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Abstract: The response of a tropical hillslope to a six-month rainfall event, which included an extreme one-day precipitation of approximately 0.46m within 24 hours due to Super Typhoon Mawar, followed by multiple storms on the Island of Guam (a U.S. Territory), has been documented. Disturbed soil samples of tropical residual soil were collected from a hillslope in the Ija watershed and analyzed for their geotechnical and hydrological characteristics. Tests for saturated permeability and the soil water retention curve were performed on undisturbed soil samples to derive the properties of unsaturated soil. Additionally, direct shear tests were conducted on undisturbed samples to assess the parameters of saturated shear strength. Climate data was obtained from a nearby meteorological station. The results of a sensitivity analysis revealed that decreasing the slope angle delays the slope failure by several days. The volume of infiltration and runoff produced is affected by the properties of both unsaturated and saturated soil, as well as the geometry of the slope and the intensity of rainfall encountered during a typhoon. Moreover, infiltration from prior rainfall contributes to the saturation of slopes and the development of excess pore water pressure, which can hasten rainfall-induced slope failures. 
Introduction El Nin o is a natural climatic event that occurs approximately every two to seven years, marked by elevated sea surface temperatures in the central and eastern Pacific Ocean close to the equator [1,2,3]. The impacts of El Nin o can vary based on its strength, potentially increasing the susceptibility of certain regions to both drought and heavy rainfall [2]. In May 2023, sea surface temperatures (SSTs) in the tropical Pacific were recorded at 1.4°F (0.8°C) above the average, 
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representing the fourth-highest subsurface temperature documented to date [1]. It was anticipated that the frequency and intensity of tropical cyclones would increase as a result of rising sea surface temperatures [3]. On May 23, 2023, Guam, a territory of the United States, experienced the impact of Typhoon Mawar, which is regarded as one of the most formidable tropical cyclones in the Northern Hemisphere. The storm produced powerful gusts exceeding 140 mph, caused significant destruction to residences and essential infrastructure, led to widespread power outages, and resulted in heavy rainfall, with over 0.64m recorded in the central and northern regions of the island [1]. Historical data suggests that Mawar may have generated the second-highest 24-hour and total storm rainfall in Guam since 1945 [4]. As Mawar gradually approached Guam, it weakened from a formidable Category 4 "super typhoon" with winds of 155 mph during the night of May 23rd and the early morning of May 24th, to a 140 mph Category 4 "typhoon" by the morning of May 24th. The year 2023 marked the second wettest year in Guam's recorded history, with an unprecedented rainfall total of approximately 3.55m, just shy of the record 3.61m set in 1976. As a result, May 2023 experienced the highest monthly rainfall, totaling around 0.79m, including a single-day record of approximately 0.45m on May 24th due to Typhoon Mawar (Fig. 1). The cumulative rainfall over the two days of May 24th and 25th reached 0.62m. The rainfall data illustrated in Figures 1, 5 and 6 start on May 01, 2023, and ends on October 31, 2023. 

 Figure 1: Rainfall intensity versus time in days along with major typhoons. 
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After Typhoon Mawar, the rain persisted at a moderate pace, yielding 0.29, 0.30, 0.66, 0.35, and 0.53m of rain in June, July, August, September, and October respectively. The last typhoon considered in this analysis was Typhoon Bolawen that occurred in second week of October and its southern semicircle bought heavy rainfall to Guam [5]. As a result, Guam rain gauges recorded 0.10–0.20m of rain on 10th October [5]. Relatively, the six months i.e., May to October 2023 were the wettest (i.e., total of 2.94m rainfall) covering about 83% of total rainfall (i.e., total rainfall of 3.56m) of the year 2023 on Guam. In light of this new information, the study evaluated the stability of an idealized slope after it was soaked by a previous downpour from Super Typhoon Mawar. Subsequent storms brought continued rainfall, further saturating the slope. This caused an increase in pore water pressure which ultimately led to slope instability. The slope stability analysis is done by using six months' worth of rainfall and weather station data from year 2023 using soil properties from southern Guam. 
Geological and Environmental Setting of Guam and Landslide Issues  Due to its complicated geology, steep terrain, and excessive rainfall, Guam, a tropical island in the western Pacific, is particularly vulnerable to landslides and slope failures [6,7]. Throughout the island, infrastructure, populations, and ecosystems are seriously at risk from these geohazards, especially slope failures brought on by rainfall. Guam's severe, seasonal rainfall patterns, which are frequently linked to typhoons and tropical storms, make slopes less stable and can cause landslides that cause property damage, road closures, and even fatalities. Guam's geology is predominantly composed of limestone and volcanic rock, which, when subjected to heavy rainfall, can undergo significant weathering and erosion of topsoil. The island’s steep slopes, particularly along coastal cliffs and mountainous regions are prone to landslides when saturated by rainfall (Fig. 2). Figure 2 illustrates a fresh slide and several other scars from past slides. As climate change drives more extreme weather events, the frequency and intensity of rainfall-induced landslides are expected to increase, further compounding the challenges faced by local communities and disaster management authorities. 

