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ABSTRACT 

The dynamic failure criterion governing the 
dimensions of prototype Vertical Axis Wind 
Turbine Foundations is treated as a variable 
parameter. The resulting change in foundation 
dimensions and costs is examined. 
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INTRODUCTION 

l. Overview 

The Federal Government is committed to developing clean, cost 

competitive sources of energy. At the present time wind energy is one 

of the primary sources of interest; not only is there an immense 

reservoir of untapped wind energy available to the United States, but 

wind is perhaps the most environmentally acceptable of all sources. 

The United States Department of Energy (DOE), the lead agency in the 

government's energy development program has funded numerous wind
energy conversion systems for demonstration and evaluation. 

One of the systems under evaluation is the Vertical Axis Wind 

Turbine (VAI-JT) - a turbine having its rotating shaft transverse to 

the flow of the wind, that is in a vertical orientation. The original 

concept for such a turbine is attributed to the Frenchman, G.J.t1. 

Oarrieus, who in 1925 applied for a United States patent for his design 

of a vertical axis wind turbine and was granted a patent in 1931.1 The 

vertical axis wind turbine has certain advantages (and disadvantages) 

relative to other kinds of wind-energy conversion systems. 2 In view 

of modern technology and modern energy needs Darrieus' concept is of 

signtficant interest to the DOE. 

In 1976, DOE funded Sandia Laboratories to erect and operate a 

17-meter Darrieus-type power generation research system. This system 

has been in operation since t~arch, 1977. It has been used experimentally 

to demonstrate and evaluate aerodynamic, structural, and system-design 

concepts. The knowledge gained from experience with this prototype 

VAWT has made an extension of the VAIH development program feasible, 

so that recently Sandia Laboratories has been studying Vfl.vJT systems 

ranging from 80 to 300 feet in height. As part of this study an 

investigation was undertaken by the Civil Engineering Research Facility 

at the University of New '~xico (UNrVCERF), under contract from Sandia 

Laboratories, to identify the foundation/anchor requirements for the 
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range of VI'MT designs being considered. 3 The objective of the CERF 

investigation was to ensure that sufficient information was available 

to select, design, and provide cost estimates for the geologic conditions 

which may be encountered at potential VAWT sites. 

2. Summary of Previous CERF Investigation 

The CERF investigation (Reference 3) determined appropriate 

dimensions for, and types of foundation/guy-cable anchor systems for 

different size vertical axis wind turbines situated on four catagories 

of idealized soils. The costs of the various foundation/anchor systems 

was also estimated. 

The foundations were designed to adequately resist both static 
and dynamic loadings due to the weight of the foundation, the weight of 

the turbine structural components, aerodynamic loads, seismic loads, 

torsional loads due to emergency braking, and gale force wind loads. 

The static design procedures resulted in a foundation dimensioned to 
ensure that stresses induced in the soil were low enough to preclude 

escessive settlement and bearing capacity failures. The dynamic design 

procedures resulted in a foundation dimensioned to limit dynamic dis

placement of the foundation which might lead to failure of the VAWT 

structural components, including the foundation. 

The dynamic desi gn was "driven" by the sel ect ion of a dynamic 

failure criterion, in this case, a maximum allowable displacement of 

the foundation caused by dynamic loads. Based on standard civil 

engineering practice a failure criterion of .01 inch displacement was 

selected. As a result of this choice of failure criterion, for all 

sizes of VAIHs considered and for all soil conditions, the foundation 

dimensions were governed by the dynamic design; the recommended foundations 

were larger, and therefore more costly, than those required to adequately 

resist static loads. 

An important question then, is how variation in the chosen dynamic 

failure criterion would effect the size and cost of the VAHT foundations. 

There are reasons to suspect that dynamic failure criterion chosen on 

the basis of standard civil engineering practice are too conservative 
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when applied to VAWT design. It is to be expected that a relaxation 

of the dynamic failure criterion would result in smaller, hence less 

expensive, VAI'!T foundations. ,l\t some point a less stringent failure 

criterion will cause the VAWT foundation dimensions to be governed 

solely by static design requirements, thus the cost of the VAWT 

foundations would be minimized. It should be noted that the foundation 

costs for the VJ\IH systems currently under consideration can be quite lar!}e. 

For instance, the foundation for the 225 foot VrVT system is estimated 

to cost between $13,000 and $34,000, depending upon soil conditions. 3 

Thus VAWT foundations can utilize an appreciable fraction of the total 

system expenditures. If the VAWT wind energy systems are to be 

economically compet~tive with other energy sources it is imperative that 

these foundation costs be minimized. 

