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Most of the commonly used existing empirical methods to predict earthquake-induced settlement (S) in sandy
soils require numerous iterations or the use of charts, tables and diagrams. In general, these methods estimate
the one-dimensional settlement of dry sandy soil on level ground by using a well-known step by step procedure
based on Standard Penetration Test (SPT) values, which is particularly effective for practical applications. A
review of the state-of-the-art methods shows that seismic settlement in all cases increases as the layer thickness
(h) of sandy soils increases and corrected SPT blow count (N1)60 decreases.With that inmind,we propose a novel
simple way to estimate S based on the h/(N1)60 ratio for a reference earthquake magnitude. This approach
provides a tool that can rapidly obtain S in numerous sites and can be applied to large areas. In the last fifty
years, the population of the Metropolitan Area of Granada (MAG) has doubled. The amount of developed land
has increased by approximately 4650 ha and the areas with the greatest population and construction growth
are located on sedimentary deposits. The land beneath the urbanized areas of the MAG is located on alluvial,
colluvial, silt and clay deposits with different thicknesses of granular soils and varying water table depths. The
MAG is acknowledged to be the most seismically active zone in Spain and seismically-induced phenomena
such as liquefaction and ground settlement were reported in specific zones during moderate (1806) and strong
(1431) historical local earthquakes. The present study focuses on differential vertical displacement assessment in
this large area of Southern Spain for two earthquakes of magnitude Mw 6.6 and 7.0. The maximum expected
settlement due to earthquake shaking of alluvial soils, sandy soils and fine soils (clay and/or silt) was obtained
by correlating the mentioned h/(N1)60 ratio with the S predicted by two well-known methods. Vs values have
been estimated from (N1)60 data using methods proposed in the literature and tested with Vs local data from
SPAC and refraction profiles. The results from the new formula proposed here show predictable settlement rang-
ing from 0.1 to 21.4 cm and up to 24.7 cm for the 6.5 and 7.0 earthquakes, respectively. These were greater than
2.0 cm and 3.3 cm in the north-central and north-western sectors of the study area, especially in the town of
Atarfe and along the road between Pinos Puente and Atarfe, the same zones where settlements were observed
in the 1806 earthquake. Zoneswhere earthquake building damagemay appear have beendetected by comparing
the maximum S and the maximum permitted settlements derived from different angular distortion values
considering 5 and 6 m as typical distances between supporting structures.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Soil deposits affected by strong seismic vibrations can undergo
substantial changes in their resistance capacitywhich can cause consid-
erable damage to structures built on these deposits. In the case of a large
magnitude earthquake and depending on soil stiffness, strain can reach
values of between 10−3 and 10−1%. This can cause soil densification if
the soil drains rapidly, a variation in pore pressure in undrained condi-
tions, or it can reduce strain resistance to a minimum. This may lead to

foundation settlement, subsidence or floating of underground structures,
tilting of buildings, soil movements on slopes, and faults in unconfined
flow deposits. It is important to understand that ground settlement is
just one of the earthquake-related effects associated with large earth-
quakes, but densification can occur in sandy soils when no water is
present, unlike liquefaction which only occurs when the ground is
saturated.

Although early studies on the behavior of soils during vibration can
be traced back to the early 1950s (e.g. Mogami and Kubo, 1953), exten-
sive research on the calculation of earthquake-induced ground settle-
ment began in the 1970s. Silver and Seed (1969, 1971a, 1971b) and
Seed and Silver (1972) studied the settlement of dry sands during
earthquakes under single directional loading in the laboratory and
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showed that cyclic shear strain, number of cycles, confining pressure
and relative density affect the volume change of sandy soils. Pyke
et al. (1974, 1975) extended this work and investigated the effects of
multidirectional shaking on sand settlement using a shaking table, and
concluded that settlement caused by multidirectional shear is twice
that caused when it is unidirectional. Lee and Albaisa (1975) proposed
a method that could be applied to saturated sandy soil. Martin et al.
(1975) showed that the effect of the shear strain history depends as
much on the magnitude of the pulses as on the order in which they
are applied.

