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ABSTRACT 

 

This paper presents the results of a static and seismic stability analysis of an older earth dam constructed 

from residual volcanic soil.  It was a challenge to develop the necessary parameters for the project given a 

general lack of information regarding the dynamic properties of local volcanic soils and strong motion 

characteristics. The study included laboratory testing and numerical modeling of static and dynamic 

stability.  Dynamic computations were carried out using specific time-history records from recent 

earthquakes, followed by dynamic safety factor and Newmark-type deformation calculations.  A series of 

limit equilibrium methods were considered for the static analyses, including initial stresses from finite 

element computations and various water level elevations through the embankment.  The findings indicate 

that whereas the embankment is generally stable under static conditions, substantial deformations of the 

crest can be expected under strong earthquake shaking corresponding to a 2% probability of exceedence in 

50 years.  On the other hand, the dam is not susceptible to liquefaction or substantial strength loss from 

even strong shaking. 
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INTRODUCTION 

 

Virtually all dams in Hawaii are homogeneous earth fill structures built by hydraulic means using nearby 

residual volcanic soils.  Most are several decades old and some are in excess of 100 years in age.  The 

majority of them were designed with scant attention paid to seismic considerations.  Recently the need for 

evaluating the ability of these structures to perform satisfactorily during an earthquake has come to 

attention, particularly following the M6.7 2006 Hawaii earthquake that caused moderate damage to a 

number of dams on the Island of Hawaii (Brandes et al., 2008).  In 2006, the State of Hawaii adopted a 

new set of dam safety guidelines regarding seismic analysis and post-earthquake inspections drafted by the 

author (Department of Land and Natural Resources, 2004).  This document guided the set of post-

earthquake inspections conducted for all 126 dams in Hawaii following the 2006 earthquake and now 

serves as the guide for seismic analyses of dams in the State.  Here we present the results of one such 

analysis for an earth fill dam located in West Maui.  The intention of the study was to judge the overall 

seismic performance of this particular dam. 

 

Although seismic assessments of dams are commonplace in the U.S. and in many other areas of the world, 

there remain substantial challenges in Hawaii regarding characterization of earthquake sources, ground 

motions, and the dynamic behavior of residual soils and weathered rock.  In particular, the database on 

large earthquake motions is limited and this makes both deterministic and probabilistic analyses 

problematic.  This means that the results from any seismic study must be viewed with caution. 
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THE WEST MAUI DAM 

 

The West Maui Dam is part of an agricultural reservoir on the hillside above the town of Lahaina.  It was 

built in 1926, it is 335 m long (1,100 ft), 12 to 16 m high (40 to 54 ft), and retains 1.2 million cubic meters 

of water (1,000 acre-ft).  The dam itself is homogeneous in cross section and along its length.  It rests on a 

residual hillside that slopes at an average inclination of 7.5o from the extinct West Maui volcano toward 

the ocean.  The residual soil profile is similar to that found in many other places in Hawaii and shows a 

transitions from highly weathered soil near the surface to saprolite, weathered rock, and eventually 

unweathered rock at depth.  The depth of weathering is quite deep.  None of the borings encountered 

virgin basalt rock.  Given the geologic profile of the area, it is estimated that the depth of weathering is at 

least 30 m, and possibly as much as 60 to 80 m.  Soil horizons are broadly parallel to the local hillside.  

For modeling purposes, it is assumed that the foundation consists of 7 to 8 m of nearly fully destructed 

plastic residual soil (MH), followed by saprolite and highly to moderately weathered rock.  No potentially 

liquefiable deposits were identified during drilling.  The embankment fill consists largely of volcanic 

plastic clayey silt with more than 15% clay.  Thus neither the embankment nor the foundation soils are 

likely to see substantial pore pressure accumulation or strength reduction due to shaking according to, for 

example, the Modified Chinese criteria. 

 

However, seismic concerns can not be dismissed out of hand because the expected motions at the location 

of the dam are deemed to be significant, the slopes of the embankment are relatively steep, and the dam is 

over 80 years old.  Of concern in this case are deformations and potential instability arising from inertial 

forces during the period of shaking.  As discussed below, static and pseudo-static equilibrium calculations 

indicate inadequate stability due mainly to the rather steep downhill face of the dam, which at some 

locations is as steep as 1.5H:1V.  Also, the Hawaii guidelines call for a horizontal pseudo-static seismic 

coefficient of 0.15 for dams located in Maui county, which is rather conservative but reasonable in this 

case due to the age of the dam and the uncertainty in the seismic motions.  Thus a Newmark-type 

deformation analysis was chosen to examine potential deformations of the earth fill dam. 

