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Abstract 
The seismic history of the land in and surrounding Los Alamos National Laboratory (LANL) has been 
the subject of much study in recent years, The Seismic Hazards Committee at LANL has been charged 
with evaluating seismic hazards facing the Laboratory and, based on these findings, making a 
recommendation for retrofit or replacement of' existing buildings. Studies done in the past have 
examined written record (which extends back only approximately 50 years) and approached the problem 
from a geologic perspective. While much has been gained from these studies, a great deal of uncertainty 
still surrounds recurrence interval estimates. This project is concerned with one aspect of validating 
recurrence interval estimates using a structural dynamics methodology. A prehistoric Native American 
ruin on LANL property was modeled using finite element methods in order to formulate an upper bound 
earthquake estimate for LANL. Results from testing and verification thus far seem to correspond with 
geologic and historical findings. 

Introduction 
Geologists at Los Alamos National Laboratory 
(LANL) have done extensive mapping and 
trench-work on the three major faults in the Los 
Alamos area [6]. They identified fault locations 
and some fault orientations. Trenches were then 
dug to observe offsets in layers of geologic 
media that are indicative of past seismic events. 
These events were dated using 
thermoluminescent dating techniques and the 
recurrence intervals of these large, offset- 
causing earthquakes were estimated. Trench 
work performed on one fault system in 1997 
showed that the mean recurrence intervals of 
paleo-earthquakes causing ground rupture 
varied from 21,700 to 77,800 years (mean 
values in four of seven trenches dug in this 
study). The variability of these values is 
attributed to inaccurate dating methods and 
incomplete seismic records within the four 
trenches. 

In another study conducted by Woodward- 
Clyde Federal Services [SI, recurrence intervals 
were estimated in various seismic study regions 
near LANL and in circular study regions with 
varying radii around the Laboratory. Extensive 
geologic studies were performed in these areas 
and written records of earthquakes examined. 
Recurrence interval estimates were derived from 
these studies. 

Of the four major seismic study regions 
investigated by Woodward-Clyde, i t  was 
determined that the Rio Grande Rift Region, 
which contains LANL, is the most seismically 
active with a mean recurrence interval of 141 
years (95% confidence limits at 45-447 years) 
for Richter Scale magnitude 5 earthquakes. For 
magnitude 6.5 earthquakes, the mean recurrence 
interval is 1334 years (95% confidence limits at 
3 13-5689). 

As can be seen from the confidence intervals 
placed on the recurrence interval estimates, 
these values need further verification. An 
incomplete seismic record for New Mexico, 
especially in the immediate Los Alamos area 
and difficulties in distinguishing independent 
and dependent seismic events contribute to large 
uncertainty bounds. A means of verifying these 
earthquake recurrence intervals is necessary if 
uncertainty is to be reduced. 

Ruin Modeling Project 
Overview 

The verification method chosen was to model a 
Native American ruin located on LANL 
property using finite element methods. 



Figure 1: Native American ruin chosen to test. Dimensions shown are approximate. 

The ruin chosen had to be undisturbed and 
readily dated. The material properties and 
geometry of the ruin were then transferred into 
ABAQUS for computational modeling. 
Correlation between actual response of the wall 
and computational model of the ruins was 
achieved through low-level vibration testing. 
Finally, the simulated wall was “shaken” to 
failure using earthquake acceleration time 
histories derived from local seismic studies. 
The largest acceleration value that the wall was 
subjected to without failing (as defined below) 
represented an estimate of the largest 
earthquake that could have occurred within the 
life of the ruin. 

Choosing a Ruin 

A LANL archaeologist selected the ruin, shown 
in Figure 1. The wall covers a cave opening and 
is located in a cliff face that shelters it from 
weathering. The archaeologist estimated that 
this ruin, called a cavate, was between 500 and 
700 years old. The cavate was constructed of 
tuff rock bonded togelher by mortar. The 
mortar was presumably made of local material 
and tuff sand (“tuff’ is the primary geologic 
material in the vicinity of LANL; it consists of 
ash-flow from ancient volcanic eruptions that 
have been fused together). No visible cracks 
could be detected in the rocks or mortar forming 
the wall. 

Model Geometry 

Model geometry was created in I-DEAS [ 5 ] ,  a 
finite element pre-processing program. The 
geometric parameters for the wall were derived 
from field measurements and measurements 
scaled from photographs. Attempts were made 
to discretize the mortar and individual rocks 
making up the wall. Figure 2 shows the finite 
element mesh for the wall. 

I-DEAS provided both a CAD environment for 
sketching wall geometry and a meshing 
environment. Once the wall geometry was laid 
out, a mesh was defined. The model started as a 
relatively coarse wall, only one element thick. 
Eventually, the model was refined to four 
elements in  thickness, so that bending behavior 
of the wall could be accurately modeled. Mesh 
definition in the plane of the wall was as coarse 
as rock definitions would allow. 

