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ABSTRACT

The Chile Margin triple junction is characterized by a 
number of features which provide a unique opportunity for 
implementing finite element analysis for modelling large 
scale geologic features. From various studies on the Chile 
Margin Triple Junction, it has become apparent that large- 
scale features such as the LOF fault could be related to the 
ridge-trench collision. Ridge-Trench collision and diagonal 
subduction of the Nazca plate along the Chile Trench, have 
created a stress field on the South American Plate, within 
which both trench-parallel strike slip fault systems and 
graben structures are dominant structural units.

Nelson and Forsythe (1985) proposed an indenter model, 
to explain the general mechanism of ridge collision and the 
related stress field at the triple junction. In their model 
colliding ridge segments are acting as indenters pushing 
elongate continental forearc blocks laterally along the 
continental margin and away from the collision zone.

In this study, a series of finite element models have 
been developed to check the effects of the parameters that 
have been considered as having an effect on the stress 
distribution over the South American Plate. Among many other
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parameters like material properties, mesh density, boundary 
conditions and so on, the convergence and subduction angles 
have been found the most important factors on the stress 
field over the SAM.
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Chapter 1. INTRODUCTION

During the development of the plate tectonic theory, 
subduction was generally viewed as a relatively steady-state 
process, in which the bathymetrically smooth abyssal plain 
of the oceanic crust entered the trench at convergent 
continental margins. In 1981, BenAvraham and Nur recognized 
that convergent continental margins are affected by episodic 
deformation or accretion events when bathymetric 
irregularities, such as oceanic plateaus and ridges, collide 
with them. Collision of an actively spreading oceanic ridge 
can affect the leading edge of a forearc due to both 
mechanical and thermal anomalies associated with such 
collision. One example of such a situation is occurring 
today where the Chile Rise (the divergent boundary 
separating the Nazca and Antarctic plates) is colliding with 
the South American forearc at the Chile Margin triple 
junction (CMTJ) in southern Chile (Figure 1).

Although various effects of ridge collision have been 
proposed (e.g., Delong and Fox 1977; Forsythe and Nelson 

1985) , ridge collision sites have not been adequately 
studied to distinguish between various models. In addition, 
no comprehensive studies have been done at ridge collision
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sites on active crustal deformation using seismic or 
geodetic monitoring. The purpose of this study is to use 3D 
finite element methods to model the state of stress at the 
CMTJ, using knowledge of the plate kinematics, and 
assumptions regarding mechanical properties of the plates 
involved.

More specifically, the finite element modelling is 
designed to test the applicability of the indenter model 
(proposed by Forsythe and Nelson 1985) in explaining the 
formation of large-scale strain features in the South 
American forearc near the triple junction. In their indenter 
model, Forsythe and Nelson (1985, Nelson and Forsythe 1989) 
suggested that impingment of the bathymetric relief of the 
Chile Rise on the leading edge of the forearc would generate 
a stress concentration in the region of the triple junction. 

They further suggested that, in response to this stress 
concentration, elongate crustal blocks in the forearc region 
would slide laterally away from the ridge-collision zone, 
thereby creating trench-parallel strike-slip faults bounding 
the arcward side of the blocks, and extentional, pull-apart 
basins bounding the trailing edges of the blocks (Figure 5). 
In the case of the CMTJ, the crustal block is the Chiloe 

block, and the bounding features are the Liquine-Ofqui fault 
(LOF) and the Golfo de Penas basin (Figure 4).
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1.1 Location and Geologic Setting

The Chile Margin triple junction, located along the 
Chile trench in southern Chile at approximately 46°S, 
separates the South American plate (SAM), Nazca plate (NAZ) 
and Antarctic plate (ANT) (Figure 1). North of the CMTJ, the 
NAZCA is converging with the SAM at ~9 cm/yr at an oblique 
angle of -70°. South of the CMTJ, the ANT is converging with 
the SAM orthogonally at ~2 cm/yr. As a result of the 
relative motion of the three plates and the geometry of the 
plate boundaries, the triple junction is migrating northward 
along the trench with an alternating history of 
trench-transform-trench and trench-ridge-trench 
configurations.

There are four main geologic terrains exposed in this 

part of the Andes ; pre-late Jurassic metamorphic basement, 
the dominantly Mesozoic Patagonian batholith, 
Mesozoic-Cenozoic volcanic rocks, and Upper Cenozoic 
sedimentary and igneous rocks.

Metamorphic basement rocks mainly consist of 
quartz-veined, quartzitic schist and phyllite. Other, lower 
grade lithologies include complexly deformed and 
quartz-veined sandstone and shale. The Patagonian batholith, 
which is the most extensive unit in the southern Andes,
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consists of a host of calc-alkaline rock types ranging from 
gabbro to granite.

Volcanic rocks that have been mapped locally as roof 
pendants are thought to be the remains of a Mesozoic or 
Tertiary volcanic arc that once capped the batholith. 
Sedimentary rocks, exposed mainly around the Golfo de Penas, 
range from poorly-bedded siltstone to sandstone and coarse 
basal conglomerate.

Additionally, eight shallow-level intrusions and an 
ophiolite complex (Taitao ophiolite) have been discovered 
along the Taitao Peninsula by Forsythe et al. (1986).
Because of their locations and correlation, emplacement of 
the ophiolite and the magmatic activity of the Taitao 
Peninsula is thought to be a direct result of ridge 
collision (Forsythe et al., 1986).
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Figure 1. The location of the Chile Margin triple junction 
and associated plates (form Forsythe and Nelson
1985).
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1.2 Methods

The method involved in this study was to create a 3-D 
model grid of the Chile margin triple junction region, then 
to simulate its deformation using the finite element 
modelling program MSC/NASTRAN. The steps involved in this 
process included : (1) database creation that provided a 3D
undeformed model grid of the 3-plate geometry in the region, 
(2) application of force to the model grid, (3) static 
analysis of the deformed model for possible geologic 
structures, and (4) dynamic mode analysis to understand the 
progressive evolution of stress and strain features.

During database creation, spatial properties 
(bathymetry, topography, plate dimensions) of the region 
were gathered from maps and previous studies. Continental 
crust was assumed to be composed of granite and oceanic 
crust of basalt. The resulting data then were combined to 
create two 3D model grids of the region (a local grid and a 
regional grid. Figure 2).

After creating the database, loads were applied to the 
model grids in such a way that the effect of impingment by 
the each ridge segment could be represented. Static and 
dynamic analysis of the regional model grid showed the 
stress distribution as a result. A more realistic local
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model of two-ridge-segment collision was also created to 
model local stress distribution near the triple junction.

1.3 Previous Work

In recent years, similar methods have been used to 
model geological features. Hashimoto (1982) implemented the 
finite element method to investigate possible sources of 
stress field and stress distribution by modelling the 
subducting Philippine Sea plate.

Bott (1990) modelled the tectonic stresses on the 
crust, associated with collisional mountain ranges, by 
creating a 2D plate model.

Cohen and Morgan (1986) tried to model the deformation 
associated with continental collision involving the 
penetration of a rigid punch into a deformable sheet.

Houseman and England (1986) used the finite element 
method to calculate stresses and strain rates in a thin 
viscous sheet, representing the continental lithosphere, 
that is bordered on one side by an indenting boundary.

