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The 1960 Mw = 9.5 subduction earthquake that struck Chile 
had an epicenter close to the city of Valdivia. There was 
widespread damage due both strong ground shaking from 
the earthquake and from the subsequent tsunami. These 
earthquake effects are examined from a modern perspective 
and the potential for future effects are discussed. Based on 
recent cone penetration measurements (sCPTu) the ground 
failures observed along the waterfront and other locations 
in Valdivia are attributed to cyclic failure of sensitive 
“clayey” soils and/or liquefaction of saturated “sandy” 
soils. If similar strong shaking is experienced in future 
earthquakes, similar ground failures would be expected. 
The regional subsidence in and around Valdivia following 
the 1960 earthquake is attributed to tectonic deformations 
and is corroborated with the same mechanism from the 
recent 2010 Mw = 8.8 earthquake. If a similar magnitude 
event is experienced in the future, similar subsidence/uplift 
are expected which appear to follow a harmonic function. 
The goal of investigating these past earthquake effects and 
potential future effects is to help minimize the earthquakes 
risks in Valdivia and other regions subjected to the same 
hazards. 

Keywords: earthquake, CPTu, liquefaction, cyclic failure, 
co-seismic deformation 

El terremoto de subducción Mw = 9.5 que golpeó a Chile 
en 1960, tuvo su epicentro cercano a la ciudad de Valdivia. 
Hubo daño extendido debido tanto al fuerte movimiento 
sísmico como al siguiente tsunami generado. Los efectos del 
terremoto son examinados desde una perspectiva moderna 
y el potencial de futuros efectos es discutido. Basados en 
recientes mediciones del ensayo de penetración de cono 
(sCPTu), la falla del terreno observada a lo largo de la 
costanera y otras ubicaciones de Valdivia son atribuidas 
a la falla cíclica de “arcilla” sensitiva y/o licuefacción de 
“arenas” saturadas. Si un nivel de movimiento similar es 
observado en futuros terremotos, se observarían fallas del 
terreno similares a las observadas. La subsidencia regional 
en y alrededor de Valdivia luego del terremoto de 1960 es 
atribuida a la deformación tectónica y ha sido corroborada 
con el mismo mecanismo en el reciente terremoto de 
Mw = 8.8 del 2010. Si un evento similar se genera en el 
futuro, similar hundimiento/levantamiento son esperados 
lo que parecen seguir una función armónica. Investigar 
los efectos pasados de terremotos y el potencial efecto de 
futuros eventos, ayuda a minimizar el riesgo de terremotos 
en Valdivia y otras regiones bajo riesgos similares. 

Palabras clave: terremoto, CPTu, licuefacción, falla 
cíclica, deformación co-sísmica  

 

Introduction
Valdivia is a city that was founded as early as 1552 by 
Spanish explorers. It was cited on a hill 15 to 16 m above 
sea level and surrounded by water on all sides lending to 
the name “The City of the Lake” (Retamal and Kausel, 
1969). The first record of earthquake damage came from 
the 1575 event and subsequent tsunami. The city was 

destroyed completely in 1599 by the native inhabitants, but 
rebuilt again in its current location in 1779. At the time of 
the 1960 earthquake the city held a population of 72400.

Valdivia experienced three distinct hazards due to the 1960 
earthquake; strong ground shaking, tectonic subsidence, 
and tsunami inundation. This study will focus on the first 
two by characterizing the ground failure due to the strong 



108

Moss, E. and Moffat, R. (2020).  27, x-x

shaking, and discussing the spatial distribution of co-
seismic tectonic deformations. 

The city is underlain by sediments that are dominated by 
interlayered sands and silts, with the silts having moderate 
to high plasticity. The surface topography of the city has 
been modified over time; high spots were leveled and low 
spots were filled. The filling has been performed in and 
uncontrolled manner (i.e., no compaction) using native 
materials generally classified as low and high plastic silts 
(ML to MH). The filled regions were strongly correlated 
with observed damage and ground failure after the 1960 
event (Duke and Leeds, 1963). Ground failure mechanisms 
were not well understood at the time, but more recent 
research defines the seismic failure mechanisms in plastic 
fined-grained soils as cyclic failure and in saturated 
granular soils as liquefaction. In this study we detail how 
liquefaction and/or cyclic failure resulted in the observed 
damage throughout Valdivia and the hazard that it currently 
presents today. 

