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Abstract: The water retention curve is indispensable in studies involving flow in unsaturated media and provides essential information about the behavior of porous materials, allowing the estimation of the hydraulic conductivity function [1]. One issue related to flow in unsaturated media is the movement of water within iron ore loaded on ships, leading to saturation zones that are prone to flow failure. Millions of tons of iron ore are transported annually by maritime vessels, and the water content of the material is a critical factor in preventing saturation-related maritime accidents [2];[3]. In addition to problems during transportation, the discharge of ore at arrival ports may contain free water inside the vessel [4]. Thus, there is a need for a better understanding of water content values during loading. This study presents the determination of the water retention curve and hydraulic conductivity function of iron ore using the HYPROP system. The paper describes the procedures used and the results obtained for an iron ore produced in the region of Minas Gerais, Brazil. The results are compared with data from other methods. 
Introduction Controlling the water content of iron ore is essential in maritime transport, as millions of tons are shipped each year. Poor management of water content can result in localized areas of saturation within ship holds, significantly increasing the risk of maritime accidents. When cargo becomes saturated, it can behave like a fluid under dynamic conditions, which poses safety hazards during transit. The moisture present in iron ore originates from the material itself and can migrate internally during transport, leading to partial cargo saturation and increasing the risk of liquefaction. Although iron ore is generally shipped within the maximum allowable water content (Transportable Moisture Limit – TML), water tends to move downward to the base of the cargo, contributing to its saturation. The drainage system of each cargo plays a crucial role in this process, as it can influence the saturation at the base of the material. This phenomenon has been shown to occur even when iron ore is shipped at the TML, as it tends to redistribute and 
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reach hydraulic equilibrium once stockpiled [4]. This process generates a downward water flow that can lead to saturation, highlighting the importance of moisture control and monitoring during maritime transport. In recent years, several incidents have underscored the importance of effective moisture management in maritime iron ore transport [1];[2];[5];[3]. Effectively predicting and managing moisture behavior from loading to unloading is essential for minimizing risks and ensuring the safety of both cargo and crew.  Once ore is loaded, it relies solely on gravity to drain toward the base of the pile. Eventually, the water drains through the ship's drainage system, which is generally quite limited. Therefore, it is crucial to understand the water migration process in the ore stored in yards and within the ship's holds to mitigate potential issues. The water retention curve is vital for understanding the hydraulic behavior of unsaturated porous media, as it provides essential data for estimating hydraulic conductivity functions. An accurate characterization of this curve.is particularly important for iron ore transport, where moisture-induced saturation during loading and transit can lead to severe consequences. A better understanding of the water retention characteristics is necessary to inform safety protocols and improve guidelines for handling and transport. This paper utilizes an equipment based on the Wind’s method [7] to characterize the water retention curve and the hydraulic conductivity function of iron ore. This method assesses suction variation at two points within a test specimen while monitoring the loss of mass through evaporation. This precise evaluation of hydraulic behavior will provide valuable insights into the water retention properties of iron ore, enabling the development of strategies to mitigate risks during storage and transport. 
Brief Description of Wind´s Method This method, stands out for its innovative approach to studying water retention and hydraulic conductivity functions in soils under transient flow conditions [7]. Instead of relying exclusively on direct measurements of water content along the sample, Wind proposed replacing these measurements with an evaluation of the sample's water loss, monitored using a high-precision balance. In this method, matric suction is measured directly at different points along the sample, while the total mass loss of the sample is recorded at predefined time intervals. It enables the inference of water content without interrupting the process or requiring the sample to be sectioned. Moreover, it facilitates the continuous and more practical determination of the soil hydraulic conductivity function. This contribution simplifies the experimental process and expands the possibilities for studying unsaturated soils, particularly under conditions where direct water content measurements are challenging. The test is conducted using a cylinder that holds the soil sample. Tensiometers are installed at different depths, inserted laterally through openings in the walls of the cylinder. After preparing the sample and installing the tensiometers, the cylinder is submerged in water to saturate the 