Cloetingh and Wortel, (1981 and 1985) modelled the
stress distribution in the Nazca plate using finite element 
methods in order to study the origin of the Cocos-Nazca 
spreading center. They found that the regional stress field
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Figure 2. 3D grid models of the CMTJ region, representing 
a) regional model, b) local model.
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near the trench is characterized by compression normal to 
the Peru-Chile trench between 1°S and approximately 16°S/ 
tension in the region 160S-27°S/ and again compression from 
27°S to 45°S (Figure 3) .

At the Chile Margin triple junction, Forsythe and 
Nelson (1985) and Nelson and Forsythe (1989) discussed the 
general mechanism of ridge collision and related stress 
fields. In their model, colliding ridge segments are acting 
as indenters pushing elongate continental forearc blocks 
laterally along the continental margin and away from the 
collision zone (Figure 5).
One example is the Chiloe block which is moving northward 
along the Liquine-Ofqui fault (Figure 4). They interpreted 
the Golfo de Penas as a pull-apart basin, developed as the 
Chiloe block moves northward, away from the ridge collision 
site (Figure 5). Oblique subduction also may have played a 
role in the origin of these features.
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Figure 4. Liquine-Ofqui fault zone ( from Forsythe and
Nelson 1985, Triangles mark Quaternary volcanos )
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Chapter 2. TECTONIC SETTING AND STRUCTURAL 
PROPERTIES OF THE STUDY AREA

2.1 Chile Margin Triple Junction

The subduction process involves a complex interplay of 
forces that affect plate motions and determine the 
structural style of forearc regions (Jarrard 1986).
Depending on the configuration of these forces, it is 
possible to create various, large-scale structures in the 
forearc near trench-ridge-trench (TRT) triple junctions.

A number of TRT triple junctions around the earth have 
been studied for their interesting geological situation and 
implications for the plate tectonic concept. Such triple 
junctions result in complex states of stress concentrated at 
one point (or small region) along forearcs. This is due to 
the impingement of bathymetric relief on the forearc at the 
trench. Also the subduction rate and plate convergence 
direction are different on either side of the triple 
junction (Figure 5).

The Chile Margin triple junction is one of the best 
examples of an actively spreading oceanic ridge in collision
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with a continental margin. For at least the past 15 My the 
direction of plate motions between the South American, 
Nazca, and Antarctic plates have remained relatively 
constant. As a result three segments of the Chile Rise, 
separated by transform fault offsets, have converged and 
collided with the South American plate (Forsythe et al.,
1986). A fourth ridge segment, separated by fracture zones, 
has recently been buried under the sedimentary fill of the 
Chile Trench, and is in the process of colliding with the 
forearc of the SAM plate north of the Chile Margin triple 
junction. The Nazca plate is subducting at a rate of ~9 
cm/yr in a direction of -N70E, whereas to the south, the 
Antarctic plate is subducting almost due east at about 2 
cm/yr. In this area the subduction angle is about 2 0°, 
although south of the CMTJ it may be less.

Because of the relative plate motions and the trend of 

the Chile Rise relative to that of the Chile Trench, the 
triple junction is migrating northward along the trench 
(Figure 6).
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2.2 Indenter Model

The Golfo de Penas Basin and the LOF are major geologic 
structures spatially related to the CMTJ. The LOF can be 
traced from Liquine (3 8°S) to the Golf o de Penas where it 
curves westward and disappears offshore (Figure 4). As a 
consequence of the geometry of the southern terminus of the 
LOF and the postulated northward movement of the Chiloe 
block, a zone of crustal disruption and extension must mark 
the southern boundary of the Chiloe block in the Golfo de 
Penas (Forsythe and Nelson 1985). As a result, Forsythe and 
Nelson (1985) hypothesized that the Golfo de Penas-Taitao 
basin originated as a pull-apart basin at the southernmost 
portion of the Chiloe block.

The Golfo de Penas and southern end of the LOF are very 
near the region of the Chile Rise-Chile Trench intersection 
(triple junction). Since the Middle Miocene, four segments 
of the Chile Rise have collided with the Chile trench in the 
Golfo de Penas region. These ocean ridge segments are 
parallel to the trench and separated by oceanic fracture 
zones. Thus, each segment's collision occurred as a distinct 
event in time and space, progressing northward along the 
continental margin. The indenter model suggests that the 
Golfo de Penas region would have been "riding up" the east



T-4124 17

facing slope of the approaching ridge segment, while the 
margin to the south would have been "riding down" the 
western slope of the previously subducted ridge segment 

(Figure 5).
Therefore, the horizontal stress acting on the margin 

will change in time at any location along the margin as the 
triple junction migrates. The resulting lateral gradient in 
horizontal stress is postulated to have caused at least some 
of the movement along the LOF and therefore development of 
the Golfo de Penas basin.

In his study of collision-related bending arcs, McCabe 
(1984) proposed that large-scale strain features can be 
formed by an indenter model (Figure 7). He pointed out that 
as the deformation proceeds, eventually stress resulting 
from the collision may result in any of the following 
tectonic processes : 1) slip-line style strike-slip faults 
allowing lateral extrusion of portions of the upper plate,
2) changes in the polarity of the subduction zone, 3) 
development of strike-slip faults around the margin of the 
indenter and, 4) reorganization of the entire plate margin.
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2.3 Geologic Structures Related to Ridge Collision

Two major geologic structures can be distinguished in 
the area of the CMTJ. One is the development of a 
fault-controlled marine basin, the Golfo de Penas-Taitao 
basin. This basin, just south of the present position of the 
triple junction is part of the western margin of the South 
American plate, which has overridden short segments of the 
Chile Rise at about 5-6 and 2.5-4 Ma, respectively (Forsythe 
et al. 1986).

The nature and location of the Golfo de Penas-Taitao 
basin suggest that this feature is related to ridge 
collision events in the past.

The second major geologic structure is the LOF fault. 
Although this fault is proposed to be mainly a strike-slip 
fault, it also has a normal component of slip, at least near 
its southern end.

One of the distinctive characteristics of this fault 
zone is a structural linearity over a very long distance, 
which suggests that it is an active or recently active fault 
zone. Instead of being one single fault through the area, 
the LOF may be made of a number of fault splays which are 
roughly parallel to each other. Since little is known about 
the relationship among these fault splays, one could suggest
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that they could be an en-echelon array of fractures and 
faults.

This type of strike-slip fault geometry, associated 
with oblique subduction zones, has been studied by many 
authors (e.g. Jarrard 1986, Beck 1983). Beck (1983) explains 
that, in most cases, the overriding plate responds to 
oblique subduction by forming a strike-slip fault that 
traverses the magmatic arc and displaces its leading edge in 
the direction of the transverse component of oblique 
convergence (Figure 8).
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Figure 8. Oblique subduction and strike-slip fault system 
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oblique convergence into a subduction-zone 
transcurrent-fault pair. (B) illustrates the 
geometry of a Sunda-type margin. (C) shows
formation of the transcurrent fault along a 
thermally-thinned zone (volcanic arc) (Beck 1983).
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Chapter 3. MSC/NASTRAN AND 3D COMPUTER MODELLING

3.1 Finite Element Modelling

In defining and solving a physical problem, the state 
and configuration of the phenomenon must be described 
completely. The entirety of the phenomena being considered 
constitutes the system, and its state is described by the 
physical quantities by which it is manifested. In a given 
problem, some of these quantities may be prescribed or 
fixed, while others are unknown or variable through the 
system.

