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ABSTRACT
[bookmark: OLE_LINK45][bookmark: OLE_LINK46][bookmark: OLE_LINK49]Partially saturated soils associated with the presence of occluded air bubbles are commonly encountered in seismically active zones. Yet, there is a lack of deep understanding on the mechanisms of settlements that partially saturated soils suffer during seismic events. Consequently, a reliable seismic design approach for use in engineering practice is lacking. The aim of this paper is to show that seismically induced settlement of a level deposit of partially saturated soil can be estimated by summing the settlements related to excess pore pressure generation/dissipation and increased soil compressibility in the presence of air bubbles, which are calculated separately. Predictions of proposed effective stress based methodology are found to be in good agreement with geotechnical centrifuge measurements. It is shown that the variation of degree of saturation is of the most importance. As long as the ground surface settlement of a saturated soil layer is measured accurately, it will be possible to estimate the settlement of the same soil layer in a partially saturated condition reasonably well, with the added parameter of degree of saturation.  
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[bookmark: OLE_LINK66][bookmark: OLE_LINK67][bookmark: OLE_LINK47][bookmark: OLE_LINK48]INTRODUCTION 
[bookmark: OLE_LINK85][bookmark: OLE_LINK86][bookmark: OLE_LINK87][bookmark: OLE_LINK71][bookmark: OLE_LINK72]The settlement of the soil surface during and after earthquake event is a significant cause of damage to the built environment. Hence, the prediction of the earthquake-induced settlement of a level bed of soil is crucial in assessing the response of geotechnical structures. Over the last 40 years, extensive research has been undertaken on this area, leading to the development of several approaches aiming at producing a reliable estimation of the magnitude of earthquake-induced settlements (Silver and Seed 1971; Lee and Albaisa 1974; Tokimatsu and Seed 1987; Pradel 1998). Most of this effort has been concentrated on either dry or water saturated deposits of soils since these conditions are categorized as the most critical cases for the compression of void spaces and soil liquefaction, respectively. On the other hand, it has long been known that partially saturated soils, where air exists below the groundwater table as bubbles surrounded by the pore fluid (i.e., occluded air), can also be present naturally or can be formed artificially as a means of liquefaction mitigation in seismically active zones. As partially saturated regions are often ignored in current design practice, and underlying soils are treated as either completely saturated or dry, the design of the geotechnical structures in these zones may be overconservative. Despite its critical importance, very little research is available to geotechnical engineers on the co-seismic and post-seismic response of partially saturated soils. Consequently, significant knowledge gaps have remained in the fundamental understanding of the stress-strain-strength behavior of partially saturated soils. Furthermore, although it is crucial for design engineers to be able to adequately assess the impact of the presence of air in pore fluid on the deformation mechanisms that contribute to ground surface settlement, this still remains elusive. 
The settlements of dry soils during earthquakes are the product of seismic compression under constant vertical effective stress. In current design practice, earthquake-induced settlement of dry soils is commonly assessed using the equivalent linear procedure recommended by Tokimatsu and Seed (1987), which relates volumetric strains to cyclic shear strain and number of strain cycles applied. This procedure is formed based on 1g shaking table test data on clean quartz (by Silver and Seed 1971) and only applicable to clean sands. 
[bookmark: OLE_LINK37][bookmark: OLE_LINK38]The current state of practice for the evaluation of liquefaction-induced settlements of saturated soil deposits relies on the semi-empirical models developed based on laboratory and field data (Tokimatsu and Seed 1987; Ishihara and Yoshimine 1992; Wu and Seed 2004). These methodologies often assume a globally undrained soil behavior and predict the one-dimensional, post-earthquake, free-field settlement of saturated soil deposits. The settlement of the soil surface is anticipated only after the earthquake ceases and once the dissipation of excess pore pressures completes (called reconsolidation). However, the validity of the traditional view of globally undrained liquefaction event has been challenged by recent centrifuge-based studies (Coelho 2007; Adamidis and Madabhushi 2016; Zeybek and Madabhushi 2017a). Examining liquefiable sand in the free-field, it is found that the actual earthquake loading of the soil is not truly undrained. Large ground surface settlement is shown to happen during an earthquake loading, where the soil liquefies reaching a near-zero effective stress state (~0) and a reduced stiffness. The increased rate of co-seismic surface settlement, compared to that during reconsolidation, is ascribed to the partial drainage that allows pore fluid flow during the earthquake event.
[bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK25][bookmark: OLE_LINK26][bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK32][bookmark: OLE_LINK35][bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK1][bookmark: OLE_LINK2]Currently available semi-empirical methodologies, which are intended for application to dry or water saturated soils, cannot be readily used for a meaningful prediction of the earthquake-induced settlement of partially saturated soils since they fail to incorporate the impact of air on the mechanical and hydraulic behavior of soils. In light of the limitations of available methods, relatively few studies have endeavored to compile existing empirical relationships recommended for dry and saturated soils and subsequently synthesize and extend the selected relationships into partially saturated soils. Based on the compilation of a set of empirical formulas, Ghayoomi et al. (2013) developed an effective stress based empirical methodology for the estimates of seismically induced settlement of partially saturated soils. This method, on the other hand, appears to produce reasonably accurate predictions of the actual surface settlements only for the deposits having degrees of saturation at lower than 50% and consistently overestimates the centrifuge settlement measurements at higher degrees of saturation. Accordingly, much effort needs to be made to produce more accurate procedures that can provide better estimates of settlement particularly at higher degrees of saturation of partially saturated soils.
