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Abstract The performance of near-surface geosystems

during earthquake shaking depends on the free-field

response of the soil layer and soil–structure interaction

mechanisms. This paper presents a brief summary of the

variables involved in considering the free-field response of

partially saturated soil layers, and provides a step-by-step

procedure to estimate the seismic settlement of a soil layer

with a given initial relative density and degree of satura-

tion. The procedure, which has been validated in a previous

study using centrifuge physical model tests, was tabular-

ized and presented in a flow chart. This methodology was

followed to estimate the seismic settlement of different

sand layers having different initial relative densities. It was

observed that the degree of saturation has the greatest

impact on loose soil layers, which also show the greatest

amount of seismic settlement. However, partially saturated

soil layers resulted in lower seismic settlement compared

with dry or saturated soil layers.
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Introduction

One of the main variables that needs to be predicted as part

of a seismic performance analysis for a geotechnical sys-

tem is the seismically-induced settlement of a representa-

tive free-field soil layer. Although several studies have

been conducted in this research area leading to the proposal

of several empirical procedures, they have focused on soil

layers in dry or water-saturated conditions [1–4]. However,

recent studies have emphasized the importance of under-

standing the influence of partial saturation on the seismic

response of soils [5–8]. Since soils near the ground surface

are typically partially saturated, it is important to have an

inclusive methodology to incorporate the degree of satu-

ration in seismic analyses. Although partially saturated soil

layers may not represent the worst-case scenario regarding

their settlement response during earthquakes, an under-

standing of the role of degree of saturation on the seismic

settlement of soil layers may help explain why some

geosystems behaved in a certain way during an earthquake,

and may ensure that seismic designs are not over-conser-

vative considering the local soil stratigraphy, water

table depth, and climatological setting.

Ghayoomi et al. [6] adapted and combined a set of

available procedures for prediction of the seismic settle-

ment of dry and saturated soils to develop an empirical

methodology for estimation of the seismically induced

settlement of partially saturated soils. Specifically, they

combined empirical relationships for the volumetric seis-

mic compression of soil layers due to collapse of air voids

during shaking ev-compression, with empirical relationships

for the post-shaking consolidation due to dissipation of

excess pore water pressure ev-consolidation. The methodology

comprised of synthesizing the recorded data from the lit-

erature in an uncoupled formulation using an iterative
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approach based on that of Silver and Seed [1]. Then, the

predicted settlements were verified using the results of

centrifuge physical modelling tests [5, 6]. The purpose of

this technical note is to delineate the steps in this

methodology in a simple and organized manner using a

flow chart so that they can be readily applied in practice,

and to show how the results of this methodology for sand

layers having various initial densities and degrees of sat-

uration. In addition, the flow chart helps outline the areas

that require further research in order to populate the

empirical data in the methodology.

Background

Early studies on seismic compression focused on the

response of dry soils under earthquake shaking and the

consequent settlement [1, 2]. Pradel [4] summarized and

simplified these efforts into an empirical formula incor-

porating the effective induced shear strain, c, soil relative
density, Dr, and equivalent number of cycles that corre-

spond to the earthquake magnitude, N. Determining the

induced shear strain is a major challenge which is corre-

lated with the effective shear modulus that is a function of

the effective shear strain characterized through the modu-

lus reduction function G(c), small strain shear modulus,

Gmax, peak surface acceleration, amax, initial overburden

stress, r, and some sort of depth-dependent reduction

function for the induced stress, rd. Later, Tokimatsu and

Seed [2] presented the data from a set of cyclic tests on

water-saturated soils to estimate the consolidation settle-

ment due to dissipation of excess pore water pressure. They

used their data to define relationships between the ratio of

generated excess pore water pressure and the initial

effective stress, ru, soil relative density, Dr, overburden

pressure, r, and liquefaction induced volume change.

Although their model is useful, the pore water pressure

generation during shaking and the conditions leading to

liquefaction must be considered empirically [9–11].

Specifically, the induced excess pore pressure ratio is

obtained through empirical graphs as a function of equiv-

alent number of cycles to the number of cycles required for

liquefaction, N/NLiquefaction, at any given cyclic stress ratio,

CSR [9–12].