In the case of a complex problem, the physical 
quantities may exceed the limits of a human being to solve. 
More importantly, required time to deal with such problem 
may be enormous.

With the advent of the computer, however, it has been 
realized that the solution of such complex problems is no 
longer insurmountable. Instead, such problems can be solved 
using techniques generally called 'matrix methods'.

Matrix methods, since they involve a number of 
repetitive steps, are particularly suitable for computer 
applications. One of these methods is the finite element 
method, which represents the extension of matrix methods for
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continuum structural analysis (Rockey et al. 1983).
The basic concept of the finite element method is that 

the structure of an object can be considered to be an 
assemblage of individual finite structural elements, which 
together represent the main structure, and an unknown 
function is assumed to be of particular form inside each 
element, that also represent the unknown parameters, that 
are wanted to solve. The overall problem becomes one of 
determining these parameters (Pearson 1986) .

In the finite element method, a continuum is idealized 
as a number of individual elements connected only at nodal 
points. This method is extremely powerful since it enables 
continua with complex geometrical properties and loading 
conditions to be accurately analyzed. The method involves 
extensive computations but, because of the repetitive nature 
of these computations, it is ideally suited for solution 
using a computer.

A number of assumptions and simplifications have to be 
made for element connectivity and boundaries. By choosing a 
suitable pattern and finite element size,it is possible to 
overcome some of the assumptions and simplifications.

The nature of the finite element idealization indicates 
that, in general, the accuracy of the solution increases 
with the number of elements used (Rockey et al. 1983).
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However, it must also be realized that as the number of 
elements increases, the computer time required to obtain a 
solution also increases. The capacity of the computer that 
is used also is another important factor. To overcome some 
of these problems, graded division
(meshing the more important regions densely and leaving the 
remaining parts more crudely meshed, see Figure 9 for graded 
mesh) of the structure is generally used, which allows a 
user more detailed study of a region within the structure 
(Figure 9).
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Figure 9. Finite elements, uniform loading,point load and 

graded meshing examples (Rockey et al 1983).
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3.2 Modelling with NASTRAN

NASTRAN is a system of computer programs that allows 
one to create and manipulate a data base to solve problems 
using matrix structural analysis. The system is composed of 
a data base, an executive system, and modules that perform 
finite element modelling, data base manipulation, and 
program input/output. The data base can be created directly 
from the input stream by the I/O modules, or it can be 
created by modelling modules. The data base is then 
manipulated by the functional modules (addition, 
sabstraction, equation solving, etc.) to obtain a solution 
data set that is then displayed. The whole process is 
controlled by the executive system which is, in turn, under 
user control by means of the NASTRAN language that is called 
DMAP (Direct Matrix Abstraction Programming). The NASTRAN 

Executive system is always controlled by DMAP statements. 
Also, there are some pre-defined codes which are called 
rigid formats that generally define what kind of analysis 
the user will execute. The user can also activate the entire 
set of DMAP instructions associated with a particular rigid 
format by a single directive in a NASTRAN data deck. 
Schematic functional organization of the NASTRAN is shown in 
Figure 10.
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In user level, the first operation is to define the 
physical problem. This is done in bulk data section of the 
input file. This section contains :

- The grid point locations
- The element connectivity
- The element properties
- The material properties
- The constraints
- The loads
- etc..(some other parameters which are beyond the scope 

of this study).

Figure 11 shows a typical hexa finite element with some 
of the features described here.

After defining the problem, the user defines what 
he/she desires from the output. The user can get many 
different outputs as a result, such as displacements, 

strains, stresses, element energy density and so on. Finally 
after completely defining the problem, the user defines what 
type of analysis he/she wants to execute (static, dynamic, 
etc..).
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Figure 10. Schematic of NASTRAN functional organization 
(Schaeffer 1988).
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Figure 11. The properties of a hexagonal finite element that 
has been used for most modelling in this study.
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3.3 Modelling with MSC/XL

MSC/XL is an interactive preprocessor and postprocessor 
for MSC/NASTRAN. With MSC/XL one can build complete, 
ready-to-run NASTRAN models, then analyze them using 
NASTRAN. MSC/XL is fully integrated with MSC/NASTRAN, and, 
for this reason, the results of any type of analysis can be 
conveniently displayed with MSC/XL.

The program is both command and menu driven. The user 
can type and enter commands to execute operations or make 
menu selections using pointer devices such as a mouse.

MSC/XL provides basic "building blocks"- points, 
curves, surfaces, and solids- to enable the user to create a 
geometric model. These geometric entities later form a 
precise foundation for the finite element mesh. The program 
also provides a powerful toolkit for creating and editing 
mesh topologies.

Following the geometric entities, finite elements such 
as bars, beams, plates, shells, solids, and scalar elements 
can be defined within MSC/XL.

Element properties (a beam's cross-sectional area or a 
plate's thickness, etc.) as well as material properties 
(Young's modulus and Poisson's ratio, etc.) can be created 
and edited using pop-up forms and commands.
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All other parameters (such as different load sets, 
loading sequences, special materials, etc.) that could be 
necessary for a NASTRAN finite model can be created within 

the MCS/XL.
After creating a model, the user can put many options 

into the data file, that will determine the output of the 
NASTRAN results. With proper switches, the user can create 
MSC/XL data base files for postprocessing that will show the 
NASTRAN results in 3D space with color.

3.4 Postprocessing Results

Once the user has built a model using MSC/XL and run it 
using MCS/NASTRAN, the user can process the result using 
MSC/XL. The results of the NASTRAN analysis are stored in 
the "results database file". This file is a relational 
database organized in a specific hierarchy for fast, 
efficient data access. The amount of data in the results 
database file can be voluminous, depending on the type of 
analysis and the amount of result requested. In this study, 
each data file size was about 20 megabytes for just one 
file. The first step in results processing is to establish 
the connection between a results table and a results
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database. The results table controls which results from the 
database will be used during display of the result analysis. 
The results table gives a clear view into the database file.

Once the connection between a result table and the 
results database is established, the results table chooses a 
default quantity for every element on the results database. 
Result quantities can only be selected from those available 
on that particular results database. A user can display and 
change available result quantities using MSC/XL. For 
example, if the user wanted to calculate just stress 
results, these result options would appear on the pop-up 
form.

Additionally, the user can switch among other projects, 
change default color table for display, zoom in and out to a 
particular location in the model, or divide the screen into 
the small windows to see different models and quantities at 
the same time.
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Chapter 4. RESULTS

4.1 Description of Models

In this study, two different models have been created. 
They are called: a) local model, showing two ridge segments 
colliding with the South American plate, and b) large-scale 
regional model. Since there are some restrictions on running 
NASTRAN due to the capacity of the computer system that has 
been used, it was hard to simulate colliding ridge segments 
at the triple junction on the regional model. In order to 
see the effect of the colliding ridge segments, a local 
model has also been created, simulating two colliding ridge 
segments at the triple junction. In the regional model, 
ridge collision and subduction have been achieved by 
applying different loads to both sides of the triple 
junction. The geometry of the region has been simplified in 
order to be able to create a finite mesh of the 3D plate 
geometry (Figure 2). This spatial simplification was 
considered to be relatively unimportant since only very- 
general structures and broad areas are modelled. Also, the 
geometry of the mesh is constructed so as to synthesize the 
three-dimensional configuration of the subducting slab. On
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the continental crust, the mesh contains a higher density of 
elements to produce a more precise solution for the stress 
field on the continental crust. There are three different 
structural units in the regional model, continental crust, 
oceanic crust and asthenosphere.