Tokimatsu and Seed (1987) based on Seed and Silver (1972) and
Pyke et al. (1974, 1975), proposed a simplified analytical method for
predicting earthquake-induced settlements which is widely used in
both dry and saturated sandy soils. One of the main advantages of this
method is that only the SPT-N value and some earthquake parameters
must be considered, but unfortunately when there are multiple layers
of soil with different properties a large amount of calculation is needed.

Pradel (1998) proposed a new method, based on Tokimatsu and
Seed (1987), which avoids numerous iterations or the use of charts, ta-
bles and diagrams. It estimates the settlement of a sand layer subjected
to seismic loading by directly using a set of equations. Lee (2007) pro-
posed a simplified approach that consists of a set of equations to directly
estimate the settlement of a saturated sandy soil layer subjected to
earthquake loading. Chen et al. (2009) adopted these methods and in-
troduced new formulas to calculate the maximum shear modulus
(Gmax). Useng et al. (2010) conducted shaking table tests on deposits
of saturated clean sand and concluded that in the absence of liquefac-
tion, settlements of these materials are generally very small.

The simplified methods mentioned above almost always use volu-
metric strain (εv) based on values for the cyclic stress ratio and normal-
ized Standard Penetration Test, (N1)60. These methods estimate the

magnitude of sandy soil settlement through empirical relationships,
but are not practical when applied to multi-layered soil. An analysis of
the state-of-the-art methods shows that earthquake-induced settle-
ment (S) in all cases increases as the layer thickness (h) of sandy soils
increases and the corrected SPT blow count (N1)60 decreases. Conse-
quently, our proposal is a simple and practical approach to predict
directly the maximum expected settlement due to densification in un-
saturated sandy soil layers correlating it with the h/(N1)60 ratio.

To evaluate settlement (S) caused by earthquake shaking in sandy
soil layers we first apply the three simplified procedures proposed by
Tokimatsu and Seed (1987), Pradel (1998) and Useng et al. (2010) to
different sites distributed in the study area and then we obtain a poten-
tial regression between S and the h/(N1)60 ratio for each of these
methods. It is possible to apply one of these methods or a combination
of them in this procedure. Once this relationship is obtained, the use
of charts, tables and diagrams is not necessary. This approach provides
a straightforward and quick estimate of S in large areas susceptible to
earthquake hazard, such us Granada and its metropolitan area.

The Metropolitan Area of Granada (MAG) is located in the north-
eastern part of the Granada basin (Figure 1a). Historical and instrumen-
tal seismic data indicate that it is the most seismically active area in
Spain and it is classified as the most hazardous seismic zone in the
Spanish Building Code (NCSE, 2002). From the 15th to the 20th centu-
ries there have been several strong and destructive earthquakes in this
basin, with the most important taking place in 1431 (June 27), and
1884 (December 25), with Io≥ IX (EMS-98 scale). Others reached an in-
tensity IEMS ≥ VIII, such as those on April 24, 1431 (Io = VIII–IX), and
October 27, 1806 (Io = VIII). The epicenters of these earthquakes are
macroseismic and are located in the north-eastern part of the basin,
our area of study, and are associated with the active NW–SE faults
present in this area. The only exception is the 1884 event, which is

Fig. 1. Geological and hydrogeological features of theMetropolitan Area of Granada (MAG). (a) Geological and tectonic sketch of the Granada Basin showing themain active faults (mod-
ified from Sanz de Galdeano et al., 2012) and epicenters of instrumental (circle) and relevant historic (stars) shallow earthquakes. (b) General tectonic sketch of the central and eastern
Betic Cordillera. The remarked zones show the location of Fig. 1a and 1c. (c) Spatial location of soil units (zones and sub-zones) of the study area. Town boundaries are shownwith a thin
polygonal line. (d) Map showing spatial distribution of water table depth.
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