3. Objective and Outline of Parameter Study 
The objective of the study reported herein was to treat the dynamic 

failure criterion as a variable parameter so that the impact of the 

failure criterion on VAWT foundation size and cost could be estimated. 

The succeeding section of this report discusses the philosophy and 

procedures for selecting a dynamic failure criterion. The limitations 

of current civil engineering practice appl ied to VftJIT foundations are 

discussed. 

The third section of this report presents the results of the parameter 

study. Displacements of .01 inch, .04 inch, .08 inch, and .16 inch 

were chosen as dynamic fail ure criteria for the VJlJH systems considered 

in Reference 3. The VJl.IH foundation sizes satisfying these criteria, and 
their costs, are compar2: to the sizes and costs recommended in Reference 3. 

The section closes with comments concerning supporting calculations 

performed during the course of this study. 

The final section makes recommendations for assessing realistic 

VAWT dynamic failure :riteria through the instrumentation and experimental 

investigation of a full-scale prototype VAHT system. 
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DYNAMIC F,lULURE CRITERIA 

FOR FOUNDATION DESIGN 

1. Choosing a Failure Criterion 

As mentioned previously, VAHT foundation dimensions recommended in 

Reference 3 were controlled by the dynamic rather than the static design. 

That is, the foundation dimensions required were greater than those 

necessary to prevent failure from excessive settlement or bearing collapse 

of the underlying soils. The dynamic designs were controlled by a 

dynamic failure criterion. Establishment of the failure criterion is 

"probably the most important step in the dynamic foundation design 'process. 

The failure criterion defines the problem to be solved and is the gage 

by which we judge the computed solution and, if possible, our measurements 

of t he prototype performance. II 4 

Despite the recognized importance of selecting a proper dynamic 
failure criterion the civil engineer designing other than orthodox machine 

foundations has few guidelines to aid him in making a selection. There 

are two notable exceptions. When the design of a foundation-soil system 
involves the consideration of people in the immediate vicinity, adequate 

guidelines for choosing a dynamic failure criterion have been established. 
Human tolerances to vibrations have been studied by subjecting people to 

vibrations as they stood ona shaking table (Reiher and Meister, 1931, 

Reference 5). The human tolerance limits of Reiher and Meister have been 

confirmed by subsequent investigations and are generally accepted as 

useful physiological vibration limits for people. A comprehen~ive 

discussion of the effect of vibrations on man can be found in Reference 6. 
The second exception involves the design of foundations for precision 

equipment such as optical laser or computer systems for which rigid 

motion tolerances have been established. 

For commonly encountered machine foundation problems involving 

generators, pumps and the like, the dynamic design criterion related to 
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the operation of the machinery depends on the prime function of the 

entire installation and the importance of each machine unit to this function. 

Thus, the design criterion involves consideration of initial cost, cost of 

maintenance (including the economic significant of "down" time) and the 

cost of replacement of the unit. For common types of rotating machinery, 

for in~tance electric motors, fans, and machine shop tools, enough 

information has been collected to establish permissable amplitudes of 

motion at the operating speed of the equipment. For instance, the paper 

by Blake (1964) presents guidelines for machines commonly found in 

chemical manufacturing environments. 7 In the previous investigation of 

VAWT foundations performed by CERF, a dynamic failure criterion was 
chosen from a plot in Blake's paper (Figure 5 in Reference 3). The 

information shown in this plot is typical of failure criterion guidelines 

presented in books commonly used by civil engineers in this country for 
designing foundations.4' 8 

For dynamically loaded foundations the criteria are described in terms 

of limiting values of acceleration, velocity, or displacement. The 

limiting values of these quantities which define failure have been 

determined, as they must be, in an experimental, or empirical fashion. 

Case studies of structures that have failed, model studies, and sometimes 

tests of new structures, provide a data base from which failure criteria 

have been developed. Unfortunately, this data base seems limited as 

much of the data is either subjective, incomplete, or poorly documented. 

In addition, data is included for structures with significantly different 

configurations and operating environments, so that use and interpretation of 

the conglomerated data is difficult. Still, in the absence of instrumenta

tion studies on prototypes of the structure of interest, civil engineers 

have no recourse but to design foundations based upon their interpretation 

of the data. 