Partial saturation can affect almost all the above men-

tioned parameters and relations either directly or indirectly

through the effect of effective stress. Recent studies have

shown via comparisons between experimental results from

shear strength and shear modulus tests and analytical pre-

dictions that the effective stress in unsaturated soils can be

estimated as the sum of the net stress, r–ua, and the suction
stress, rs [13, 14]. These studies have shown that the fitting

parameters of the SWRC model of van Genuchten [15], i.e.

avG and NvG, can be used to estimate the suction stress as

rs = Ses, where Se is the effective saturation and s is the

matric suction (ua - uw; the difference between pore air

and pore water pressure) [13, 14]. The major challenge in

this process is when the degree of saturation plays a direct

role in the response. This includes its effect on the collapse

of voids space, pore pressure generation, and liquefaction

resistance. Ghayoomi et al. [6] used the liquefaction

resistance data [3, 11] and simplified linear void space

relations to address these issues. However, further inves-

tigations, experimental data, and analytical developments

are needed to fill this gap and provide unique relations for

unsaturated soils.

Analysis Procedure

Based on the procedure developed by Ghayoomi et al. [6],

a flow chart was developed to highlight the step-by-step

methodology that should be followed to predict the effect

of the initial degree of saturation on the seismically

induced settlement of a sand layer. The flow chart is pre-

sented in Fig. 1. Some of the boxes of the flow chart em-

ploy empirical relationships for calculating parameters

such as G, ru, ev-consolidation, and ev-compression [2–4, 6, 9–12,

17, 18], which are summarized in detail in Ghayoomi et al.

[6]. Parameters such as soil density, q, height of soil sub-
layer, h, depth of the sublayer, z, total volumetric strain, ev,
partial settlement of sublayer, dh, total settlement of soil

layer, Dh, induced effective shear stress, save (typically

calculated with C = 0.65), mean effective stress, r0m, small

strain shear modulus coefficients, A and F(e), and reference

shear strain for shear modulus reduction function, cr, will
be either required as input or will be calculated throughout

the settlement calculation process. The authors hope that

future researchers populate the relationships in this flow

chart [i.e., the relationships denoted as f(X)] with more

experimental data or analytical equations for partially sat-

urated soil conditions.

In order to show the capabilities of the model and to

highlight the effective an important variable, a parametric

evaluation of the impact of initial relative density was

performed. Specifically, the step-by-step procedure in

Fig. 1 was followed for four 6.35 m-thick layers of Ottawa

F-75 sand having the properties given by Ghayoomi et al.

[6], but with different initial relative density values to

estimate the impact of the initial degree of saturation, Sr, on

the seismically induced settlement and determine its sig-

nificance on soils with different relative densities. An

asterisk is provided next to the studies listed in Fig. 1 that

were used for different empirical relations in the develop-

ment of this analysis. These particular equations were

selected based on the data presented by Ghayoomi et al.
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[6], but further empirical data is required to fully confirm

these empirical relationships. The results from this example

analysis are shown in Fig. 2. It is clear that sands having a

higher initial density exhibit less seismically induced

compression due to the fact that they have a higher initial

stiffness and less void space and do not result in as sig-

nificant positive pore water pressure generation during

shaking. These results also indicate that unsaturated con-

ditions may not need to be considered when evaluating

dense sands. However, it plays an important role in eval-

uating the response of loose sands. This is important to note

because loose sands are often those that are most suscep-

tible to liquefaction during earthquake shaking.

Specifically, a reduction in degree of saturation from 1 to

0.6 may lead to about 45 % reduction in the amount of

seismically induced settlement. This may have impacts on

soil improvement technologies for sites with loose soils: if

densification is not possible, it may be possible to inject air

into the sand to cause a reduction in the degree of satura-

tion in order to minimize the amount of seismically

induced settlement [19].

Conclusions

A step-by-step procedure in the form of a flow chart was

presented in this paper to estimate the seismically induced

settlement in partially saturated soils. This procedure takes

into account the effect of the degree of saturation in dif-

ferent steps of the analysis. The procedure is based on the

superposition of two main sources of settlement originating

from dry and water-saturated soil conditions. An example

analysis for three different sand layers highlights the

capabilities of this procedure. The results indicate that

denser sands will settle less during earthquake shaking, and

that seismic settlements for intermediate degrees of satu-

ration will be lower than those corresponding to dry and

water-saturated conditions. However, the exact value of the

settlement and the degree of saturation associated with the

minimum settlement greatly depends on the dynamic

material properties and seismic excitation as input param-

eters. Although the authors have synthesized the available

data in the literature to develop this empirical procedure

and produced a working flow chart, additional research is

needed to refine some of the empirical relationships to

improve the overall accuracy of the procedure for predic-

tive purposes.

Fig. 1 Step-by-step flow chart of the empirical methodology

Fig. 2 Predicted settlements of 6.35 m-thick sand layers having

different relative densities using the empirical methodology of

Ghayoomi et al. [6]
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