Co-seismic tectonic deformations of the ground surface 
elevation has components of vertical and horizontal 
movement and are common in large earthquakes such 
as the 1960 event. If the vertical shift results in regional 
tectonic subsidence, this then can increase the tsunami 
hazard in low lying port regions (Kelson et al., 2012). 
Some of the tsunami damage from 1960 tsunamic can be 
directly attributed to this subsidence in the Valdivia and 
other regions. 

1960 event earthquake effects
The 1960 Chilean earthquake is considered the largest 
event to have occurred in modern history (USGS, 2017). 
This earthquake impacted towns as far north as Talca and 
as far south as Chiloe and caused damage over a region 
of hundreds of thousands of square kilometers. It resulted 
in deaths in the thousands and damage in the hundreds 
of millions of dollars. The resulting tsunami impacted 
southern Chile, Hawaii, Japan, the Philippines, China, 
eastern New Zealand, southeast Australia and the Aleutian 
Islands. In this paper we focus our study on the earthquake 
effects in Valdivia.

The waterfront of Valdivia is underlain primarily by 
silty sandy soil (Qv6) that has the following properties as 
measured by borings from IDIEM (1961) and Duke and 

Leeds (1963):

•	 Water content (wc ) of 40 to 70%,

•	 Liquid Limit (LL) of 50 to 70%,

•	 Plastic Limit (PL) of 10 to 30%,

•	 Unconfined Compressive Strength UCS of 100 to 200 
kPa,

•	 Sensitivity (St ) of 2 to 5,

•	 USCS classification MH

The soil is described as recent (Quaternary) water-deposited 
alluvium and artificial fill composed of fine sand, silt, and 
clay with some marine fragments (Duke and Leeds, 1963). 
The origin of the soil is that of volcanic deposits that have 
been weathered and transported to their current location of 
the Valdivia River and Calle Calle River estuary. 

Ground failure due to strong ground shaking was observed 
throughout the city of Valdivia. Figure 1 shows the ground 
cracking and slumping observed along the embarcadero, 
typical of damage throughout the city. The largest 
deformations and/or highest concentration of building 
damage is strongly correlated with regions where fill 
was placed prior to construction. Vertical deformations 
were typically on the order of 0.15 to 0.45 m, with some 
locations experiencing up to 0.80 m. No evidence of 
liquefaction (i.e., sand ejecta) was observed with any 
of the deformations in Valdivia (Duke and Leeds, 1963; 
Retamal and Kausel, 1969). However, recent re-evaluation 

Figure 1: Ground failure along the Valdivia embarcadero from 
the 1960 Earthquake (Duke and Leeds, 1963)
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(Gonzalez and Verdugo, 2014) questions if the researchers 
at the time knew what to look for and that liquefaction may 
have been a failure mechanism. The advent of liquefaction 
research and understanding of this phenomenon began 
following the 1964 Alaska and 1964 Niigata Earthquakes. 
To discern what failure mechanism is causative we examine 
recent subsurface investigations in Valdivia using the cone 
penetration test (CPT).

A detailed survey following the 1960 earthquake found 
that 1.8 m of subsidence in Valdivia can be attributed to 
co-seismic tectonic deformations (Retamal and Kausel, 
1969). These widespread deformations exacerbated the 
tsunami hazard by placing low lying areas within reach 
of the incoming tsunami wave. In this paper we compare 
more recent measurements of co-seismic deformations 
from other subduction events and describe how that applies 
to the Valdivia region.

Cyclic failure of plastic soils
Sensitive plastic soils have been found to be susceptible 
to seismic failure. The deformations from cyclic failure 
are typically not as large as those caused by liquefaction, 
yet they can still cause damage to engineered features. 
Sensitivity (St ) is the measure of the peak undrained shear 
strength (su,peak ) to the residual or remolded (su,remolded ) shear 
strength. The term “clayey” here refers to any soil with 
enough plasticity to make it not susceptible to liquefaction, 
and for Valdivia that includes plastic silts. Susceptibility 
criteria for liquefaction are often contentious, but generally 
soils that have a plasticity index (PI) greater than 8 to 12, 
and a water content less than the liquid limit are considered 
not liquefiable (Seed et al., 2003; Bray and Sancio, 2006; 
Idriss and Boulanger, 2008; Moss et al., 2011) which 
means that these soils may be susceptible to cyclic failure. 
Based on the soil properties quoted in the prior section the 
silty soil would generally be considered non-liquefiable, 
however there may be pockets or lenses of low plastic 
silts and fine sands that could response to strong ground 
shaking through liquefaction.