 

 

SEISMIC MOTIONS 

 

According to the Hawaii guidelines, seismic risk can be categorized as low, significant, high or extreme.  

Classification is based on reservoir capacity, embankment height, evacuation requirements, and 

downstream economic damage from a potential breach.  In the case of this particular dam, consideration of 

these variables leads to a borderline significant-high rating.  Seismic motions should therefore correspond 

to a Maximum Design Earthquake (MDE) that is in the range of 50% to 100% of the Controlling 

Maximum Credible Earthquake (CMCE) if a deterministic approach is selected, or they should have an 

Annual Exceedence Probability (AEP) in the range of 1/1,000 to 1/10,000 if a probabilistic procedure is 

followed. 

 

A strictly deterministic approach to determine the necessary seismic motions is not currently feasible due 

to an incomplete understanding of all the source mechanisms (faults, volcanic provinces and other tectonic 

sources), due to a scarcity of recorded motions, and because of a lack of confidence in the published 

attenuation relationships.  For example, the only strong motion attenuation relationship developed 

specifically for Hawaii (Munson and Thurber, 1997) proved to be relatively imprecise for the 2006 

earthquakes and therefore may not be all that reliable for earthquakes with magnitudes exceeding 6.0 

(Brandes et al., 2008). 

 

The 2006 Hawaii earthquakes yielded the most complete set of seismic recordings in Hawaii for 

earthquakes with a magnitude exceeding 6.0.  The stronger of the two, the Kiholo Bay earthquake, 
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registered a magnitude of Mw 6.7.  Corrected time history motions are available at recording stations 

throughout Hawaii and Maui counties, as shown in Figure 1.  The seismic analysis in this study makes use 

of a subset of these motions, which have been scaled or otherwise modified to yield a reasonable match to 

the probabilistic peak ground accelerations and spectral parameters estimated by the USGS for a 2% 

probability of exceedence in 50 years (AEP = 4/10,000, or return period = 2,475 years).  This AEP falls 

within the range appropriate for the risk classification assigned to this dam, as discussed earlier. 
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Figure 1.  Location of recording stations on Maui and the Island of Hawaii, 

       along with select PGAs from 2006 Kiholo Bay earthquake. 

 

 

As an example, consider the recorded motions at the Lahaina Fire Station for the 135o component.  The 

uniform probabilistic Peak Ground Acceleration (PGA) estimate for the selected return period of 2,475 

years is 0.35g, whereas the maximum recorded value is only 0.06g (Figure 1).  Similarly, the response 

spectral values are much too low.  Therefore the recorded motions had to be modified before they could be 

used for numerical computation.  This was achieved by scaling in the time domain until spectral 

accelerations and peak ground accelerations matched the probabilistic values to some reasonable extent.  

Figure 2 shows the modified horizontal acceleration record and the response spectra that are obtained after 

scaling.  Of course, the scaled response spectra does not quite match the probabilistic values, particularly 

at larger periods.  In general, a single measured time history is unlikely to match the intensity, frequency 

content and duration of a future strong earthquake.  This means that a series of such records need to be 

considered so that a range of motion parameters can be considered.  A number of records from stations 

shown in Figure 1 were used in this manner and the results are discussed below. 
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Figure 2. Kiholo Bay Earthquake, Lahaina Fire Station (S/N 1929), 135
o
. 

 Record scaled to PGA=0.35g (2,475-year return period) 

 

 

LABORATORY TESTING AND MODEL PARAMETERS 

 

Stability modeling requires knowledge of strength parameters for the embankment and foundation 

materials.  These values were obtained from laboratory triaxial and direct shear strength tests, as well as 

from field standard penetration testing.  The following parameters were selected: 

 

 

Table 1. Strength properties of volcanic soils and rock 

 

 Friction Angle, φ 

(o) 

Cohesion, c 
(kPa) 

Weight 
(kN/m3) 

Embankment Fill 32 5 15.7 

Residual Soil 36 14 17.2 

Weathered Basalt 40 24 17.2 

 

 