        Figure 2: (a) and (b) Rainfall-induced hill-slope failures in southern Guam. Previous studies have investigated slope stability issue in Guam but there is a lacuna in the studies related to extreme rainfall resulting from a super typhoon, which is a once in a decade 
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event in Guam. This paper explores the factors contributing to slope failures resulting from extreme rainfall variability in Guam, examining the interplay between the hydro-mechanical response of tropical soil slope, and the ongoing environmental challenges posed by a changing climate. In particular, the impact of antecedent rainfall (wet season) followed by high intensity short duration rainfall (El Nin o event) from Super typhoon Mawar that made a landfall on 23rd May 2023. The results further highlight the necessity of unsaturated soil testing for landslide investigations and rehabilitation.  
Materials, Experiments and Methods Slopes from Ija research station in southern Guam were investigated. Guam has a tropical marine climate, and hilly mountainous terrain with highest elevation of 406m (1332 ft).  
Geotechnical and Hydrological Data Soil samples were collected from Ija research station site in southern Guam and their geotechnical (i.e., particle size distribution, Atterberg’s limit, specific gravity, unit weight, and shear strength via direct shear tests) and hydrological properties (i.e., saturated permeability, and soil water retention tests via KSAT, and Hyprop combined with WP4C, respectively) were determined. Soil properties from prior study done by the first author [6] at same site but nearby location was used for comparison with results from current study (see Table 1). This was done to validate prior results [6] and get an idea about variability in material properties. Table 1. Soil Properties 

Soil Property (Patil et al, 2022)  (current study) Classification (USCS) Silty clay (CH) Silty clay (CH) Unit weight, kN/m3 15.81 15.74 Specific gravity 2.73 2.74 Effective cohesion, cʹ, kPa 8.6 7.00 Effective friction angle, ϕʹ(0) 28.8 27.00 

Unsaturated Soil Properties Another important input required for the slope stability analysis is the soil water retention curve (SWRC) test data which provides information on how much water soil can retain at any 
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given suction [9]. This unsaturated soil data assist in knowing amount of runoff and infiltration within slope during rainfall. It also assists in generating transient pore water pressure (PWP) profiles resulting from rainfall-induced infiltration with respect to time. HYPROP and WP4C apparatus from Meter Group Inc were used to obtain the matric suction (wet points) and total suction (dry points) of SWRC (Fig. 3). Saturated hydraulic conductivity was 0.115 x 10-8 m/s (obtained via KSAT apparatus, meter Group Inc), saturated volumetric water content was 64.9% and air entry value was 24 kPa. The best-fit parameters of Fredlund and Xing, 1994 [10] model are shown in the inset of Figure 3. Consolidated drained Direct Shear Tests were conducted to obtain the effective cohesion of 7 kPa and the effective friction angle of 270 (Table 1). These shear strength values from present study were slightly lower than the previous study by Patil et al., 2022. This also explains the issue of variability in material properties which is discussed later in the results and discussion section.  

 Figure 3: Soil water retention curve. 
Typhoons on Guam in 2023 and Land Climate Interaction Data Although Mawar (May 23) was the most violent typhoon of 2023 in Guam, it was followed by Typhoons Khanun (July, 2023), Damrey (August, 2023) and Bolaven (October, 2023). They all contributed to substantial rains which made 2023 the second wettest year in recorded history of Guam [4]. Six-month climate data which included a 15-minute interval rainfall data, solar radiation, wind speed, Albedo, and relative humidity were collected from a nearby weather station. The six-month rainfall data is well summarized in the Introduction section and figure 1. This climate data which is also called as land-climate-interaction boundary condition was applied on the idealized bare slope using GeoStudio 2024 version [11] as shown in Figure 4.  
Slope Geometry and Transient Seepage Coupled Slope Stability Analysis Site investigations by authors revealed the development of tension cracks in clay during dry weather. The first three months (i.e., January to April) resulted in only 17% (0.18m) of total rainfall (i.e., 3.56m) in 2023. Hence, considering the dry months, tension cracks were adopted.  
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Also, previous records indicate that the ground water table was too deep to rise into slopes and affect slope stability. The idealized 450 slope made of high plasticity clay (CH) with tension cracks from prior dry weather (i.e., January to April 2024) is illustrated in Figure 4.  