To assess the likelihood of cyclic failure deformations 
the static driving shear stresses (τo) are compared to the 
undrained shear strength (su) of the soil. Boulanger and 
Idriss (2004) present methods for assessing the triggering 
of cyclic failure based on: 1) laboratory testing, 2) field 

testing, and 3) estimate method. In this paper we focus on 
the field testing method because we have current sCPTu 
measurements in Valdivia. Triggering of cyclic failure is 
defined as when the cyclic stress ratio (CSR) exceeds the 
cyclic resistance ratio (CRR). The cyclic stress ratio can 
be calculated using site response analysis but it is more 
commonly estimated using the simplified equation (Seed 
and Idriss, 1971):

where τaʋɡ/σ′ʋ  is the average shear stress at the depth of the 
layer in question normalized by the vertical effective stress, 
σʋ/ σ′ʋ  is the vertical total stress at the depth of the layer in 
question normalized by the vertical effective stress, is the 
peak ground acceleration, and rd is the non-linear shear 
mass participation factor that modifies the ground shaking 
from the surface to the depth of interest. 

To determine the cyclic resistance ratio of plastic soil to 
cyclic failure Boulanger and Idriss (2004) and Idriss and 
Boulanger (2008) provide the following equation for 
average clays:

where 0.8 is an adjustment for field 2D conditions versus 
laboratory simple shear 1D conditions, su/σ′ʋ  is the undrained 
shear strength normalized by the vertical effective stress, 
Kα	 adjusts for driving shear stress conditions, and MSF 
is the magnitude scaling factor that adjusts for duration 
from different magnitude events. Values used are based on 
Boulanger and Idriss (2004).

The undrained shear strength su of plastic soil can be 
calculated from the uncorrected cone penetration (qc) tip 
resistance. A semi-theoretical relationship between the 
tip resistance and the undrained shear strength of clays is 
(Lunne et al., 1997): 

where qt is the pore pressure (u) corrected tip resistance (qt 

~ qc + 0.2u), σv is the total vertical stress, and Nk is the cone 
factor. The cone factor is somewhat soil dependent and 
typically takes a value between 10 and 18, with 12 to 14 



110

Moss, E. and Moffat, R. (2020).  27, x-x

a useful median range (Robertson and Cabal, 2015). The 
undrained shear strength measured with the cone is a high 
strain measure of shear strength, but it does not measure 
the residual strength of the soil. To do that a vane shear test 
(VST) is the most accurate field test. In many situations 
the vane shear can be conducted directly adjacent to the 
cone penetration test to measure the peak (su,peak) versus the 
residual (su,residual) shear strength to obtain the sensitivity 
St = su,peak/su,residual. A sensitivity of 1.2 or greater indicates 
a sensitive soil that may be susceptible to cyclic failure 
(Holtz et al., 2011). The CPT, however, can provide an 
estimate of the sensitivity by assuming that the sleeve 
friction (fs) measures the remolded shear strength of the 
soil (Robertson and Cabal, 2015).

Recent subsurface investigations (per LMMG Geotecnia 
Limitada) have used sCPTu to measure the in situ 
conditions of soils around Valdivia. In this study we look 
at two soundings (Figure 2) that were recently performed 
near the embarcadero (coincident with Figure 1) that 
experienced ground failure in the 1960 seismic event. In 
this zone it has been found deposits of silty sands as it is 
shown in Figure 2 according to Arenas et al. (2005).

Figure 2: Location of CPTu soundings performed on silty soil 
deposit

The profile in Figure 3 indicates interlayered variable soil. 
Trends show sandy regions in the 1.0 to 3.0 m depth and 5.5 
to 8.5 m depth as indicated by relatively high tip resistance 
and corresponding low friction ratio. The region from 
3.0 to 5.0 m depth contains layers of plastic silts/clays as 
indicated by the relatively low tip resistance and variable 
to high friction ratio. Based on the elevation of the site 
and the elevation of the nearby water way the depth to the 

water table was estimated at 2 m below the ground surface.