The seismic analysis centered on 2D dynamic modeling using critical cross sections of the earth dam and 

foundation.  The process consisted of establishing the water elevation within the embankment with 

assistance from the program Seep/W (GEO-SLOPE International, 2005), setting up the initial stresses, 

shaking the dam and foundation with the program Quake/W (GEO-SLOPE International, 2005) while 

assuming an equivalent linear soil model, and then carrying out a Newmark deformation analysis 

(Newmark, 1965) with the program Slope/W (GEO-SLOPE International, 2005).  Initial stresses were 

determined with Quake/W assuming elastic conditions.  Elastic parameters were determined from bender 

element tests on representative samples, such as the one shown in Figure 3.  In this particular case, a shear 

wave velocity of 425 m/s was determined, which translates into a maximum shear modulus of 3.2x105 

kPa.  Elastic parameters for the three soil materials are summarized in Table 2. 
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Figure 3. Bender element testing of representative specimen, embankment fill, depth = 8.8m. 

 Shear wave velocity = 425 m/s, Gmax = 3.2x10
5
 kPa. 

 

 

 

 

 

Table 2. Elastic constants of volcanic materials 

 

 Max. Shear Modulus, Gmax 

(x105 kPa)) 
Poisson’s Ratio, ν 

Embankment Fill 3.2 0.33 

Residual Soil 14 0.33 

Weathered Basalt 48 0.33 

 

 

 

In order to use the equivalent linear soil model, it is necessary to establish stiffness and damping 

degradation curves for the various soil materials.  These curves were determined by adjusting appropriate 

degradation curves from the library of curves within Quake/W, based on the results from bender element 

tests and cyclic simple shear tests conducted on representative soil samples (Figures 4 and 5).  Tests were 

carried out at a frequency of 0.5 Hz and under undrained (constant-height) conditions. 
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Figure 4.  Cyclic simple shear test results for volcanic embankment earth fill 
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Figure 5.  Degradation curves for embankment soil 
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RESULTS OF MODELING 

 

Several cross sections were considered across the length of the embankment.  Of these, the most critical is 

the one shown in Figure 6.  Elevations and layer thicknesses were obtained from detailed surveying, 

regional topographic maps, and the results of several borings taken across the length of the dam.  Water 

was not detected in any of the borings.  This suggests that seepage from the reservoir through the dam is 

minimal or nonexistent.  If any water loss is occurring, it must be taking place downward through the 

bottom of the pool (although there are no reports of excessive or unexplained drops in reservoir level).  

From a modeling point of view, this can be accounted for by a relatively deep (low) water table, as shown 

in Figure 6.  Conversely, a more conservative assumption would place the water table through the middle 

of the fill embankment, as would result from assuming a water surface through the toe of the downstream 

embankment slope.  This condition is termed shallow (high) and results in a small seepage face at the 

downstream end.  Such seepage would be noticeable in the field.  As already pointed out, water elevations 

were obtained with the program Seep/W assuming steady-state conditions and a nearly full reservoir. 
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Figure 6.  Critical cross section for numerical analyses 

 

 

A summary of stability computations for this cross section is presented in Table 3.  For the case of a deep 

water table, a static limit equilibrium analysis indicates a minimum factor of safety of 1.47 when the 

Spencer method is used, and a minimum value of 1.56 when initial stresses are determined from a more 

laborious finite element analysis.  All the limit equilibrium stability calculations were carried out with the 

program Slope/W.  As expected, a shallower water table leads to a reduced set of safety factors (Table 3).  

These results suggest that consideration of seismic effects may be problematic from a safety point of view.  

In fact, a simple pseudo-static analysis, with horizontal and vertical seismic coefficients of 0.15, as 

required, leads to a factor of safety in the range of 0.79 to 1.21, depending on water level elevation. 