This paper describes an effective stress based methodology developed for the prediction of earthquake-induced ground surface settlements of partially saturated soil layers. The basis and general framework for the proposed methodology are explained in conjunction with the scientific rationale beyond each step followed. The parameters required for the predictive model are identified based on the experimental data and theoretical understanding. Subsequently, the performance and robustness of the proposed methodology is validated by comparing with dataset from a series of dynamic centrifuge experiments conducted at the Schofield Centre of Cambridge University. The limitations and possible improvements of the simplified model are also explicitly specified.  
SEISMIC RESPONSE OF PARTIALLY SATURATED SOILS
[bookmark: OLE_LINK63][bookmark: OLE_LINK64][bookmark: OLE_LINK65][bookmark: OLE_LINK17][bookmark: OLE_LINK18][bookmark: OLE_LINK14][bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: OLE_LINK24][bookmark: OLE_LINK39][bookmark: OLE_LINK55]The development of adequately accurate methods for the prediction of surface settlements that partially saturated soils may suffer during an earthquake loading requires a comprehensive understanding of the important features of the seismic response of such soils, a priori. Relatively few experimental research programs have been undertaken to garner scientific-based knowledge on this aspect. Based on the cyclic simple shear tests conducted on clean sand samples, Hsu and Vucetic (2004) showed that there was no clear trend in the volumetric strain response for the samples at different saturation levels. Similarly, Duku et al. (2008) examined the influence of different environmental factors on the volumetric strain response of clean sands and showed that the seismic compression of sands was to be independent of degree of saturation. The samples of sand at different degrees of saturation were found to have similar seismic compression potential. As part of this research, Zeybek and Madabhushi (2017a) carried out a series of dynamic centrifuge tests on saturated and partially saturated Hostun sand specimens, prepared with an air injection technique, in order to gain insights as to the settlement-generating deformation mechanisms at play in such soils. The main findings are:
1. [bookmark: OLE_LINK19][bookmark: OLE_LINK20][bookmark: OLE_LINK23]In saturated soils, volumetric strains due to partial drainage during earthquake loading and deviatoric strains due to dynamic shear stresses induced by earthquake loading caused significant deformations. Although majority of the free-field settlements happened during earthquake loading, post-seismic reconsolidation settlements also contributed to the total settlements at the soil surface, as depicted in Fig. 1.  
2. [bookmark: OLE_LINK75][bookmark: OLE_LINK76][bookmark: OLE_LINK77][bookmark: OLE_LINK78][bookmark: OLE_LINK79]In partially saturated soils, as degree of saturation reduced, increased compressibility of the soil mass significantly contributed to the total settlements during earthquake event. The contribution of post-seismic settlements to the overall surface settlements remained insignificant in this case, as shown in Fig. 1.  
3. Degree of saturation was found to be the most important parameter for the dynamic response of partially saturated soils. The magnitude of excess pore pressures that were generated, associated soil softening, decrease of soil stiffness related to liquefaction and ground surface settlements reduced significantly with decreasing degree of saturation.
[image: ]
Fig. 1. Typical surface settlements and excess pore pressures in saturated and partially saturated soils
BASIS OF THE METHODOLOGY 
The methodology is constructed not based on the collected data itself but developed using principles and theoretical understanding on the partially saturated soil behavior. On the basis of aforementioned trends, the dynamic response of saturated and partially saturated soils can be represented schematically (see Fig. 2). Under an earthquake loading, air bubbles trapped in a pore fluid assist in reducing the build-up of excess pore pressures with their compression. Consequently, partially saturated soil deposit undergoes a much smaller decrease of effective stress and simultaneous stiffness drop than its saturated counterpart. Although complete liquefaction is not reached, the build-up of excess pore pressures and related soil-softening still cause some vertical settlement. Further, the change in compressibility as air is added to the soil system also contributes to the settlement. The extent of the ground surface settlement related to soil-softening and increased compressibility ought to be a function of such parameters as vertical effective stress and degree of saturation.  
[image: ]
[bookmark: _Toc496789951]Fig. 2. Schematic representation of saturated and partially saturated soil behavior
Inherent in the proposed methodology is the assumption that the total ground surface settlement of a partially saturated soil can be estimated as long as the total surface settlement of the same soil in the saturated condition is known. The ground surface settlement associated with soil-softening (or reduction in soil stiffness) is expected to reduce with a decrease of degree of saturation. However, the settlement due to compressibility should increase with decreasing degree of saturation. It is worthy of note that this methodology does only consider the settlement of a level ground layer. Further, this methodology is principally applicable to partially saturated sands at higher degrees of saturation (typically above 80%), where pore water and pore air pressures are almost equal, particularly when the changes of pore water pressures are positive (Bishop and Henkel 1962). 
MODEL FRAMEWORK
The soil deposit was divided into n sub-layers, as presented in Fig. 3. Material properties were assigned to each layer. Homogeneous soil layers were assumed whereby the soil properties including degree of saturation () and relative density () were constant for each layer. Compression was allowed to happen only in the vertical direction. The earthquake-induced ground surface settlement of the soil deposit was obtained by integrating the settlement of each sub-layer:
	