For the modal analysis, fixed boundary 
conditions were imposed around the perimeter 
of the wall. In some places holes exist and these 
features were modeled as accurately as possible. 
The surrounding tuff rock was not modeled. 
For the simulated seismic analysis, the 
earthquake ground acceleration time history was 
simply applied directly to the nodes forming the 
perimeter of the wall, 
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Figure 2: ABAQUS mesh of wall. Black 
elements are rocks. 

Material Properties 

Because material tests of the rocks and mortar 
composing the wall were not possible, 
identifying material properties and appropriate 
material models proved difficult. Required 
values for both the tuff rock and the mortar were 
density, Young's modulus, tensile strength, 
shear strength, and compressive strength, It was 
assumed that a concrete model could be used to 
simulate both materials, This assumption 
allowed the use of the brittle cracking concrete 
model in ABAQUS Explicit [ 11, which seemed 
to have the most appropriate failure properties 
for this type of analysis. With this model, 
failure is dominated by tensile stress with the 
possibility of reloading in compression and the 
formation of cracks that can subsequently open 
and close. 

Densities and elastic moduli for moderately 
welded tuff were obtained from a report by a 
former LANL geologist [7]. Strength values 
were then derived using empirical formulas for 
concrete [ 81. 

Mortar properties were derived from actual 
strength tests performed on mortar 
reproductions. A Native American who works 
at LANL was consulted for soil choice. Two 
types of fine sand were collected near the wall, 
as well as coarser sand from a neighboring dry 
stream bed, 

Different combinations of soil and water content 
were tried. Cylinders 9.53 cm x 5.08 cm in 
diameter were cast for compression [3] and 
splitting tensile tests [2]. Shear cartridges were 
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Figure 3: Shear Cartridge 

also cast. Material testing was performed at the 
University of New Mexico, Albuquerque. 

Compressive tests showed that fine-grained 
cylinders resulted in higher elastic moduli than 
those with coarse grains in the mix. All 
cylinders had moduli of the same magnitude or 
greater than typical concrete (lo6 kPa). The 
cylinder with the highest modulus had a value 
of 1.06e8 kPa, an order of magnitude greater 
than standard concrete. 

Split cylinder tests were performed in  
accordance with ASTM Standard C496-96 121. 
Values obtained for tensile strengths were quite 
low - between 48 and 207 kPa. For 
comparison, standard concrete typically has a 
tensile strength of about 2700 kPa [ 81 I 

Shear cartridges were built from wood 
roughened with tuff sand glued to the shear 
surface. Figure 3 shows the cartridges which 
were compressed in the axial direction to obtain 
shear strength values. An assumption iised in 
the modeling was that failure of the wall would 
not result from debonding of the mortar from 
the tuff rocks. This assumption was verified by 
these tests. Of the four shear cartridges tested, 
four broke within the material. 

While these mortar values did not necessarily 
represent those of the wall, they provided 
baseline values, which were then varied in the 
computational model of the wall as part of a 
parametric sensitivity study. 



Figure 4: First mode shape as derived from 
ABAQUS. 

Figure 5 :  Impact-Response testing 01' the ruin. 
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Natural Frequency Determination 

Field vibration testing was conducted on the 
actual Anasazi ruin for model validation. A 
battery-powered two-channel spectrum analyzer 
was used to acquire impact and response data in 
the field [4]. Natural frequencies were 
identified and compared to values calculated 
with ABAQUS [I], 

Field data was collected from two sets of tests. 
The wall was instrumented with an 
accelerometer rated at 1V/g sensitivity and 
excited with an instrumented sledge-hammer 
(0.225 mV/N), hit at the base of the wall, near 
the lower right corner. Both the impact and 
free-vibration response were saved on a laptop 
computer. These data were further processed 
with commercial signal processing software [4]. 
Each run consisted of a series of ten impacts 
averaged together at one accelerometer location. 
Figure 6 shows a sample frequency response 
testing generated by the testing technique 
described. 

To identify mode shapes as well as frequencies, 
the accelerometer was moved to different 
locations on the wall. Magnitudes and phases 
of peaks in frequency response functions at the 
first frequency were then comparcd in order to 
verify the first measured mode shape of the wall 
corresponded to that calculated with ABAQU,S. 
Amplitude peaks were not sharp indicating a 

Figure 6: Sample frequency response function 
from field testing. 
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Figure 6: Relative acceleration amplitudes for 
various locations on the wall. Larger circles 
indicate larger acceleration values. 



Table 1 : Frequencies for different wall material 

E(kPa)' 

2.72e5 

1.06e8 
2.54e7 
3.76e6 

9576 

wI (Hz) Q(Hz) w3(Hz) - 
1 10.78 

36.64 - 
8.67 14.84 21.29 - 

9.56 

49.25 83.93 
29.22 51.86 
16.50 30.38 

4.90 6.91 

large amount of damping present in the wall. 
The amplitude also indicated the normalized 
response of the wall, see Figure 6. 