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soil. Once the total weight of the system, including the cylinder and sensors, reaches equilibrium, the setup is transferred to a dry environment, allowing evaporation to occur from the top of the sample. An iterative procedure to estimate the soil water retention curve can be derived from the suction and mass data collected during the test [6]. This method involves adjusting the retention curve so that the variations in water content, corresponding to changes in the measured matric potential values, align with the variations in total weight recorded by the balance. The procedure begins with the adoption of an initial retention curve, used to estimate the water contents corresponding to the measured matric suction values. The average water content is calculated and compared to the total water content obtained from the weight variation recorded by the balance. If the results are inconsistent, the estimated water contents are proportionally adjusted, and a new retention curve is plotted. This process is repeated iteratively until satisfactory convergence is achieved. With the final retention curve, moisture profiles are determined, and the flow rate at any point in the sample is calculated. This flow rate must align with the soil moisture loss and the hydraulic gradient. The one-dimensional flow in this system can be represented by Eq. 1, known as Richards' equation. 𝛿𝜃𝛿𝑡 = 𝛿𝛿𝑧 [𝐾(𝛹) (𝛿𝛹𝛿𝑧 − 1)]          (1) where ϴ is the volumetric water content, ψ is the suction, K is the hydraulic conductivity, t is the time and z are the vertical coordinates. Discretizing Eq. 1 in time and space, we have for one-dimensional flow that the flux density (L3/T/L2) is: 𝑞 = 𝐾(𝛹̅) (𝛥𝛹𝛥𝑧 − 1) = ∑ 𝛥𝜃𝑗𝛥𝑧𝑖𝑗=1𝛥𝑡     (2) In the case of the system used for this study, the interval Δz = 2.5 cm. 
Objective This study aims to understand the hydraulic characteristics of an iron ore to assess the behavior of the water present in the material during stockpiling in the yards and transportation by ships. The water retention curve and hydraulic conductivity function are presented and discussed in relation to the potential challenges in reducing the water content of the material. 
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Methodology The methodology utilized the HYPROP (Hydraulic Property Analyzer) system, a semi-automatic instrument designed to capture water retention data using a balance and two tensiometers capable of measuring suction up to 200 kPa. This system operates along a drying trajectory through evaporation, using the instantaneous profile method, initially developed in the 1960s [7] and subsequently refined in later decades [8]. The drying process involves continuous measurement of water loss through evaporation, generating varying suction levels that facilitate the construction of the water retention curve. This curve, in turn, enables the estimation of the hydraulic conductivity function, which is essential for analyzing the flow behavior of iron ore under unsaturated conditions. Ensuring proper tensiometer saturation was critical; due to limitations in the manufacturer’s recommended procedure, a high capacity tensiometer saturation technique was implemented to enhance efficiency. 
Saturation of the high air-entry ceramics and the system The efficient operation of tensiometers fundamentally depends on their saturation. Unlike the saturation of systems that measure positive water pressure, measuring negative water pressure requires the elimination or stabilization of air bubbles trapped on surfaces in contact with water. The ability to measure suctions greater than 70 kPa depends on the characteristics of the tensiometer and the saturation process. The phenomena involved in cavitation, as well as strategies to reduce its likelihood in the short term, have been described and analyzed in various studies [9];[10];[11]. The saturation process suggested by the HYPROP manufacturer was not effective in consistently achieving suctions greater than 100 kPa. Therefore, a procedure involving the application of vacuum combined with positive pressure application to the rods with high air-entry ceramics was adopted. Figure 1 shows the pressure chamber, and the manual pressure pump used for saturation. After applying vacuum for at least 1 hour, a positive pressure of 6 MPa was then applied for a minimum of 48 hours. This procedure made it much easier to achieve suctions greater than 150 kPa in most of the tests conducted. An important detail for recognizing the saturation of the system is not only the rapid increase in suction when the ceramic is exposed to evaporation in the air, but also the immediate reduction in suction when a drop of water is placed on the ceramic. 
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 Figure 1: System used for saturating the rods with high air-entry ceramics. (a) chamber with the rods (b) vacuum being applied (c) positive pressure applied using a manual pump. 
Iron Ore Sample The material studied in this experiment is an iron ore named FCSS, sourced from Minas Gerais, Brazil. The specific gravity, D50 and mineral properties of the material used in this study are detailed in Table 1. Table 1: Index and mineral properties of the material tested in this study 