One might suppose that extensive efforts are underway for expanding 

and improving the data base, however, such is not the case. The 

instrumentation of foundations and the documentation of their measured 

performance is not easy, glamorous, or profitable. For most civil 

5 



engineers, after a structure is erected the work is over. The curious 

few who want to place instruments on a completed structure are, in most 

instances, considered to be nuisances more than anything else. The 

client is not usually anxious to spend additional funds to instrument a 

structure that is guaranteed in writing to be structurally sound: he 

wishes instead to see the structure in full operation. Even a curious 

engineer may be reticient to ask, for somehow talk of monitoring and 

instruments implies the existence of minute but insidious cracks, or a 

lack of professional confidence in analytic procedures. 

Civil Engineers, like most men, are a prudent lot, always on guard 

against those who mumble behind their backs, acts of God, and in particular, 

against swift and agressive legal action. They are asked to design 
structures founded in the earth based upon what they see in, or pullout 

of, a single borehole. They compute and design with techniques they know 

to be simple approximations while seldom receiving the pleasure (or pain) 

of comparing their computations to reality. Consequently, large safety 

factors necessarjly abound and a prudent man would suspect that dynamic 

failure criteria established by design engineers are rather on the con
servative side. 

2. Failure Criteria for VAIH Foundation 

It is difficult to choose a dynamic failure criterion for the range 

of VAWT systems considered in Reference 3. No case histories of the 

foundation performance of such structures are available.* In addition, 

cost of maintenance, significance of "down" time, and cost of replacement 

have not been established. It is clear that VAWT systems will probably 

be located in remote areas, hence stringent failure criteria necessary 

when people are present are not required. Furthermore, as mentioned 
previously, conservatism should not be the 1 ight guiding the design of 

* As a matter of interest, analysis of the 17-m VAWT system foundation 
at Sandia Laboratories, using the procedures outlined in Reference 3 show 
the foundation desian to be overly conservative. 
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VAWT foundations - minimization of the foundation costs should be the goal. 
The foundation systems recommended in Reference 3 reflect this fact; they 

were designed based on a failure criterion somewhat larger than that 

suggested by standard design practice. 

According to Barkan, a Russian expert on foundation vibrations, "It 

is extremely difficult to establish a limit for the permissable amplitude 

of foundation vibrations on the basis of general principles.,,9 Barkan, 

however, does suggest some general guidelines for use in designing 

foundations in unusual or unstudied circumstances: "There are some 
cases in which vibrations with an amplitude of up to 0.4 to 0.5 mm 

(.016 to .020 inches) did not have any harmful effects. However, many 

cases have been observed in which foundations under engines with low 

frequencies underwent vibrations at smaller amplitudes than those cited 

above, but induced strong vibrations of structures located at several 

tens of meters ...... On the strength of data gained by experience 

it is possible to state that amplitudes of vibrations of a foundation 
should not exceed 0.10 to 0.25 mm (.0078 to ,0098 inches)."9 Thus, 

Barkan supports the failure criterion of .01 inch utilized in Reference 

3 while admitting cases where amplitudes of .02 inch might be permissable. 

It seems that the best approach for selecting a failure criterion 

for the VA~JT systems under consideration is to base the foundation 

dimensions on a variable failure criterion. A displacement of .01 inch 

should be the minimum value of the failure criterion. Larger values should 

be tested with the realization that foundations dimensioned using a 

failure criterion larger than .02 inch may be unsound. 
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APPROACH AND RESULTS OF 

PARM1ETER STUDY 

1. Approach of Parameter Study 

The approach used in the parameter study was a simple extension of 

the dynamic design technique employed in the original VAWT foundation 

study (Reference 3). That is, an analytic technique developed by 
Beredugo and Novak was used to compute the size of a square foundation, 

of given depth, required to limit the foundation dynamic displacement 

to the amplitude defined by a failure criterion. Failure criteria of 

.02 inch, .04 inch, .08 inch, and .16 inch, were chosen. All VAIH 

system specifications and dynamic loads were defined by Sandia Laboratories 

and are given in Reference 3. Each failure criterion was exercised over 

a range of soil shear moduli from 3000 to 15000 psi so that foundation 

dimensions over a range of soil conditions could be determined. This is 

the same approach used in Reference 3, except, of course, in the previous 

study only one failure criterion, .01 inch, was employed. Figure 1 

shows a dynamic design curve generated in the previous study.* It is 

applicable to the 300 ft. VAWT configuration currently under consideration 

by Sandia Laboratories. For a given soil condition (defined in dynamic 

circumstances strictly by the value of the shear modulus), a size and 

depth of foundation required to meet the failure criterion is given. 