The geometric dimensions and model parameters that have 
been used for the final model, given in Plates 2 to 8, are 
presented in Table 1 (see Plate 1 for the model itself).

It is assumed that the state of stress in a 
lithospheric plate is determined to a large extent by 
plate-tectonic forces related to plate interactions and 
gravity effects. But, in later models, we also simulated the 
effect of magma intrusion by creating a constant 800°C 
temperature plate between the crust and asthenosphere (to 
simulate the thermal gradient at 3 0 km) and also by putting 
a variable temperature vertical plate -150 km east side if 
the trench (to simulate the volcanic arc).

It is known that there are many different forces acting 
on plates such as ridge push and slab pull, resulting from 
processes at or near their boundaries and from interaction 
with the underlying mantle. Since it is hard to model 
exactly all these forces, it is necessary to make some 
simplifications. Ranalli (1983) stated that the forces 
acting on the subducting slab are the largest, and control
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the velocity of the oceanic plates. Combining forces like 
slab pull and ridge push and considering them as one single 
force was considered a reasonable assumption. Because ridge 
push is modelled as a point force acting on a finite 
element, it is likely that forces acting at the trench have 
been simulated correctly. In this study, we used a 
distributed load on finite elements for the subducting slab. 
A point force is defined as a force applied to a point on 
the finite element structure, whereas a distributed load is 
applied to a surface of a finite element. See Figure 11 for 
point force and distributed load explanations.

The actual stress level in a plate depends on its 
specific tectonic setting, which is subject to changes 
during its evolution (Cloetingh et al. 1986). However, in a 
computer model simulating this continuously changing 
tectonic setting is difficult to model. Although there are 
many known and unknown parameters affecting the present 
stress field on the SAM, we considered a somewhat simplified 
system of boundary forces, because our interest was not in 
evaluating all the individual components of the boundary 
force system at the triple junction, but in assessing the 
large scale variation of the effects of the major 
contributing loads.
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Table 1.
Model geometry and the properties of the rock types 
involved.

M a t e r i a l  p r o p e r t i e s  o f  r o c k s ,
E las tic  Modulus 

(k g f/m 2 )
Poissonzs r a t io D ens ity

(k g /m 3 )

Continental
C ru s t 1.6 e+9 ..27 2700 .

Oceanic
C r u s t 1.9 e+9 .29" 2900.

A sth en osp here 2. e + 9 " .30* 3200.

• These values are fo r  the model th a t is shown in appendix Plate 2..8.

T h e  t e m p e r a t u r e  d e p e n d e n t  p r o p e r t i e s  o f  t h e  c o n t in e n ta l c r u s t ,  e x t r a c t e d  fro m  Ketm , 1981

Tem p eratu re
E la s t ic  Modulus  

( k g f / m 2 )

200.

600

l.e+9

9.e+8

800 7 .e + 8

O b liq u ity  o f  s u b d u c t io n  is  21 

S u b d u c t io n  a n g le  is 24

T h e rm a l e xp a n s io n  c o e f f i c ie n t  f o r  t h e  c r u s t  is  3. e - 7  /K  < England, 1980 ) 

G r a v i ty  c o n s ta n t  is  10 m /s 2
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Different boundary configurations and load 
configurations were later used to study what differences 
occur. By examining these different submodels, more 
realistic boundary conditions were created.

The local model has been created to calculate more 
local stress distribution on the triple junction. The same 
assumptions and parameters used in the regional model were 
applied.

A number of models were created improving the 
parameters each time and checking the effects of factors 
(for example, the presence of a mountain range, parallel to 
the trench).

The number of finite elements that were used varied 
from 500 to 7 00, with more than 2000 grid points. The amount 
of computer time required to solve each model differed from 
2 hours to 4 hours, depending on the number of grids used, 
the type of solution output desired, the finite element type 
used, other processes running on the computer at the same 
time and other user specified parameters needed to create 
specific output files.

The parameters checked were a) the absence or presence 
of asthenosphere in the 3D model, b) the boundary 
conditions, c) the absence or presence of a mountain chain 
(topographic high region) on the SAM, d) the 3D model
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dimensions, e) the eastward length of the 3D model, f) the 
material properties (such as elastic modulus, Poisson's 
ratio, thermal expansion coefficient), g) the subduction 
angle, h) the obliquity of the subduction (convergence 
angle), i) other parameters that control the speed of 
calculation in NASTRAN (like the shape and dimensions of 
particular finite element). The important parameters given 
by different authors in many finite element studies are 
presented in Appendix 1. Also appendix 2 gives the range of 
the parameters that were used in the study.

4.2 Interpretation Methods

When a continuous deformable body is under a load, a 
stress field occurs within the body. Rheological behavior 
induced by stress can be studied experimentally by applying 
loads generating a simple stress system and measuring the 
corresponding strains (Ranalli 1987).

The rheology of rocks depends on several material and 
environmental parameters. Rock behavior is elastic at low 
temperature and pressure, as in the upper lithosphere, even 
under loads of long duration. Rock is still elastic at high 
temperature and pressure, as in the bulk of Earth, provided
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that the load is of short duration. Rock is fluid at high 
pressure and temperature and under loads of long duration 
(Ranalli 1987).

The linear rheological behavior of rocks can be applied 
only below a critical stress, the elastic limit of the 
material, at which point rock behavior becomes non-linear 
followed by failure. This point is called the yield strength 
or yield stress which is a function of material, 
environment, temperature, pressure and loading. Failure can 
be sudden discontinuous deformation, slow recoverable or 
unrecoverable linear deformation or a combination of both, 
depending on the above mentioned factors. The behavior can 
be affected by pre-existing discontinuities or 
irregularities in the material.

The effect of chemical materials and fluids in the 
environment can make rheological behavior much more 
complex. For example, the presence of pore fluid pressure 
increases the likelihood of fracture, since failure can 
occur not only because of a steadily increasing shear 

stress, reaching a critical value, but because the critical 
value decreases as a consequence of an increase in pore 
fluid pressure (Ranalli,1987).

Despite all these complex parameters which affect rock 
rheology, one can study the possible consequences of stress
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on rocks by studying the stress field accordingly.
In this study, two methods of stress field 

interpretation have been used. The first method uses the 
principal stresses and their relations to the major 
geological features (Figure 12).

Sylvester (1988) explains the occurrence of sinistral 
and dextral strike-slip faults in relation to maximum 
shortening directions, and gives the mechanics of strike- 
slip faulting in pure and simple shear cases.

By plotting the principal stresses on the finite 
element model, it is possible to predict some possible 
geologic structures.