Specific Gravity, Gs 4.784 D50 2391 µm % <75 µm 0.54 % <2 µm 0.00 Hematite 79% Goethite 15% Gibbsite 2% Magnetite 2% Quartz 1% 

 Morphological tests performed using shape analyzer Camsizer and Qicpic equipments indicated that the material has a sphericity between 0.6 and 0.9 and a width-to-length ratio between 0.4 

(a)

(b) (c)
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and 0.95. It is concluded that the material exhibits moderate sphericity with grains that are slightly elongated and slightly irregular. Due to the elongation, the material may be subject to anisotropy in terms of permeability. 
Sample Preparation  The preparation of the sample for the HYPROP test involves the use of a steel ring provided in the equipment kit. A saturation plate and a permeable fabric, designed to allow water flow without material loss, are affixed to the ring. The ring, containing the sample material, is placed in a container and filled with water up to nearly its top. The sample remains in this state until complete saturation is achieved, which varies based on the material’s characteristics. For our material, iron ore, the saturation process typically requires a minimum of 24h. The sample was not compacted, replicating the conditions in which the material is loaded onto ships for bulk transport. However, the void ratio of the specimen was specified to be 1 at the beginning of the test. Figure 2 illustrates the sample preparation and saturation process. 
 

 Figure 2: Sample preparation process. (a) saturation plate, permeable fabric, and steel ring filled with the iron ore (b) sample saturation in water. Table 2 presents the initial characteristics of each specimen. A variation was observed among the prepared specimens, particularly those used with the suction plate, where the initial volumetric water content was significantly lower than that of the HYPROP specimens. 
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Table 2: Initial characteristics of the specimens tested Specimen di (kN/m3) 𝑒𝑖 𝜃𝑖  HYP – T1 24.8 0.928 34.3 HYP – T2 27.9 0.715 33.5 HYP – T3 26.5 0.808 34.5 HYP – T4 26.5 0.808 34.5 SP - 1 26.3 0.822 27.1 SP - 2 26.1 0.836 26.3 SP – 3 26.5 0.803 28.0 SP – 4 26.6 0.801 26.2 

 

Test Procedure  The method employed by the HYPROP system is based on the evaporation technique, similar to the Wind method previously described. The experiment consists of measuring suction at two defined levels within the specimen and monitoring its weight throughout the evaporation process. The iron ore is placed in a stainless-steel ring with a height of 5 cm and a diameter of 5 cm. Water content and fluxes are calculated from the weight measurements taken during evaporation. Suction is recorded over time at two predetermined depths, 1.25 cm and 3.75 cm, below the evaporating surface. Two procedures were used to induce evaporation: one allowed the specimen to remain in contact with the laboratory environment, which had a relative humidity varying from 55% to 80%, while the other involved using a mini heater to create a gentle breeze over the specimen's surface (approximately 30 cm above the surface).  Using the LABROS SoilView software, the sensor unit was connected via a USB adapter to facilitate the integration of the tensiometers. Each tensiometer shaft was carefully screwed into its designated hole, corresponding to the appropriate length (long shaft or short shaft). Care was taken to avoid air entrapment during this process. After installation, the ceramic tip of each shaft was dried with a paper towel. The system should then register a rapid change in the reading, reaching at least 900 hPa in less than 10 seconds. A drop of water placed on the ceramic reduces the pressure to zero in less than 2 seconds.  Once the tensiometers are successfully installed, a silicone gasket was placed to protect the sensor unit and to ensure proper adaptation of the assembly to the specimen. Two holes were gently drilled into the specimen to insert the tensiometers at the appropriate positions, using a specialized tool. After connecting the complete HYPROP setup to the LABROS balance, the test procedure initiated, with automatic recording of mass and pressure readings. Figure 3 provides a schematic view of the HYPROP system and the LABROS balance and how the evaporation occurs generation a suction profile along the specimen. 
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 Figure 3: (a) Schematic diagram of the HYPROP system and its components. (b) Specimen with the tensiometers installed, illustrating the evaporation process. Pressure head measurements are recorded over time at two specific depths within the sample, relative to the evaporative surface, while the evaporation rate is determined through automated weighing. Water retention and hydraulic conductivity are then estimated using the average water content, the negative pressure readings from the two tensiometers, and the mean total head gradient between them. At the conclusion of the experiment, the sample is removed and oven-dried at 105°C for 24 hours to determine its dry weight allowing for the calculation of the water content during the test. 
Results and discussion Data obtained using the Hyprop for the water retention curve of iron ore from Minas Gerais were analyzed and compared with those from other methods. These findings were then interpreted in the context of iron ore maritime transport, addressing potential implications for safety and handling. Figure 4 presents the water retention curve obtained from tests conducted on the FCSS material. All experiments were performed using the same material, prepared with similar void ration as shown in Table 3. The ambient temperature during the procedures varied from 23 to 26oC; and the relative humidity from 80% to 55%. The temperature within the specimen, as registered by the equipment, varies from 21,3 to 23,5oC.  Since the material does not undergo volume variation during the drying process, the void ratio remains constant. Consequently, the curves for gravimetric water content, degree of saturation, and volumetric water content exhibit similar shapes. 

evaporation
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In Figure 4a, it can be observed that the material maintains a degree of saturation close to the initial value up to a suction of approximately 5 kPa. This can be considered the generalized air entry value (GAE), as the material is no longer fully saturated but retains a high level of saturation (between 70% and 90%). 