	(1)


[bookmark: OLE_LINK216][bookmark: OLE_LINK585]where  is the total surface settlement, and ,  ,   are the partial settlement, volumetric strain and thickness of each sub-layer, respectively. 
[image: ]
[bookmark: _Toc496789952]Fig. 3. Schematic representation of a uniform soil layer divided into n sub-layers
[bookmark: OLE_LINK774][bookmark: OLE_LINK775][bookmark: OLE_LINK1499][bookmark: OLE_LINK1500]Liquefaction-induced settlement of soils during dynamic loading is a fully coupled problem. The deformation of soil matrix involves coupling between excess pore pressure generation-dissipation and effective stress. Furthermore, soil is a highly non-linear material. From the 1970’s onwards, several linear and non-linear methods have been developed to compute the dynamic response of soil layers. The fully-coupled non-linear dynamic analysis methods (i.e., of Muraleetharan et al. 1994) can be used for the seismic response of partially saturated soils. This approach is, on the other hand, quite complicated and difficult to apply. Alternatively, this paper proposes a relatively simple but more applicable method. 
[bookmark: OLE_LINK273][bookmark: OLE_LINK280]Assuming the validity of the principle of superposition, reasonable approximations of the volumetric strains at the center of each sub-layer can be accomplished by summing the volumetric strains expected from each of the two mechanisms:
	                                                                                                   
	(2)


[bookmark: OLE_LINK349][bookmark: OLE_LINK365]where  is the earthquake-induced volumetric strains associated with the excess pore pressure generation-dissipation, causing soil-softening (changes of the soil stiffness) and fluid flow.  is the volumetric strains related to the increased soil compressibility in the presence of air bubbles. 
[bookmark: OLE_LINK859][bookmark: OLE_LINK860]The volumetric strains of a partially saturated soil due to excess pore pressure () can be estimated as a function of volumetric strains of the same soil in a saturated condition () and the magnitude of excess pore pressure ratio that develops ( ):
	                                                                                               