To evaluate the feasibility of seismic induced ground 
deformation due to the plastic fines the CPTu data in Figure 
3 was used to calculate the cyclic resistance per equation 
(2). To do that the undrained shear strength of the soil was 
first calculated per equation (3) where a median cone factor 
Nk of 12 was used (Robertson and Cabal, 2015). The unit 
weight of the soils was assumed to be roughly 18 kN/m3.

 

Figure 3: Two sCPTu soundings performed along the 
embarcadero in downtown Valdivia, showing measurements 
of: a) cone tip resistance, b) friction ratio, and c) pore pressure. 
The elevation of the site is +8 m above sea level and the water 
table has been estimated at a depth of 2 m as shown in the pore 
pressure plot.

The simplified approach calculates cyclic resistance ratio 
CRR and cyclic resistance ratio CSR based on nominal M 
= 7.5 loading conditions. These conditions are modified for 
magnitudes other than 7.5 using the nonlinear shear mass 
participation factor rd on the loading side and magnitude 
scaling factor MSF on the resistance side. Neither of 
these corrections have been derived from data from M 
~ 9.5 earthquakes such as the 1960 Chilean event, so to 
approximate that event the curves for MSF and rd were 
extrapolated using the methods put forth by Idriss and 
Boulanger (2008). There is the potential for significant error 
extrapolating and using one method of MSF and rd, but we 
are attempting a back-analysis feasibility study so rough 
order of magnitude estimates are acceptable in this case.

Figure 4 shows the cyclic resistance results. Figure 4b 
shows the estimate of the cyclic resistance of the clayey soil 
versus the cyclic stress from 0.5g peak ground acceleration. 
The estimated value of PGA = 0.5g was obtained from 
a probability of 10% of being exceeded in 50 years 
(corresponding to 475 years return period as shown by 
Leyton et al., 2009). What can be seen is that the loading is 
higher than the resistance over a half a meter thick layer in 
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the 3.0 to 4.0 m depth range. The corresponding sensitivity 
of the soil is 2 or higher in this region as well. Based on 
these rough calculations a large magnitude event such as 
the 1960 event that produced peak ground accelerations 
upwards of 0.5g could cause the clayey soil to fail, and the 
sensitivity indicates that once failed the soil would exhibit 
strain softening that could result in co-seismic and/or post-
seismic deformations until the final static shear stresses are 
balanced by the residual shear strength. 

Figure 4: Cyclic failure assessment. a) Cyclic Resistance Ratio 
CRR for M = 7.5, b) CRR for M ~ 9.5 and Cyclic Stress Ratio 
CSR corresponding to a M ~ 9.5 and PGA ~ 0.5g, and c) soil 
sensitivity

Liquefaction failure of saturated granular 
soils
To examine the potential for different ground failure modes 
we examined the same sCPTu soundings and evaluated 
the liquefaction hazard. Seismic liquefaction occurs in 
saturated sandy soils when the cyclic stress exceeds the 
cyclic resistance, resulting in high excess pore pressures 
and large strain potential. Liquefaction occurs in soils 
that are granular and controlled mainly by gravity and not 
by colloidal forces, therefore a plasticity index PI of less 
than 8 to 12. The same has been found in the liquefaction 
potential analysis of tailings dams, commonly used in 
Chile (Villavicencio et al., 2016).

Using the same loading criteria, we plot the CSR using 
equation (1). To evaluate the cyclic resistance we follow the 
methods presented in Moss et al. (2006). A probability of 
liquefaction of 15% is used as the equivalent deterministic 
threshold and the CSR is calculated as:   
 

where qc,1 is the stress corrected tip resistance within the 
liquefiable layer, Rf is the friction ratio, c is the normalizing 
exponent, Mw is the earthquake moment magnitude, σ′ʋ  

is the vertical effective stress, φ-1(Pl)and is the inverse 
cumulative normal distribution function for a given 
probability of liquefaction [NORMINV(PL,0,1) in Excel].