The first two natural frequencies are (with one 
exception 1) at around 21Hz and 30Hz, with 
small variations occurring at different locations. 
The third frequency showed significant 
discrepancies between locations having a value 
of 41 Ilz. Shifts in frequency between test runs 
are probably due to change in ambient 
temperature and positioning of the 
accelerometer (not placing it squarely on the 
wall). 

Modeling the Earthquake 

After baseline material properties were 
determined and information about the natural 
frequencies of the wall collected, ABAQUS 
Explicit was used to subject the computational 
wall to scaled ground accelerations. Three 
stochastically independent acceleration time 
histories (one for each direction) designed to 
excite a wide range of building frequencies wexe 
obtained from engineers at LANL and used as a 
model earthquake, Acceleration values were 
defined at 0.004883 second lime intervals. 

Computation time became a great concern. In 
order to minimize the time needed for one run,  
only 2 seconds of the ground motions were 
used. It was assumed that the out-of-plane 
bending would control failure of the wall. 
Therefore, only out-of-plane ground motions 
were used in this study. Because ABAQUS 
does not account for cyclic fatiguing, this was 
considered to be an acceptable modification. 
Mesh adjustments were made to attempt to 
minimize the amount of computation time 
needed by maximizing cross-sectional areas of 
elements because computation time depends on 
wave speed across the smallest element cross 

Table 2: Summary of mortar properties used in 
finite element rims- 

IE I Tensile I Cracking [ Limiting 1 1 (kPa) I Strength I strain I ground- 

I properties I 
'Acceleration values shown are out-of-plane 
direction. Higher values in a range indicate 
smallest value tested at which wall failed. Low 
values in a range indicate largest value tested 
which wall survived. Single values indicate this 
was the only value tested and failure occurred. 

I 

section. Rock definitions were made coarser 
and a wall four elements thick (2956 elements 
total) was used. 

Runs were parameterized based on mortar 
material properties and scaled ground motion 
values. Tuff rock properties were held constant. 
Mortar moduli tested ranged from 3.76e6 kPa, 
corresponding to the lowest values obtained 
from testing, to 1.05e8, corresponding to the 
highest of those values. Several values of E 
smaller than the lowest tested values were also 
tested. All mortars tested had a density of 1700 
k g / d .  These material properties resulted in 
walls with frequency values of the same order 
of magnitude as those found in the field (Table 
1). The value of E most closely matching 
frequencies found in the field is in bold. 

Table 2 summarizes results from simulated 
seismic testing. Values of E and density were 
as described above, tensile strength values 
ranged from 8.94 kPa to 254 kPa, and cracking 
strains were between 1.716e-6 and 9.334e-4. 
Figures 8a,b illustrate cracking planes with two 
partial planes opening at the crack. Elements 
can only crack in three perpendicular planes. 
Complete failure was defined either as failure of 
the model to converge (every element in the 
model cracks) or a crack all the way through the 
wall. The actuaI ruin has no such cracks, thus it 
does not satisfy the failure criteria. 



Figure 8a: Wall begins to fail with cracks at 
upper right of door. 

With all material properties, cracks occurred 
only in the mortar. Because the rock properties 
entered are assumed to be relatively close to 
those rocks in the field, these values verify (to 
an extent) the assumption that the wall will fail 
within the mortar and not across rocks. Also 
note that the first failures in the wall 
consistently occur where most of the deflection 
was shown to be in the vibration testing and 
simulation, the upper right corner by the door. 

As can be seen conclusive results have not yet 
been obtained. Thus far, the runs are verifying 
the Woodward-Clyde investigation. Ground 
motions corresponding to peak ground 
accelerations of around one to two g’s would be 
necessary to cause failure in a wall with mid- 
range properties. Accelerations of this 
magnitude correspond to an earthquake thal 
would potentially be a magnitude seven or eight 
on the Richter scale, which the Woodward- 
Clyde investigation estimates has a recurrence 
interval of over 100,000 years. Because the 
wall is still standing, it is assumed that an 
earthquake this large has not happened during 
the life of the wall. 

Uncertainties and Future Work 
Material properties need to be investigated 
further. Mineral analysis of small samples from 
the wall should be considered so that mortar 
composition can be better characterized. More 
tests should be performed on mortar specimens. 
Shear tests should be reformulated so that they 
better match the rock mortar interface. Rocks 
samples from near the wall should be tested for 

Figure 8b: Wall fails completely with massive 
cracking in the boundary elements. 

compressive and tensile strength values. Only 
one set of ground motions was examined. 
Different sets of stochastically independent 
ground motions should be run and possibly even 
a set of “real” ground motions. 

During the summer of 2000 more material tests 
will be performed, with emphasis on shear and 
tensile strength tests. One aspect of model 
verification will be tested. A rock and mortar 
wall with known properties will be built and 
ABAQUS modeling techniques will be used to 
predict whether the wall will fail when tested on 
LANL’s shake table. 
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