	(3)


[bookmark: OLE_LINK735][bookmark: OLE_LINK740][bookmark: OLE_LINK785][bookmark: OLE_LINK792]In a similar way, the excess pore pressure ratio for a partially saturated soil () can be linked to that develops in its saturated counterpart, with the added parameter of :
	 =  )                                                                                               
	(4)


[bookmark: OLE_LINK805][bookmark: OLE_LINK806]The volume of occluded air, under equilibrium with an absolute hydrostatic pore fluid pressure (), reduces under an external pressure applied. Under an earthquake loading, the external pressure () is the excess pore pressure which can be simply expressed in terms of . The general form of the relationship for this can be written as:     
	[bookmark: OLE_LINK813][bookmark: OLE_LINK814][bookmark: OLE_LINK817]=  )                                                                                               
	(5)


EVALUATION OF MODEL PARAMETERS
Initial Effective Stress
Effective stress is a key parameter in evaluating the seismically induced volumetric strains of soils. The principal of effective stress (Terzaghi 1943) is commonly used to identify the strength and volume change behavior of dry and saturated soils that have two phases. The definition of effective stress is unique to such soils. On the other hand, partially saturated soils have three phases, and a unique stress state parameter cannot be defined for them. 
In analyzing geotechnical problems, effective stresses of partially saturated soils can be calculated using different relationships and concepts that consider matric suction () and degree of saturation (). Building upon the concept of single state variable (Bishop 1959), a concept of Suction Stress Characteristic Curve (SSCC) was proposed to define the effective stresses of partially saturated soils (Lu et al. 2006). Later, Lu et al. (2010) recommended the use of the parameters of soil-water retention curve (SWRC) to compute the effective stresses for such soils (Eq. 6). It was shown that the suction stress () is a function of matric suction. For soils with high  values typically greater than 1.5, as  reduces from full saturation, the suction stress reaches its highest value at an intermediate  and decreases back to zero for lower  values.
	                                                                                                   
	(6)


where  is the effective stress; is the total stress;  is the pore air pressure;  is the pore fluid pressure; () is the net normal stress; ( is the matric suction;  and  are van Genuchten (1980) SWRC fitting parameters.
Lins et al. (2009) studied the SWRC parameters of clean Hostun sand conducting a series of steady state and transient state tests. Based on the published test data, the suction value at the residual degree of saturation is 2.8 kPa, and  is 7.825 for a loose deposit of Hostun sand. Using the van Genuchten SWRC fitting parameters, variation of the suction stress with degree of saturation is depicted in Fig. 4. It is evident that the suction stress increases with decreasing  and reaches its maximum value at  of 88%. The peak suction stress at this saturation level is 0.611 kPa only, which indicates that the influence of matric suction on effective stresses is minor for this type of sand. 
[image: ]
[bookmark: _Toc496789872]Fig. 4. SWRC and suction stress for a loose Hostun sand deposit

Excess Pore Pressure Ratio
[bookmark: OLE_LINK841][bookmark: OLE_LINK846][bookmark: OLE_LINK445][bookmark: OLE_LINK449][bookmark: OLE_LINK710][bookmark: OLE_LINK720][bookmark: OLE_LINK724]The magnitude of excess pore pressures that develop in a partially saturated soil reduces significantly as  decreases. Based on the data collected in this research and available database in the literature, it is recommended that the reduction in  can be reflected by a power function that includes :
	                                                                                                 
	(7)


[bookmark: OLE_LINK828][bookmark: OLE_LINK829][bookmark: OLE_LINK741][bookmark: OLE_LINK767][bookmark: OLE_LINK768]This approach assumes the validity of establishing a direct correlation between  and  as a function of . 
[bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK21][bookmark: OLE_LINK822][bookmark: OLE_LINK825][bookmark: OLE_LINK830]Determining the power n1 requires a number of dynamic element or physical modelling tests carried out at a wide range of . Thus far, only a few data set are available in the published literature, particularly for clean sands. Okamura and Soga (2006) collected some of the available element testing data. They showed that the normalized liquefaction resistance ratio () increases significantly as  reduces, as depicted in Fig. 5. 
[bookmark: OLE_LINK873][bookmark: OLE_LINK874]For the purpose of this study, it is assumed that liquefaction resistance of soil can be inversely correlated to . The data set from Yoshimi et al. (1989) was used to define a relationship between ,  and . The relationship in Eq. (8) produced the best fit line for their database. This relationship may be used to calculate a representative excess pore pressure ratio in partially saturated soils. 
	 =                                                                                                 
	(8)