The second method defined by Hafner (1951), 
incorporates the stress distribution over the body. In 
Hafnerz s method, two graphical representations of the stress 
field are determined.
1) Stress trajectories, defined such that the directions of 

the principal stresses are the tangents to these curves at 
all points. One set determines the direction of the maximum 
principal stress and a second one that of the minimum 
principal stress. The two sets are orthogonal everywhere.
2) Lines of equal maximum shearing stresses, consisting of 

a series of lines each of which connects all points of equal 
magnitude of this quantity (Hafner, 1951). One example of
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this method is given in Figure 13.

41
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Figure 12. The principal stresses and their relations to 

shear zones (faults) and related secondary 
features (Sylvester 1988) .
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SUPPLEMENTARY STRESS SYSTEM  CONSISTING OF 
VARIABLE VERTICAL AND SHEARING STRESS ALONG BOTTOM OF BLOCK
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Figure 13. One example of a stress system showing the stress 
trajectories and lines of equal maximum shear 

stresses (Hafner 1951) .
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4.3 Static Analysis

In static analysis, a series of loads are applied on a 
finite element mesh, and the resulting stress field is 
determined. The user defines the grid point locations, 
structural element connectivity and properties using the 
best element type for the study, element properties using 
MAT-type inputs (MAT type inputs means that the user defines 
material properties in their simplest form; in NASTRAN it is 
possible to define material properties in a very complex 
manner to represent the real situation), and inertia 
properties such as loads, boundaries, special points that 
have some special importance in the model.

In this study, many models were created for static 
analysis. In the first stage, we started with a simple model 
defining the general geometry and properties, then improved 
the model step-by-step by adding new parameters to make it 
more realistic.

In every model, principle stress magnitudes and 
directions were calculated. Later, these calculated stress 
patterns were used to interpret and predict possible 
geologic structures.

In earlier models, we used point forces through the 
subducting oceanic slab to simulate ridge push. But later.
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since we used 3-D finite elements, distributed loads were 
found to be more suitable to represent the actual push (See 
Figure 11 for point force and distributed force). In the 
starting models, asthenosphere was not included, instead, Y 
direction (vertical direction) movements on the crust were 
fixed to avoid unrealistic bending of the crust. Later, 
asthenosphere was added to the model. The absence or 
presence of the asthenosphere layer below the crust did not 
make much difference, if the upward (Y direction) 
displacements of the model (that is created without 
asthenosphere) grid points are fixed, which means that a 
particular point on the 3D model can move in the north or 
east directions but can not change its altitude (Y 
direction). Even with this restriction, the model gave the 
same stress pattern in general.

Different boundary conditions were checked to find 
their effect on the model stress field. In general, the 
finite element models show that the choice of boundary 
conditions can dictate the shape of the stress field at the 
model edges. Also, south of the triple junction, applying a 
fixed boundary condition determines whether the high 
stresses at the junction extend to the south. Since we were 
not as interested in modelling structures south of the 
triple junction, we kept a fixed boundary at the south edge
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of the model block. Later, the extent of area modelled was 
changed to avoid boundary effects around the triple 
junction.

The effects of the presence or absence of a mountain 
chain were also studied by creating a topographic high 
region on the SAM to simulate the volcanic arc. The only 
effect that was observed was a westward shift of the whole 
stress pattern. This is expected, since increasing the 
thickness of the crust at that mountain chain will increase 
the strength of the crust at that section and as a result, 
the stress will be concentrated in the forearc region.

Changing the material properties, within reasonable 
limits (using possible different values given by different 
authors), also did not change the general stress pattern. 
But one exemption is the thermal expansion coefficient. 
Because of the very different values for the thermal 
expansion coefficient, given by different authors, the 
amount of the subsidence on the SAM plate changed with each 
different thermal expansion coefficient of the continental 

crust.
The shape of the finite elements, and the manner in 

which the finite elements were connected were also 
important. The finite element method assumes that the
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elements are connected only at the grid points, even if the 
user creates 3D elements ; so in 3D space, 3D elements are 
assumed not touch each other, except at the grid points 
which define them.

The regional stress field along the trench in the 
forearc region north of the triple junction has a generally 
compressive stress pattern parallel to the trench and an 
extension stress pattern perpendicular to the trench (Figure 
15) .

The models show that shear stresses change magnitudes 
right at the triple junction (Plate 8). This rapid change of 
stresses at the junction could have been the generation 
point for the Liquine-Oflie strike-slip fault.

If the stress field calculated from the models is 
interpreted in terms of geologic features, the calculated 
stresses which trend north and perpendicular to individual 
finite element faces, show that there is an area between the 
forearc region and far east side of the SAM, where stresses 
change direction, which means shear between those particular 
areas. This also fits with Liquine-Oflie strike-slip fault. 
The joint occurrence of compression in the east and 
extension in the west is a key to the shear stresses on the 
SAM that caused the LOF fault.

Cloetingh et al.(1986) have worked on finite element
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modelling of the north part of the Nazca plate to explain 
the break-up of the Cocos plate. The parameters used by 
these authors were used in one of the models created in this 
study to see how applicable they were. Cloetingh et 
al. (1986) calculated ridge push and slab pull by a series of 
formulas given by McKenzie (1969) . Since, in the north part 
of the Nazca plate, "regular" (no ridge collision) 
subduction is occurring, and ridge collision is occurring at 
the south, it is possible that the values given for the 
forces acting on the slab by Cloetingh et al.(1985) will be 
higher in the south. These values were also checked with the 
model. The stress field produced by using their parameters 
had the same stress pattern as our initial solutions.

The effect of the thermal gradient in the crust is 
another important factor in a study where subduction is 
going on. Volcanic arc regions associated with subduction 
have a higher thermal gradient and any change in temperature 
tends to generate a change in volume. If a medium is 
confined and elastic (a condition that applies to rocks in 
the upper crust down to a depth of 15-2 0 km), thermal 
stresses arise from resistance to the temperature-induced 
volume change. In an isotropic body subject to a small 
temperature change, the strain can be regarded as the sum of 
the components generated by volume change and the thermal
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stresses due to the thermal expansion (Ranalli 1983) . Both 
the volume change effect and thermal stresses have been 
considered during our modelling attempts. The normal slip 
component of the LOF fault zone was not observed in the 
models where we did not include thermal effects. Creation of 
a thermally weak zone in the crust and increasing the 
temperature of the asthenosphere along with the effect of 
the subducting slab, produced subsidence which can be 
interpreted as a possible cause of the normal slip component 
on the LOF. Because we can not simulate time dependent 
fracture occurrence throughout the LOF zone on the models, 
we need to interpret the deformed body, and draw conclusions 
from this deformation. Additionally, the most deformed part 
of the model was the forearc region. Plate la,b,c show 
deformations of the static model in all directions.

In his prediction of fault type from a stress 
distribution, Golombek (1985) gives examples of fault types 
in areas with different stress distribution. He points out 
that if one horizontal principal stress is tensile and the 
other is compressive, then the intermediate principal stress 
is vertical and strike-slip faults are expected. In most 
cases, the planes of maximum shear stress are oriented at 
45° to the maximum compressive stress and contain the 
intermediate principal stress direction. The faults that
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actually form, however, are typically oriented at about 30°- 
45° to the maximum stress due to internal friction. Since we 
are not interested in the static analysis, this method will 
be used on the dynamic analysis results.