The results are shown in Figure 5. From the assumed water 
table at 2 m down to 3 m, and then from 3.5 to 5 m we see 
layers where liquefaction is likely for non-plastic to low-
plastic soils and this loading situation. Deeper liquefaction 
is also likely, but it is not as commonly observed at the 
ground surface based on prior liquefaction case histories 
(Moss et al., 2006).

Figure 5: Liquefaction triggering assessment. a) Cyclic 
Resistance Ratio CRR for M = 7.5 and b) CRR for M ~ 9.5, the 
Cyclic Stress Ratio CSR corresponding to a M ~ 9.5 and PGA 
~ 0.5g
 
Comparison of ground failure mechanisms
Two ground failure mechanisms, cyclic failure of plastic 
soils and liquefaction failure of granular soils, have been 
presented. Both indicated the potential for failure in future 
large events. But which caused the damage in 1960 and 
which is a hazard to mitigate in future events?. This all 
depends on the plasticity of the soil and the thickness of 
the layers. 

The soils in Valdivia, based on old investigations and more 
recent investigations, are highly variable and interlayered 
river and manmade deposits that tend to be on the plastic 



112

Moss, E. and Moffat, R. (2020).  27, x-x

end of the spectrum. Cyclic failures in past events do not 
require significant layer thickness to result in a sliding 
surface for deformations to develop. Cyclic failure does 
however require driving shear stresses to develop seismic 
induced deformations. These driving shear stresses would 
be from sloping ground, free face conditions, or building 
induced stresses. 

For liquefaction to result in large deformations the soil 
needs to have low-plasticity and generally the saturated 
layers need to be upwards of a meter thick. Recent events 
in New Zealand (Green et al., 2014) have pointed out 
the limitations of current liquefaction triggering methods 
when assessing interlayered deposits. These studies have 
shown that current methods like Moss et al. (2006) tend to 
overestimate the likelihood of triggering when interlayered 
silts and sands are present, as opposed to “clean” sands 
layers greater than a meter thick. 

For Valdivia, detailed subsurface sampling is recommended 
for each project to test for the layer thickness and plasticity 
of the layers to determine how to proceed. It appears that 
both failure mechanisms have been and will be present, 
which is similar to the soil conditions and past seismic 
behavior in Anchorage Alaska. The questions then becomes, 
which mechanism controls and how much deformation is 
expected? For liquefaction deformations Yazdi and Moss 
(2016) can be used to estimate deformations. For sloping 
ground or free face conditions it is typical to use a lateral 
spreading model (Youd et al., 2002). For cyclic failure, 
Newmark-type semi-empirical methods (e.g., Makdisi 
and Seed, 1979; Bray et al., 1995; Bray and Travasarou, 
2007) have had some success providing a rough order of 
magnitude, as well as numerical modeling using a finite 
difference approach (e.g., FLAC) to provide a more 
calibrated assessment.
 
Co-seismic tectonic deformations
Although it has been noted anecdotally since antiquity that 
co-seismic displacements accompany large earthquakes, 
only recently has modern geodesy allowed for the accurate 
measurement of these displacements (Kelson et al., 2011). 
The 2010 Maule earthquake caused vertical and horizontal 
co-seismic displacements that were measured at sufficient 
enough locations using GPS to resolve some of spatial 
characteristics. The crustal deformation has a pattern that 

resembles that of an elastic or harmonic response. Similar 
to the utility of the elastic rebound theory for earthquake 
stick-slip response (Hough and Bilham, 2005), and the 
isostatic rebound modeling of crust when unloaded after 
glacial retreat (Larsen et al., 2005), post-seismic tectonic 
uplift/subsidence lends towards a large-scale elastic 
interpretation as well.

Data from the 2010 Maule event (after Vigny et al., 
2011) is shown in Figure 6. The data is plotted as the 
perpendicular distance from the trench in kilometers 
versus the co-seismic displacement in meters. The data is 
an aggregate of two cross-sections, one at the latitude of 
Constitucion (35.5oS to 36.0oS) and the other at the latitude 
of Concepcion (37.0oS to 37.5oS).