[image: ]
[bookmark: OLE_LINK951][bookmark: OLE_LINK952][bookmark: OLE_LINK953][bookmark: OLE_LINK964][bookmark: _Toc496789954]Fig. 5. Change of liquefaction resistance and excess pore pressure ratio with degree of saturation
[bookmark: OLE_LINK849][bookmark: OLE_LINK875][bookmark: OLE_LINK880][bookmark: OLE_LINK884][bookmark: OLE_LINK847][bookmark: OLE_LINK848][bookmark: OLE_LINK850]In order to assess whether Eq. (8) can produce consistent results for different types of soil and testing method, its prediction is compared with the centrifuge data on Hostun sand samples (Fig. 6). It is seen that the proposed relationship is capable of producing predictions with a sufficient accuracy at the middle depth of the soil deposits ( kPa). However, it consistently overpredicted the normalised excess pore pressure ratios at the larger depths ( kPa). This behavior is mainly ascribed to the stress dependency of partially saturated soils (Zeybek and Madabhushi 2017b). Overall, it can be deduced from the observed trends that the predictions of Eq. (8) are conservative for higher confining stresses and satisfactory for the mid-range of effective stresses (average for the soil deposit under consideration). The establishment of a broader range of data set is encouraged so as to increase the accuracy of the predictions. 
[image: ]
[bookmark: _Toc496789955]Fig. 6. Comparison of the predicted and measured excess pore pressure ratios
Volumetric Strains due to Excess Pore Pressure (epp)
[bookmark: OLE_LINK1041][bookmark: OLE_LINK911][bookmark: OLE_LINK969][bookmark: OLE_LINK1723][bookmark: OLE_LINK1724]Lee and Albaisa (1974) showed that volumetric strains of saturated soils at different relative densities and confining stresses reduce with decreasing pore pressure ratios (Fig. 7). Tokimatsu and Yoshimi (1983) later suggested that although full liquefaction is not reached, excess pore pressures generated during an earthquake loading can still cause some volumetric strains of saturated soils. These experimental findings may indicate that excess pore pressure-induced volumetric strains of a saturated soil can be represented as a function of excess pore pressure ratios. In the same way, volumetric strains of a partially saturated soil caused by excess pore pressure can be related to the magnitude of excess pore pressure ratios that tends to reduce with a decrease of . A linear function is assumed herein in order to convert this to a relationship between  and :      
	                                                                                                 
	(9)


[image: ]
[bookmark: _Toc496789956]Fig. 7. Relationship between pore pressure ratio and volumetric strain (after Lee and Albaisa 1974)
Volumetric Strains due to Compressibility
[bookmark: OLE_LINK861][bookmark: OLE_LINK864][bookmark: OLE_LINK798][bookmark: OLE_LINK22][bookmark: OLE_LINK28]For a given relative density of a partially saturated soil, the volumetric strains in relation to the increased soil compressibility with the presence of occluded air/gas bubbles () can be estimated using the theoretical solution given in Eq. (10). Further knowledge on this topic can be found in Okamura and Soga (2006).   
	()  () 
	(10)