 Figure 4: Idealized hill slope. Transient seepage analysis under six-month climate condition was conducted to obtain the pore water pressure profiles. A six-month transient seepage analysis using SEEP/W program coupled with SLOPE/W program employing Morgenstern-Price method as the limit equilibrium method of slope stability was run using GeoStudio 2024. Both transient seepage and coupled slope stability analysis incorporated suction and volumetric water content functions obtained via experimental SWRC tests (Fig. 3). A parametric study was conducted with 450, 520, and 600 slopes to investigate the timing of failure for different slope geometries. In particular, the effect of antecedent rainfall from typhoon storms followed by continuous long duration rainfall on slope failure was investigated.   
Results and Discussions Results from slope stability analysis in the form of change in factor of safety (FoS) versus days are illustrated in Figure 5. It can be seen that the FoS dropped significantly irrespective of slope geometries a day after the Typhoon Mawar. However, irrespective of slope angle, it was not enough to cause the immediate slope failure.  
Effect of Slope Geometry on Timing of Failure All three slopes (i.e., 450, 520, and 600 slope angles) responded and showed dramatic continuous drop in FoS from 25th May onwards which was one day after typhoon Mawar dumped about 0.45m of rainfall on May 24th (Fig. 5). Also, for the sake of easy comparison, the rainfall data in figure 1 and the factor of safety results are plotted together on same plot in Figure 6.  
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 Figure 5: Effect of slope angle on timing of slope failure. 

 Figure 6: Variation of factor of safety and rainfall intensity with time. Since, prior to May 24th, the season was dry, it took almost 1-2 days for the slope to get soaked and respond with continuous dropping in FoS with time. This infiltration caused increased moisture within slope which kept increasing with continued rainfall throughout June to October 
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month. Finally, slope failed on 90th, 105th, and 166th day for 600, 520, and 450 slope angles. Clearly, the slope failure got delayed with decreasing slope angle which was expected (Fig. 5).  Among the three slopes, the 450 slope was able to sustain the FoS above its threshold of 1 for a longer duration until it succumbed to 166th day (14th October). It should be noted that during its pass over Guam, Typhoon Bolaven brought rain between 7th to 14 October with the rain gauge station recording 0.10, 0.06, and 0.13m rainfall on October 10th, 13th, and 14th. Although, the cumulative rainfall between 10th-14th October is substantial, it is much lower than the one day burst from Typhoon Mawar (0.45m). Clearly, the timing of failure matches the rainstorm of 14th October that might have triggered slope failure. On the other hand, the 520-slope failed on 105th day (i.e., August 14th). It should be noted that rain gauge recorded about 0.21m of rainfall between 101-106th day (August 10-15) which could be attributed to the effects of Typhoon Khanun which occurred around same timeline. As expected, the 600-slope failed much earlier on the 90th day (i.e., on 30th July). During the three months of May (0.80m), June (0.29m) and July (0.31m) the cumulative total of rainfall was 1.39m, which combined with its relatively steep slope was attributed to the early failure of 600-slope. 
Effect of Earthquake Tremors as a Trigger for Slope Failure The island of Guam has many seismic events annually, with most being imperceptible to residents due to its location on the Pacific Ring of Fire. Despite this, some of these tremors can be felt, potentially numbering in the hundreds per year. Current analysis show that the FoS improved with stop of rainfall only slightly and almost always dropped below previous day value as the rainfall kept coming. This has to be noted by transportation engineers in their analysis because a slight tremor might raise the PWP of already saturated slopes to trigger the slides which was not considered in this analysis. 
Effect of Vegetation in Preventing or At least Delaying Slope Failure Previous work done by the first author indicates that the hill slopes in Guam are lushed with vegetation [6,7]. Even in remote mountains, there exists vegetation due to rainfall throughout the year except in drought seasons which are rare. After the Typhoon Mawar field visits by the authors indicated less slope failures than anticipated. This was attributed to not considering the positive benefits from the presence of vegetation. Plants and grass provide additional shear strength due to root tensile strength and increase in matric suction generated from root water uptake (RWU) within the soil-root zone which was not considered in this analysis [6,7]. In this current study the bare slope without vegetation was investigated without considering plant roots. Hence, further research is needed to understand the positive benefits plants provide. 
Material Variability and Probabilistic Slope Stability Analysis  Cohesion and friction values of 8.8 kPa and 28.80, respectively, were found in the first author's earlier work at the same site [7]; these values are marginally higher than the 7 kPa and 270 
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found in the current investigations. Considering material variability via probabilistic distributions can help predict failure risks in slope stability analysis, which is a crucial consideration for transportation engineers managing road slope rehabilitation to prevent landslide hazards.    
Conclusion Research was conducted on idealized Guam slopes with different angles to study the effect of steepness and climate data from May to October 2023, characterized by the El Nin o phenomenon on slope failure. Results from present analysis, which incorporated actual rainfall data and tropical residual soil properties, revealed that slope failure is delayed with decreasing angles. Although, the FoS dropped significantly irrespective of slope geometries a day after the heavy rainfall from Typhoon Mawar, it was not enough to cause the immediate slope failure. However, prolonged antecedent rainfall from multiple storms turned out to be the actual trigger for triggering slope failure. This study's findings are particularly relevant for transportation engineers since many roads in southern Guam traverse hillslopes, indicating the need to identify and repair critical slopes. 
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