 

Thus the pseudo-static safety factors are close to or less than the minimum value of 1.10 considered 

acceptable in the State guidelines.  This suggests that a more detailed analysis be conducted in order to 

assess the level of permanent embankment deformations that may be expected from seismic shaking.  The 

approach selected was to carry out a time-history dynamic analysis with input provided by a series of 

modified earthquake records, as described earlier.  Some of the particular time histories considered are 

listed in Table 3.  It should be noted that all the horizontal records were scaled to a PGA of 0.35g, whereas 

the vertical ones were scaled to a PGA of 0.23g (or 2/3 of the horizontal PGA), in accordance with a 

return period of 2475 years, as noted earlier. 
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Table 3. Summary of results 

 
Method Water 

Level 
Seismic 

Input 
Horizontal 

Horizontal 
Record 
PGA* 

Seismic 
Input 

Vertical 

Vertical 
Record 
PGA* 

Factor 
of 

Safety 

Permanent 
Deformation 

(m) 

Spencer Low Static  Static  1.47  

Spencer High Static  Static  0.99  

FE stress Low Static  Static  1.56  

FE stress High Static  Static  1.21  

Spencer Low   1.12  

Spencer High 
kh = 0.15 

 
kv = 0.15 

 0.79  

Newmark Deep Lahaina 135
o
 0.055g Lahaina Vertical 0.042g  1.65 

Newmark Deep Kahului 37
o
 0.091g Kahului Vertical 0.037g  2.04 

Newmark Deep Wailea 270
o
 0.070g Wailea Vertical 0.052g  0.18 

Newmark Deep Waikoloa 178
o
 0.182g Waikoloa Vertical 0.143g  0.03 

Newmark Deep Kona 90
o
 0.273g Kona Vertical 0.238g  2.29 

*These are true PGAs measured at the individual recording stations.  All records were scaled as discussed 

for dynamic computations 

 

The results from the dynamic response were then used to carry out a Newmark analysis.  This is useful in 

tracking how the safety factor changes during the period of shaking and how permanent deformations may 

accumulate during that time.  A typical set of calculations is shown in Figures 7 and 8 for the 135o Lahaina 

Fire Station record.  Although the safety factor is seen to dip below 1.0 on a number of occasions, the 

significance of a rapidly varying safety factor with a few dips below the stability threshold is not clear.  

The more important issue is the amount of permanent deformation that accumulates when the yield 

acceleration is exceeded.  The predicted amount of deformation for the Lahaina record input is shown in 

Figure 11.  It amounts to approximately 1.65 m in the direction of movement of the slice.  Table 3 shows 

the amounts of permanent deformations that are predicted for several of the scaled Kiholo Bay earthquake 

records from Maui and the Big Island. 
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Figure 7. Factor of safety variation during period of shaking. 

                                 Lahaina 135
o
 horizontal and vertical records, 2006 Kiholo Bay earthquake. 
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Figure 8.  Accumulation of deformation at the crest of the dam during period of shaking. 

      Lahaina 135
o
 horizontal and vertical records, 2006 Kiholo Bay earthquake. 

 

 

SUMMARY 

 

Under static conditions and with a deep water table, the dam appears to be safe.  This is more or less the 

current state since borings at the time of the field investigation did not reveal any measurable seepage flow 

through the embankment.  However, and until there is sufficient monitoring data pointing to the contrary, 

a shallower water table needs to be considered a possibility under extenuating circumstances.  Under these 

conditions, static stability would still appear to be sufficient to avoid failure, although safety factors are 

less than the usual threshold of 1.4.  Since demanding conditions such as these are thought to be possible 

only under rare occasions and for relatively short periods of time, in this case they may be deemed 

borderline acceptable. 

 

On the other hand, if seismic conditions are included, the performance of the dam degrades significantly.  

Since the water level through the earth fill dam is thought to remain quite deep during most of the time, it 

is unlikely that a rare but strong earthquake would strike during conditions of high seepage flow through 

the dam.  It is much more likely that this would occur when the water level is low.  Under these 

conditions, a Newmark analysis indicates a wide range of possible permanent deformations, depending on 

the characteristics of the shaking (Table 3).  The calculations indicate that sections of the earth fill dam 

may displace permanently by 2 meters or more if an earthquake with return period of 2,475 years is 

considered.  Such an event represents a typical level of severity that a dam should be able to withstand in 

the United States.  In general, permanent deformations of 1.5 m or less may be sustainable without 

catastrophic failure in moderately plastic, moist volcanic soils, but anything above this should be 

considered excessive and probably unacceptable.  Thus the calculations for this particular dam indicate 

that permanent deformations could indeed produce large cracks in the volcanic clayey silt that makes up 

the dam and this could lead to subsequent erosion and perhaps even breaching. Of course, this assessment 

depends to a large extent on the operating freeboard.  Specifying a sufficiently low pool level may be an 

acceptable compromise. 
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