Valdivia is located roughly 150 km perpendicular from the 
trench. If the 2010 event is a good analog of the 1960 event 
(e.g., both along the same subduction trench and rupturing 
with the same planar orientation) then Valdivia plots to the 
right of the maximum co-seismic subsidence. Preliminary 
research on other subduction events, 2004 Sumatra (Chlieh 
et al., 2007) and 2011 Tohoku (Nishimura et al., 2011), 
the authors have observed that the location and magnitude 
of maximum subsidence has a dependence on the seismic 
moment magnitude (Figure 7). This observation would 
corroborate the greater measured subsidence in Valdivia 
in 1960 being on the order of 1.8 m (Retamal and Kausel, 
1969).

The pattern observed in Figure 6 has a very curious shape, 
not following a simple exponential decay or similar 

Figure 6: Plot of vertical co-seismic tectonic deformations (m) 
as a function of fault-perpendicular distance from the trench 
(km) from the 2010 Maule earthquake (after Vigny et al., 2011)
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physical process. The shape lends to being modeled by a 
damped harmonic function, which is commonly used in 
structural dynamics to explain the response of structural 
components/systems that have some stiffness and some 
damping (Chopra, 1995, p. 339). Damping is a “catch all” 
term used to describe some mechanism by which energy is 
dissipated in a structural component/system, and includes 
both frequency dependent and frequency independent 
mechanisms. The mathematical function that describes an 
under-damped harmonic oscillator is:   

where

; and     

and x = displacement, ẋ = velocity, t = time, which in this 
application is equated to distance, ζ= damping ratio (ratio 
of critical damping), ω0= undamped angular frequency, 
ωd = damped frequency, A and B = determined by initial 
conditions, which in this case is under-damped.

The utility of this function (6) becomes apparent when it 
is fit to the co-seismic data. As can be seen in Figure 8 
the function (6) can mimic the observed peak uplift, peak 

subsidence, and approach to zero with reasonable accuracy 
(nonlinear regression fit with R2 ≅	0.9 ). This function also 
captures the observed uplift that occurs at a distance greater 
than that of peak subsidence before the approach to zero. 

The 1960 earthquake event released significantly more 
energy than the 2010 event, and likely had much larger 
co-seismic deformations associated with it. However the 
trends appear to hold true when compared to other events 
(2005 Sumatra and 2011 Tohoku, not shown). There appears 
to be a magnitude, or more precisely a seismic moment 
magnitude dependence, and the amplitude and location of 
the trough modeled in Figure 8. Valdivia is roughly 150 
km from the trench which would put it near the region 
of largest subsidence, agreeing with the measured 1.8 m 
of tectonic subsidence (Retamal and Kausel, 1969). The 
hope is that continued careful measurements of co-seismic 
displacements will result in a sufficient database to create 
predictive functions for forecasting these often hazardous 
surface displacements.

Figure 8: Co-seismic deformation data from 2010 Maule event 
fit with a damped harmonic oscillator function using nonlinear 
regression (R2 = 0.9)

Summary
Based on a review of the documented ground failures and 
tectonic subsidence, and using current methods to assess 
these effects, it appears that a repeat of the 1960 Chilean 
earthquake would result in very similar ground failure and 
subsidence in Valdivia. The widespread presence of silty 
soils and past use of these as fill material puts the city at 
risk for cyclic failure of plastic fined grained soils. These 
failures result in ground cracking and lateral deformations 
where driving shear stresses are present such as along free 

Figure 7: Comparison plot of the co-seismic tectonic 
deformations from the 2004 Sumatra, 2011 Tohoku, and 2010 
Maule earthquakes
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faces, on sloping ground, or below building foundations. 
There is also liquefaction hazard of saturated granular soils 
that are non-plastic to low-plastic in nature throughout the 
city. Sand boils, ground cracking, and lateral spreading 
are the liquefaction effects that can cause damage. The 
location of the city with respect the subduction trench 
places it in a region that is susceptible to co-seismic 
tectonic subsidence and increased tsunami hazard. The 
biggest hurdle in mitigating most seismic hazards is often 
awareness, and Chilenos are frequently reminded that they 
live in a dynamic crustal environment that produces some 
of the worlds’ largest earthquakes. The goal of this paper 
was to provide some insight into the specific hazards in the 
Valdivia region, and apply some current engineering tools 
for analyzing these hazards.
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