces excessive increases in pore water pressure, especially in unsaturated soil zones. The finer CW material is placed over the coarser CW material to prevent rainwater infiltration into the slope. The upper layer, finer CW absorbs and holds rainwater, causing it to drain horizontally down the slope. Simultaneously, the underlying coarse-grained layer remains unsaturated, functioning as a capillary barrier that retains water from penetrating deeper. This barrier remains effective unless a critical saturation point is reached.
The one-dimensional seepage analysis demonstrates that the hydraulic performance of concrete waste in a capillary barrier depends on the choice of finer material. Samples one to three, with lower AEV values, allow earlier water entry and reach higher permeability at relatively low suction, which explains their rapid wetting behavior. In contrast, Sample 4 has a higher AEV and an inflection point at greater suction, which delays water entry and maintains lower permeability during rainfall infiltration.
To extend the findings of this research, further studies are planned to conduct an infiltration box test incorporating sensors to directly monitor pore-water pressure. This approach will provide experimental validation of the numerical simulations, which in the present study were based only on laboratory-derived parameters. The combination of sensor-based infiltration tests and numerical modeling is expected to strengthen the reliability of using concrete waste as a capillary barrier material. Following this stage, a full-scale field application can be considered to evaluate the performance of concrete waste layers as a capillary barrier under real rainfall and slope conditions.
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