[bookmark: OLE_LINK1520][bookmark: OLE_LINK1521]where  is the void ratio of the soil mass. The volumetric strain of the soil attains its highest values when  reaches its maximum possible value () during an earthquake loading. 
[bookmark: OLE_LINK824]VALIDITY OF THE METHODOLOGY 
The success of the proposed methodology in predicting the settlement of partially saturated soils was assessed using the results of centrifuge tests conducted on two types of sand: Hostun and F-35 Ottowa sand. Further parameters characterizing the Hostun and Ottowa sand and details of the centrifuge experiments can be found in Zeybek (2017) and Ghayoomi et al. (2013), respectively. The input parameters and initial conditions used for such evaluation are summarized in Table 1. The following steps were taken to make use of aforementioned equations in calculating the potential settlements of partially saturated soils.    
1. [bookmark: OLE_LINK269][bookmark: OLE_LINK899][bookmark: OLE_LINK900]The total stress () and effective stress () at the centre of each sub-layer were calculated using Eq. (6). For this calculation, the moist unit weight of the soil () was considered. 
2. [bookmark: OLE_LINK272][bookmark: OLE_LINK275][bookmark: OLE_LINK901]The volumetric strains of saturated soil corresponding to epp () were calculated in each sub-layer using the ground surface settlement measured in the centrifuge and assuming that the volumetric strains were maximum at the shallowest layer and decreased linearly with depth until they became zero at the base of the soil deposit. 
3. [bookmark: OLE_LINK907]The volumetric strains in the partially saturated soils associated with epp () and compressibility () were determined using Eq. (9) and Eq. (10), respectively. 
4. Subsequently, the total surface settlement of partially saturated soils was computed by summing the volumetric strains for each sub-layer. 
It is worthy of note that the initial conditions (initial distribution of density and degree of saturation with depth) had to be defined before the proposed methodology was used for the prediction of the centrifuge test measurements. It was not possible to reliably predict the actual density and degree of saturation profile of the centrifuge models after the earthquakes. That said, the density and degree of saturation values, measured at the beginning of the earthquakes, were considered for the validation process. Furthermore, a profile of constant void ratio and uniform degree of saturation with depth was assumed in each case. 
Table 1. Input data to validate the proposed methodology
	Parameter 
	                   Value