The purpose of the parameter study is to produce a family of curves, one 

for each failure criterion, and overlay them on the dynamic design 

curves presented in Reference 3, of which Figure 1 is an example. This 

is to be accomplished for each of the five VAWT configurations considered 

* This figure is included not just to represent a typical result to 
be found in Reference 3. In the course of this parameter study the 
dynamic design curves for the .01 inch failure criterion were recomputed -
the curve reported in Reference 3 for the 300 feet VAWT was found to be 
in error. The dynamic design curve in Figure 1 is the correct curve for 
the 300 feet VAWT. All other design curves reported in Reference 3 were 
found to be correct. 
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in the original study 

In engineering practice dynamic foundation analyses are frequently 

based on a single degree of freedom (SDOF) model. However, this is 

~enerally not a good approach for cases when rocking or sliding are 
present (as in the VAIn configurations being considered); for the 

presence of one causes the other. The foundation motion in such cases 

is coupled and has two degrees of freedom. The analytic technique developed 
by Ceredugo and novak accounts for this coupled motion.lO The technique 

has another potential advantage; the common theory of foundation vibrations 

greatly overestimates the real response of the foundation and neglects 

the fact that the foundations are partly embedded. Beredugo and Novak 

attempt to account for the effect of this embeddment. Consequently, it 

is hoped that use of their technique will result in not only more accurate 

calculations than those used from conventional SDOF analyses, but less 
conservative ones as well. 

2. Results of the Parameter Study 

Figures 2 through 6 show the results of the parameter study. For 

each size VAWT system (size referring to the total height of the VAWT 

tower), a family of solid curves is given, one for each of the specified 

dynamic displacement criterion. Also shown on each figure is a curve 

defining the foundation dimensions required to meet the static design 
requirements for cohesive soils (dashed line) and granular soils (dotted 

line). The static dimensions are taken from the static design curves 

given in Section VII and Appendix C of Reference 3. The static 

dimensions given in Reference 3 are a function of unconfined compression 

strength for cohesive soils and standard penetration resistance for 

granular soils. Hence plotting the static design dimensions on Figures 

2 through 6 required a correlation between shear modulus and unconfined 

compression strength and standard penetration resistance respectively 

(foundations are considered to be square). A search of the geotechnical 
literature located no such correlation. Consequently, the correlation 

implied in defining idealized site conditions in Section III of 

Reference 3 was utilized. For instance, a typical granular soil was 
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defined to have a shear modulus of 10000 psi and a standard penetration 

resistance of 45 blows/feet. On the other hand, a poor granul~r soil 

was defined as having a shear modulus of 3000 psi and a standard penetration 

resistance of 10 blows/feet. A linear interpolation was used to compute 

the penetration resistance corresponding to a given shear modulus. For 

instance, a shear modul us of 6500 psi (hal fway between 3000 and 10000 psi) 

corresponds to a standard penetration resistance of 27.5 blows/feet (half

way between 10 and 45 blows/feet). A similar procedure was used for 

cohesive soils. 

It should be noted that the correlation described was employed due 

to the lack of more definitive information. A different correlation of 

course would change the shapes of the static design curves shown in 

Figures 2-6. 

Figures 2 through 6 show graphically what was stated previously: 

for a failure criterion of .01 inch, the foundation dimensions were 

governed by the dynamic design requirements, regardless of soil conditions. 

The figures also show that under general static loading conditions, 

foundations on granular soils will be smaller than foundations on cohesive 

soils. This is a fact commonly observed in civil engineering practice. 

r10re importantly, Figures 2 through 6 show that for poor sciil 

conditions, that is, for a shear modulus of 3000 psi, the benefits of 

a significant relaxation of the dynamic failure criterion cannot 

practically be realized; between .01 inch and .02 inch dynamic 

displacement static design requirements govern the foundation dimensions. 

This is true for both cohesive and granular materials except in the case 

of the 150 feet VAWT (figure 4). In this case the .02 inch failure 

criterion is exercised prior to the static, cohesive design requirements. 

Extension of the dynamic failure criterion to .02 inch, then, causes 

the static design re~uirements to govern in most instances, for foundations 

on poor soils. A further relaxation of the dynamic failure criterion 

above .02 inch will not result in a further reduction of the sizes of 
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VAHT foundations on poor soils. A similar situation occurs for VAIH 

foundations on typical, or stronger, cohesive soils (shear modulus of 

10000 psi or greater). Hith the exception of the 300 feet VAItIT (Figure 6), 

the dimensions required by static design and those required by the dynamic 

design based on a failure criterion of .02 inch are either quite similar 

or governed by the static design (Figul"e 3). 