As mentioned before, changing the value of a particular 
factor did not drastically change the stress pattern 
predicted over the SAM plate. However, this was not the case 
for subduction angle and, to some degree, the obliquity of 
subduction. In models where the subduction angle was set 
within the range of 150-35°, few changes occurred in the 
stress field over the SAM plate as the angle was varied. 
However as the subduction angle was increased above 40°, the 
stress pattern changed drastically, creating a completely 
new stress pattern, with different principal stress 
directions.

The obliquity of the subduction also was checked with 
the same way. The "safe" limit for the obliquity of the 
subduction changes from -10° to -40°. In our study area, 
this value is about 21°. This value was later used in most 
models. The proposed subduction angle is in the given range 
of 17°-30°. The subduction angle later was taken as 24° for 
most models.

Plates 1(a),1(b) and 1(c) show the general behavior of 
the model that was created by using parameters given in
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table 1. These plates show the displacements in X, Y and Z 
directions (here X is east, Z is north and Y is upward). The 
Y direction (upward) displacement pattern shows that there 
is a region on the SAM plate that will subside under the 
load as well as a region that will be uplifted parallel to, 
and near, the trench. This kind of movement pattern was 
observed by Plafker and Savage (1970) and Barrientos and 
Ward (1990) during the 1960 Chile earthquake (Figure 14).
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Figure 14 Areas in which subsidence and uplift occurred 
during the 1960 Chile earthquake (see 

explanation for areas) (Plafker and Savage 1970) .



T-4124 52

4.4 Dynamic Analysis

In static analysis, it is possible to describe a model 
in finite element form and determine the model response to 
the applied load without much effort. This is not the case 
in dynamic analysis, because of the several different types 
of dynamic analysis possible and the manipulations which 
must be performed to represent real situations in finite 
element form. Transient response analysis has been used for 
this study. In transient response analysis, the model is 
checked for its response to a load system which is applied 
for a particular time interval. For this reason, transient 
response analysis is the most general and also the most 
commonly used method for determining response to time- 
dependent and time-varying loads of an arbitrary nature, 
including nonlinear effects, and generation of response 
spectra (Gockel, 1983).

Some extra parameters had to be defined to perform the 
dynamic analysis. One of the data which is particular to 
dynamic analysis is the data which defines the time related 
loading of the system. Incorrect results are likely if the 
wrong time step is chosen for that particular case. In order 
to avoid this problem, models created were checked with 
different time steps, and results were compared to define
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their effect. Because of memory limitations on the computer 
system, stress values were calculated for every 1 million 
year period up to a total of 30 million years with 7 million 
years between each desired output point. This created 5 
different stages of stress distribution over the 30 million 
year period, then, it was possible to see how the stress 
field changed with time. These output points in time are 
7,14,21,28,30 million years following initial application of 
the load. These time intervals were long enough to cover the 
present situation in the study area.

The same material properties were tested in this 
analysis as in the static analysis. Stress values for 
particular points change with changes in material 
properties, but the overall stress field and stress 
distribution do not. This means that in this kind of plate 

configuration, where the subduction angle is low and the 
oblique subduction may play an important role, the stress 
field shape (overall stress distribution) does not directly 
depend on material properties of that particular region, but 
stress values can change. For example, tension and 
compression develop in the same areas in each case, but the 
stress values are different.

The subduction angle plays a very important role in the 
stress distribution developed throughout the time interval.
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In the initial plate configuration, when the subduction 
angle was high, it was impossible to get the same stress 
distribution calculated for low subduction angles. But when 
low subduction angles were chosen, the model had similar 
stress distribution over the SAM for each different 
subduction angle. Since the subduction angle in our study 
area is low (between 17°-30°, given by different authors, 
e.g. Jarrard 1986), the stress field shape doesn't change 
much for possible subduction angles.

The method described by Sylvester (1988) uses the 
principal stresses and their directions throughout a region 
to predict possible geological structures. By creating a 
plot showing the principal stresses and their directions 
with respect to each other, one can understand the general 
behavior of the whole model, and so predict possible 
geologic features from this behavior. In order to create 
such a plot, one has to know the principal stresses 
(especially maximum stress and minimum stress) and their 
directions. In this study, we used the maximum and minimum 
stresses and their surface-projected directions. By 
combining these values, the approximate stress distribution 
over the surface of the SAM plate has been plotted (Figure 
15) .

Figure 15 shows that the stresses on the present
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Chiloe block are dominated by tension and that tensional 
stresses are higher than compressional stresses. Stress 
direction does not vary much across the block, but north of 
the CMTJ and 10 0-150 km away from the subduction zone 
(trench) on the SAM plate, stresses change their values and 
directions drastically. Beyond this area, their values and 
directions again become relatively similar up to the model 
boundary. The prevailing tensional stresses on the Chiloe 
block can be seen as a cause of the grabens that form in the 
forearc region.

In the transition zone (here 100-150 km east of the 
Chile trench and north of the CMTJ) where stresses change 
direction over a short distance, compressional stresses 
start to become more dominant and their magnitudes also 
increase. We know that in most cases the planes of maximum 
shear stress are oriented at 45° to the maximum compressive 
stress and contain the intermediate principal stress 
direction. The faults that actually form, however, are 

typically oriented at about 3 0° to the maximum compressive 
stress due to the internal friction (Sylvester 1988).

The possible orientations of the faults on the surface 
are shown by drawing 30°-45o oriented lines from the maximum 
stress direction on the stress field map (figure 16).

The second method defined by Hafner (1951), illustrates
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the stress distribution over the body which is under an 
applied load by plotting stress trajectories. In order to 
draw these lines, one needs to know the directions of the

STRESS DISTRIBUTION OVER THE SAM PLATE £

-h -h -V' X"
+ + — ++ + -f +-V +-V -f +-V H* +-V + + -a
-V -f -A X

H o r iz o n ta l

H o r iz o n ta l

C o m p re s s io n

Tension NAZCA ANTARCTIC

Figure 15. The approximate stress distribution over the 

South American Plate.
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principal stresses. The maximum principal stress direction 
is especially important. Figure 17 shows maximum principal

-V

2 ' s t i ' e c r . e a  n n o r  -rr. a « r e c t

The Stress Distribution Over The SAM. Possible Slip Unas Ob The Surface

T
[xoim
1

Figure 16. The stress distribution and possible slip lines 
on the SAM.



T-4124 58

stress direction distribution on the SAM plate (directions 
due to north).

N

ttrectkxi o f  th e  maximum principal s tress  to  the north (S trike)

-5— 1023-
- 5-

Nunbers show the strSce from the  north  direction. CMTJ
Lmes a re  the boundaries fo r  th e  values given between then. -------------------------

100 km.

Figure 17. The direction of the principal stress (Ĝ ) to the 
north on the surface of SAM plate.
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Approximate stress trajectories can be drawn by using 
these directional values. The minimum stress direction 
should be perpendicular to these directions. Therefore one 
can draw the maximum and minimum stress trajectories on the 
SAM. The shear stress is always greatest in the direction at 
45° to those of the maximum principal stresses (Hafner 
1951). This is the plane which offers the least resistance 
to fracture in a stressed medium. But this angle is not 
constant for all material. It is, however, always less than 
45°, and most types of rock falls between 20° and 40°. A 
value of 3 0° appears to form a good overall approximation 
(Hafner 1951).