	
	Hostun Sand
	Ottowa Sand

	Prototype  layer thickness (m)
	16.8
	6.35

	Number of sublayers
	50
	50

	Specific gravity, 
	2.65
	2.65

	 (mm)
	0.48
	0.182

	Coefficient of uniformity,  
	1.67
	1.71

	Dry density limits,  (kg/)
	1318, 1620
	1469, 1781

	Voids ratio limits, 
	1.01, 0.555
	0.48, 0.80

	Relative density,  
	0.40
	0.45

	Friction angle,  (degrees)
	35.4
	35.0

	van Genuchten’  parameter
	7.825
	7.0

	van Genuchten’  parameter ()
	1.1376
	0.24

	Prototype frequency (Hz)
	0.72
	1.0

	Prototype peak input acceleration (g)
	0.18
	0.65



Comparison with centrifuge tests (Hostun sand)
Fig. 8 depicts the estimate of settlement based on each volumetric strain mechanism and compares the predicted settlement with the centrifuge test measurements. The validity of the proposed method was assessed through the quality of fit to the experimental data. It is evident in Fig. 8 that despite certain uncertainties in the observed trends, the estimation of the proposed methodology was satisfactory in predicting the total ground surface settlements measured during the centrifuge tests. The uncertainties in the prediction can be attributed to the limitations of the centrifuge tests conducted and the assumptions made for the development of the methodology. For instance, the proposed methodology assumes a uniform distribution of  and homogenous partially saturated specimens. However, this was not accurate for the centrifuge tests where air bubbles were distributed non-uniformly across the soil deposits, as reported in Zeybek and Madabhushi (2017b). Despite the uncertainties, the proposed methodology can provide a reasonable and logical prediction for the earthquake-induced free-field settlement of partially saturated soils. 
[image: ]
[bookmark: _Toc496789957][bookmark: OLE_LINK270][bookmark: OLE_LINK271][bookmark: OLE_LINK306][bookmark: OLE_LINK309]Fig. 8. Estimated total ground surface settlement versus measured centrifuge test data for Hostun sand
Comparison with centrifuge tests (Ottowa sand)
[bookmark: OLE_LINK42][bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: _GoBack]In order to further validate the proposed methodology, this paper made use of centrifuge modelling data from Ghayoomi et al. (2013) who prepared partially saturated soil specimens using a steady-state infiltration technique and subsequently recorded the surface settlements at different amplitudes of input acceleration. Fig. 9 compares the predicted settlements with the experimentally derived data at certain degrees of saturation being of interest in this paper. It is seen that the proposed procedure underpredicted the surface settlement by only 21% on average at degree of saturation of approximately 74%. From an overall response perspective, this is a small error which may be a consequence of inaccuracy in the model parameters that are soil-specific, such as power n1 used for Eq. (7). The experimental determination of true model parameters require further data derived from physical and element tests on Ottowa sand. However, it appears that no such data is yet available in literature. This is most likely due to experimental difficulties encountered in such as controlling degree of saturation of partially saturated soils and accomplishing an appropriate excess pore pressure measurement, which requires custom-designed sensors.
[image: C:\Users\FUJITSU 2018\Desktop\Settlement_Initial_Estimate_Ghayoomi.tif]
Fig. 9. Estimated total ground surface settlement versus measured centrifuge test data for Ottowa sand
[bookmark: OLE_LINK746][bookmark: OLE_LINK747]CONCLUSIONS
Seismically induced settlement of loosely packed soil deposits often causes significant damage to the built environment, rendering the evaluation of settlement the most sought after aspect in geotechnical earthquake engineering. To date, there has been insufficient attention paid to the prediction of seismically induced settlement of partially saturated soils that contain occluded air bubbles, reminding the pressing need for further investigation and development on this aspect.  
In this paper, an effective stress based methodology was described to predict the seismically induced settlement of partially saturated soils in the free-field. On the basis of sound theoretical considerations and experimental observations, the applicability of the selected relationships and input parameters was reassessed. The predictions of the proposed methodology were subsequently validated against the experimental set of data gathered from a series of dynamic centrifuge tests. 
Central to the model framework was the experimental observations of an increasing trend in the compressibility of the soil deposits and a decreasing trend in the magnitude of the built-up excess pore pressures with a reduction of degree of saturation. In this model, the potential surface settlements were related in a unique way to changes in the compressibility and excess pore pressure generation/dissipation behavior of partially saturated soils with the inclusion of air bubbles. The model predictions were found to be capable of capturing a decreasing settlement trend with a reduction of 𝑆𝑟, as expected from partially saturated soils. Despite the complexities of the problem in question and experimental uncertainties, the informed predictions matched the experimental set of data to a level of accuracy that was fairly reasonable for engineering design. 
The proposed predictive methodology is of particular importance for design engineers who are currently reliant on the methods offered to predict the surface settlements of dry or saturated soil layers. A range of prediction methodologies used in the state of practice were revisited following an extensive review of the available literature. One of the problems inherent in using such methodologies for partially saturated soils is that they fail to account for the impact of 𝑆𝑟 on the soil parameters and mechanisms of settlement. Nevertheless, the proposed method showed the possibility of acquiring reasonable predictions for the surface settlement of partially saturated soils, incorporating the effects of 𝑆𝑟.
It should be emphasized that due to the complexities of the problem and lack of experimental verification, only the effect of certain parameters on the settlement behavior was incorporated into the proposed methodology, which may reduce its ability to predict the settlement of more complicated cases in the field. Therefore, it will be of great value to examine the capacity of this sort of simplified method under a wider variety of circumstances. Further centrifuge testing with different test conditions can provide a larger database. The combination of such data with a large number of parametric analyses can lead to the calibration of the model, which may ultimately allow engineers to use it in their designs with a high level of confidence.
[bookmark: OLE_LINK57][bookmark: OLE_LINK60]ACKNOWLEDGEMENTS 
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NOTATION LIST
The following symbols are used in this paper:
 	=	grain diameter at 50% passing
 	= 	relative density
 	= 	thickness of each sub-layer
 	= 	voids ratio
 	= 	maximum voids ratio
 	= 	minimum voids ratio
 	= 	specific gravity
g 	= 	gravitational acceleration 
 	= 	height of soil
 	= 	van Genuchten fitting parameter
 	= 	hydraulic pore fluid pressure
 	= 	excess pore pressure ratio
 	= 	settlement
 	= 	degree of saturation
 	= 	uniformity of coefficient
 	= 	pore air pressure
 	= 	pore fluid (water) pressure
 	= 	depth
 	= 	van Genuchten fitting parameter
 	= 	unit weight
 	= 	excess pore pressure 
 	= 	partial settlement
 	= 	volumetric strain
 	= 	maximum dry density
 	= 	minimum dry density
	=	total stress
 	= 	suction stress
 	= 	effective stress
 	= 	friction angle
 	= 	matric suction
[bookmark: OLE_LINK36]
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