 Figure 4: Soil water retention curves obtained using Hyprop and suction plate. In the retention curves the HYPROP test results exhibit high similarity, with some curves overlapping. During the first test, the top tensiometer reached 203 kPa before cavitation occurred. The values obtained from the base tensiometer were consistently lower than those recorded by the top tensiometer. Initially, the pressures were positive, resulting in a slightly 

(b)
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slower evaporation process. However, after approximately 10 kPa, the suction capacity increases. For both tests, the average duration was approximately 10 days. Table 3 presents the parameters of the fittings applied to the experimental data obtained using the Hyprop device and a widely used soil water retention equation [12]. Table 3: SWRC Fitting Parameters Test max (%) res (%)  (1/kPa) n HYP-T1 34 1 0.50 1.32 HYP-T2 33 1 0.30 1.28 HYP-T3 34 1 0.20 1.36 HYP-T4 39 2 0.23 1.27 

 The HYPROP system calculates hydraulic conductivity based on the method developed in the 1960s [6], as previously described. The results directly calculated by the system's software are presented in Figure 5. The figure shows the experimental results obtained with the Hyprop and the hydraulic conductivity functions derived from the SWRC and the saturated hydraulic conductivity determined using a field infiltrometer. This conductivity was measured on specimens prepared in a HDPE segment with 30 cm in diameter and 30 cm in height. Three tests were performed, and the average permeability obtained was 3.18×10−6 m/s. The results of the HYP-T test were not presented due to a power outage during the test, which resulted in missing data and prevented the software from performing the calculations. The data from the HYP-T2 test were slightly above the model. On the other hand, the results from the other two tests (HYP-T3 and HYP-T4) were positioned above the model curve, indicating values approximately one order of magnitude higher than those predicted by the model. 
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 Figure 5: Permeability data were obtained using the Hyprop device, along with hydraulic conductivity functions derived from a widely adopted soil water retention model [12]. 
Conclusions This study aimed to characterize the soil water retention curve (SWRC) and hydraulic conductivity function of an iron ore material using the HYPROP system, and to compare the experimental results with the predictions of the van Genuchten–Mualem model. The HYPROP system efficiently provided retention and permeability data under controlled conditions for the tested iron ore. The methodology provided reproducible results for the SWRC, with small variability between specimens. The SWRC data showed high consistency across tests, with the Generalized Air Entry (GAE) value occurring at approximately 3 kPa. This indicates that the material retains a high degree of saturation (60-90%) up to this threshold. The HYPROP system effectively captured the retention characteristics up to the cavitation limit of its tensiometers. A new procedure was used to saturate the tensiometers, which proved to be more effective than the one suggested by the manufacturer. The hydraulic conductivity functions derived from the SWRC and saturated hydraulic conductivity measured with a field infiltrometer exhibited significant deviations from the adopted soil water retention model [12]. Notably, the HYP-T3 and HYP-T4 tests showed permeability values approximately one order of magnitude higher than those predicted by the model. This discrepancy suggests that the model may not fully represent the hydraulic behavior of the tested iron ore, particularly for heterogeneous or anisotropic materials. It is emphasized, 
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however, that these results differ from those observed in studies involving different types of soils [13]. Differences in the initial volumetric water content between specimens, especially those prepared using a suction plate, underscore the critical role of specimen preparation in experimental studies. These variations can significantly impact the observed hydraulic properties and must be carefully controlled. This is particularly relevant under the conditions of loading and transporting the ore in ship holds, where such discrepancies are anticipated. Accurate characterization of the soil water retention curve and hydraulic conductivity functions is crucial for managing the risks associated with iron ore stockpiling and maritime transport. The findings highlight the necessity for robust hydraulic models and measurement techniques to tackle moisture control challenges and reduce the risks associated with saturation. Despite its limitations, the HYPROP system has shown potential as a valuable tool in this context. 
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