Two sets of lines representing the approximate 30° 
directions from the maximum principal directions give the 
orientation of possible slip lines along which faults will 
most likely develop. Figure 18 shows the approximate slip 
lines, drawn by using the results obtained from the 
direction values extracted from the principal stress 
direction values. The general pattern of the slip lines is 
similar to that has been drawn by the method defined by 
Sylvester (1988).

Another method to determine shear stresses on the SAM, 
is to obtain these values by using NASTRAN's capacity. Once 

the stress values are calculated for a particular model, one
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can obtain the distribution of the shear stresses over the 
model. Plate 8 shows the maximum shear stresses on the SAM 
due to the applied loads.

This shear stress distribution would predict where 
faulting could occur if the strength of the material was 
known for that particular plate. The faulting would occur 
where the shear stress exceeds the strength of the material. 
However, the strength of the rocks is not constant, even for 
the same rock type, and could vary due to many factors, such 
as confining pressure, temperature, presence or absence of 
the solutions, or even strain rate. In any case, it is clear 
that the faulting represented by the equal maximum shear 
stresses on the SAM plate starts around the triple junction, 
and curves to the north , where it becomes parallel to the 
trench. This is the same pattern followed by the LOF fault.
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Figure 18. The approximate slip lines that can be drawn by 
using the direction of the principal stresses on 
SAM.
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4.5 Results Obtained from Local Modelling

The collision of a series of ridge segments along a 
trench can produce significant crustal deformation on the 
overriding plate. In the vicinity of the plate boundary and 
on each ridge segment, the deformation may be greater 
relative to the inner part of the overriding plate.

Local models created for this study, have two colliding 
ridge segments north of the CMTJ (Figure 2).

Static analysis was performed on the local model by 
using the same parameters used for the regional model. The 
model was constrained at the east side and no boundary 
conditions were defined for the north and south edges of the 
model. The local model differs from the regional model in 
that no oblique subduction was defined for this model and a 
geometry involving two subducting ridge segments was 
created. The applied load was due east, normal to the 
trench. Since we did not apply any oblique load to the 
oceanic plate, we did not fix boundaries at both north and 
south edges of the model. This does not have much effect on 
displacement and stress patterns on the SAM, because 
appliying a load normal to the trench does not create much 
distortion in a north-south direction.

The displacement pattern, both in eastward and
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northward directions in the SAM, created by the two ridge 
segment collision configuration, shows the same 
deformational characteristics as the static analysis in the 
regional model (Plate 9). Also, the pattern implies that 
displacements in eastward and northward directions increase 
to the north. In the present plate configuration, this can 
be seen as a northward moving Chiloe block, separated from 

the SAM.
Though no northward component of applied load was 

defined, it is interesting to see that the displacement 
pattern on the SAM is similar to the pattern calculated by 
static analysis. This implies that the ridge collision could 
create the stress pattern necessary to cause the large-scale 
features (such as LOF) observed in the area.

4.6 Additional Remarks

In this study, we used data that was mostly gathered 
from different authors. Because the exact magnitude of the 
parameters can change from place to place, the values used 
may not reflect the real values that would have been found 
from in-situ measurements. Nonetheless, the calculated 
stress field pattern is not sensitive to changes in
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parameters used in this study, and these values are in the 
range used by many authors for finite element studies. 
Additionally, the calculated stress distribution is 
compatible with formation of the large-scale features 
observed in the region.
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CONCLUSIONS

In this study, the stress distribution over the South 
American plate caused by ridge collision has been modelled 
by using the finite element method. Two "sub-methods" have 
been implemented, the static and dynamic analysis.

Many finite element models have been created to check 
the effects of the parameters that are being considered as 
having an effect on the stress field over the SAM plate. The 
general stress pattern does not change with changes in most 
parameters. The subduction angle and convergence angle were 
found to have the greatest effect on the stress distribution 
when outside "safe" limits.

The stress distribution patterns obtained from static 
and dynamic analysis confirm the general geometry of the 
large scale features, like the LOF. In dynamic analysis, the 
calculated stress field pattern doesn't change very much in 
time, but the stress values for a particular point change 
throughout the time.

The regional stress field along the trench on the SAM 
plate has a compressive stress pattern parallel to the 
trench and an extension stress pattern perpendicular to the 
trench. But this stress configuration does gradually change 
through east direction (Figure 15). This implies that the
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shear stress pattern, created by the regional stress pattern 
does also change. Since the shear stresses are the ones 
creating strike-slip faults, shear stress pattern would show 
the general trends of strike-slip faults (see Figure 13 for 
general shear behavior, also see Figure 16., 18. and Plate 
10.). So, it can be concluded that the shear stress pattern 
created by oblique and low angle subduction at the region is 
capable of producing the present strike-slip fault on the 
SAM, because of its pattern and orientation.
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Appendix 1. Important parameters given by different 
authors for finite element studies.

HERE ;

POISSON'S RATIO -> P
RIGITITY -> G
VISCOSITY -> V
ELASTIC MODULUS -> E
DENSITY -> D
THERMAL Ex.COEF. -> A
THERMAL CONDACT. -> k
THERMAL DIFFUS. -> K
FRICTION (CONT.) -> f
STIFFNESS COEF. -> C
GRAVITY -> g
TEMPERATURE -> T

GHOSE, (1990) :
for Sunda Arc Region;
Material type is elastic.

G for cont. = 3.2e+ll dyn/cm

" oceon.= 7.2e+ll " ( 7.0e+ll )
" " asth. = 6.7e+ll "
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P for cont. = .23
" 11 oceon. = .25 ( .27 )
" " asth. = .30
V for cont. = 4.Oe+23 poise
" " oceon.= 6.Oe+23 "
" " asth. = 1.0e+21 "
Ridge Push = 750-850 bar.

PEACOCK, (1990) :
On numerical simulation of the slab; 

k for ocea. = 3 W/mK
K = l.e-6 m2/s

KUSZNIR, (1982) :
On intra plate strength.

E for cont. = l.e+5 MPa
P " " = .25
f " " = .5

BOMBOLAKIS, (1989) :
On thrust fault mechanism.

C for cont. = 0.5-9.8 e+13 N/m

BEAUMONT, (1979)
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On rheological zonation of continent.
G for cont. = le+25 Nm
E 2e+ll Pa
P .25

HOUSEMAN, (1986) :
On finite strain calculation. 

g = 10 m/s

WORTEL, (1981) :
On the origin of Nazca-Cocos spreading. 

E for nasca = 7e+10 N/m2

Total resistive force on the edge (R.F.O.E) = 4e+12

On the stresses acting on the Indo-Australian

P . 2 5

N

CLOETINGH, ( 1986 ) :

plate.
E for cont. = 7e+20 N/m2
P .25
Total R.F.O.E = 7e+12 N

ENGLAND, ( 1980 ) :
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On some consequences of subduction. 
g = 9.8 m/s
Driving force mid-oceon = 3e+12 N 
Slab pull = 3e+13 N 
T for upper mantle = 1200 C 
A for cont. = 3.e-5 /K 
K " " = 8 . e - 7 m2 / s

BOTT, ( 1990 ) :
On the stress distribution in collision zones.
E for cont. = 9e+10 Pa 
P " " = .27

V " ocea. = l.e+23 Pa s

Tectonic force = 4.5e+12 N/m

ROTH, ( 1988 ) :
On the north Anatolian Fault Zone and deformation. 
E for cont. = 3.e+10 Pa 

HASHIMOTO, ( 1982 ) :
On numerical modelling of stress in Japan.
E for cont. = 1.6e+6 bars.
E " ocea. = 1.8e+6 bars.
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Appendix 2. The range of parameters tested.

P a ro n e te rs Continental
C ru s t

Oceanic
C ru s t A sthenosphere

Dimensions
lOOOkn X 300kn X 100km 1000km X 300km X 100km 1000km X 300km X 100km

E las tic  Modulus 5xE +0 -  3 x E + l2  k g /n 2 lxE+7 -  Ix E *15 kg/m 2 2 xE +8 -  7xE *15 kg/m 2

Poisson's R atio .23  -  .27 2 5  -  3 .25 -  .33

Density 2300 -  2900 km /n3 2500 -  3200 kg/m 3 3000 -  5000 kg /m 3

Therm al Expansion 
c o e ff ic ie n t lx E -4  -  lx E -1 5  /K lx E -4  -  1xE-15 /K lx E -4  -  lx E -1 5  /K

Subduction Angle 15 -  40

C onvergence Angle N78E -  N55E

The number and 
ty p e  o f  f in ite  
Elem ents

160 -  2900 Unite element 
hexa. t e t r o  nml 3D elem ents

Applied Load IxE ♦ 5 l* f  *12 Ug/m2

Boundaries E a s t side, n o r th  and  
s o u th  edges
Y (u p w ard ) displacem ents  
f ix e d

No f ix e d  | T in  t on t h is  

lo a d  u f if i i i i- ' i i

E a s t  s id e , n o r t i i  an a  s o u t h  
e d g e s
b o t t o m  b o in d o r  y t ' i x f à
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Appendix 3. Example preparation of a Model for NASTRAN

The first section of a data file for NASTRAN input 
contains the general information about the model, such as 
what type of solution is desired, the title, the amount of 
time to solve the problem, data subsets to use, what kind of 
output the user wants, and so on.

Following is the first section of a model for static 
analysis that is solved in 5 minutes using loadset : 1. In 
NASTRAN the user can define a series of different load sets 
and use them whenever he/she desires. In this example the 
results will be displacements, stresses, forces and strains.

ID MSC-XL, MSC-NASTRAN
SOL 101 $ V66 - Static Analysis
TIME 5
CEND
TITLE = MSC/NASTRAN   MSC/XL
SUBTITLE = STATICS CASE CONTROL

LABEL = DEFAULT SUBCASE STRUCTURE
DISP = ALL



T-4124 79

STRESS = ALL 
FORCE = ALL 
STRAIN = ALL 
ESE = ALL 
SUBCASE 1

LOAD = 1

The next input in a data file is to define the geometry 
of the model by entering its coordinates in space.

The grid point entry sequence is entered as the 
following;

GRID ID# Coordinate system X Y Z

Here the coordinate system is the set identification number 
of the coordinate system that is used to define the grid 
point coordinates. The user can define local coordinate 
system and enter the model's grid points by using this 
particular coordinate system. The default, which is global 
coordinate system, is 0. And also, in NASTRAN there is no 
predefined unit, the user is supposed the use the same unit 
system throughout the model and results will be given in 
this unit system.
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BEGIN BULK 
$
$
$ THIS SECTION CONTAINS BULK DATA FOR PART 0 SUPERELEMENT 

$
$
GRID 1 0 0.0 0.0 0.0

GRID 2 0 2.5 0.0 0.0

GRID 3 0 5. 0.0 0.0

GRID 26 0 2.5 5. 5.

GRID 27 0 5. 5. 5.

After defining the geometry, the user must create a set 
of finite elements using this geometry. In this example, 

hexagonal solid finite elements have been used to mesh the 
model.
One example of a creating hexagonal element given in figure 
11 with the description of the numbers following the CHEXA.
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$

CHEXA 1 1 1 2 11 10

+ 14 13
CHEXA 2 1 2 3 12 11

+ 15 14
CHEXA 3 1 4 5 14 13

+

17 16

16

17

CHEXA 7 1 13 14 23 22

17 +

+ 26 25
CHEXA 8 1 14 15 24 23

18
+ 27 26
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$

$

In addition to defining finite elements, the user also 
has to include a source of deformation, such as a force set, 
gravity, acceleration, sudden impact, etc. In this example,
a series of forces are applied to the model by defining
their locations, magnitudes and directions.

Force application is entered by using the following 
syntax :

FORCE Force set ID# Grid ID# Coordinate system ID#

Magnitude Ni NI N3

Grid ID# is the grid point at which load is to be applied. 
The coordinate system ID# defines which coordinate system 
the user wants to use. Nl,N2,N3 are the components of a free 
vector defined with respect to the coordinate system (simply 
it is to define the direction of the force applied. In this 
example, N1 and N3 are not defined, which means that they
are 0.0. So all forces are applied in Y direction.
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$ THIS SECTION CONTAINS THE LOADS,CONSTRAINTSz AND

CONTROL

$

$

$
(N3

FORCE 1

BULK DATA ENTRIES

(Magnitude) (NI) (N2)

25 0 100 . - 1 .

FORCE 1 16 0 100 -1

FORCE 1 0 100 -1

FORCE 1 18 0 100 -1

FORCE 1 0 100 -1

The last section in a data file contains the properties 
of finite elements, material properties and some other final 
entries about the model. The following entries define that
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finite elements are solids, elastic modulus is 3.0E+7, 
Poisson' s ratio is .27, and the user wants the program to 
determine each point's degree of freedom in the entire 
model automatically.

$ THIS SECTION CONTAINS THE PROPERTY AND MATERIAL BULK 
DATA ENTRIES 

$
PSOLID 1 1 0  

$
MATl 1 3.+7 .27

PAR AM POST 0

PARAM AUTOSPC YES

ENDDATA

Now, the model data file is ready to run on NASTRAN.
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Plate 1. (a) Computer generated output of regional model and
load application at the triple juntion.
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Plate 1. (b) Computer generated output of local model
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Plate 2. (a) The displacement patterns in the regional
static model, showing X direction (East) 

displacements.
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Plate 2. (b) The displacement patterns in the regional
static model, showing Y direction displacements 
(uplift at the forearc, subsidence at the volcanic 
arc)..
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Plate 2. (c) The displacement patterns in the regional
static model, showing Z direction (North) 
displacements.
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Plate 3. Stresses acting on the east direction (on the 
model, it shows the stress normal to the east 
facing side of each hexagonal element).
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Plate 4. Stresses acting on the north direction(the stress 
normal to the north facing side of each element).



T-4124 93

WÊÊÊÈÈ

say

, f - - •

t>:' ÿt?:Sîâ'

Plate 5. Principal stress (oj values on the SAM.
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Plate 6. Mean stress values on the SAM.
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Plate 7. Principal stress (Gj directions due north (Z 

direction).
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Plate 8. Maximum shear stresses over the SAM, calculated by 
NASTRAN.
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Plate 9. (a) Displacement patterns in the local static model
showing X direction (East) displacements.
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Plate 9. (b) Displacement patterns in the local static model
showing Z direction (North) displacements.
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Plate 10. Maximum shear stress pattern calculated by 
NASTRAN, drawn in equal contour plot form.