On typical granular soils, however, the static design does not govern 

until large dynamic displacements are allowed. For instance, for the 

300 feet VAWT (Figure 6) the static design does not govern until dynamic 

displacements of over .10 inch (estimated) are allowed. Based on the 

previous discussion in Section II it is not expected that dynamic 

displacements of this magnitude will be permissable, so that VAIH systems 

on competent, typical granular soils will most probably be governed by 

dynamic design requirements. Since it is reasonable that VAWT systems 
constructed in the Southwestern United States will be founded on such 

soils it is important to establish a realistic maximum dynamic failure 

criterion for VAWT systems. Such a determination can only be made through 

experimental programs and long term experience with VAWT systems. 

The most sensible way to extract meaning from this parameter study 

is to assume the most reasonable maximum dynamic failure criterion, size 

VAIH foundations based on this criterion, and then compare the costs of 

these foundations with the costs of the VAWT foundations presented in 
Reference 3. The most reasonable maximum failure criterion, based on 

the above discussion is clearly .02 inch. Table I shows the estimated 

costs of VAWT foundations based on this criterion, the information 

contained in Figure 2-6, and the cost estimation procedure outlined in 

Reference 3. The numbers in parentheses in Table I are the estimated 

foundation costs based on the .01 inch failure criterion and reported 
* in Reference 3 and the other numbers are the estimated foundation costs 

* Except of course, the numbers for the 300 feet VAIH reported in 
Reference 3. P,S mentioned previously these numbers were found to be 
incorrect. Correct values are given in Table I. 
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co TABLE I - VAWT Foundation Cost Estimates (Dollars) 

TOWER SIZE (ft.) COHESIVE SOIL GRANULAR SOIL 

82.5 

112.5 

150 

225 

300 

""----

NOTE: 

POOR TYPICAL POOR 

2286 (2800) 

I 
614 (1192) 2286 (2800) 

3837 (4900) ! 1478 (2339) 4065 (4900) 
I 
! 
I 

! 
i 

7228 (10150) 
I 

I 2286 (4305) 7843 (10150) 

I 
27178 (34100) I 9698 (13042) 27178 (34100) 

70036 (142000) 27178 (34633) 63318 (142000) 

- - ----

First figure is foundation cost for .02" fialure criterion. 
Figure in parentheses is cost for .01" failure criterion. 

TYPICAL 

! 
614 (1192) 

i 
I 
I 

I 1016 (2339) 

I 
i 
I 
I , I 2120 (4305) 

I 9698 (13042) 
I 

27178 (34633) 

I 
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based on .02 inch failure criterion. 

The table shows that based on the .02 inch criterion, in general 

only moderate reduction in VAWT foundation costs can be expected. The 

exception is for the 300 ft. VA~IT systems founded on poor soils, 

where foundation costs might be reduced by 50% or more. However, as 

deta il ed in Reference 3, constructi on of thi s V,lIJJT on poor cohes i ve 

soil is not recommended; large settlements will result. 

Cost estimates based on failure criteria larJer than .02 inch can 
be performed by the reader using Figures 2-6, and the cost estimating 

procedure in Reference 3. Such estimates for V~WT foundations on poor 
soils will remain as shown in Table I as static desian requirements 

govern the foundation dimensions. Estimates for soils on typical soils 

will change significantly. However, it is recommended that such estimates 

be used with care, as foundations based on larae failure criterion will 

probably never be constructed. 

Several final comments should be made. First, the dynamic design 

curves shown in Figures 2-6 exhibit an interesting feature; the smaller the 

criteria defining failure the greater the increase in foundation size re
quired to allow a unit incremental reduction in the criterion. For instance, 

in Figure 5, the foundation width required to a11ol'l a dynamic displaceMent 

of .16 inch is 23 feet; a reduction in the failure criterion by .08 inch 

to .08 inch requires a foundation width of 26 feet. Yet a reduction in 
the dynamic failure criterion from .02 inch to .01 inch, a reduction of 

only .01 inch, requires the foundation width to increase from 34 feet 

to 43 feet. This feature of the dynamic design curves is explained by 

the fact that as the VJI.WT foundations become larCler their natural 
frequencies begin to approach the low operating frequencies typical of 

these large VAlE systems. That is, as the foundation sizes are increased, 

a condition of resonance is approached. 

Finally, it has been determined, as part of the previous CERF study, 

that foundations based on static design requirements are sufficient to 
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withstand not only the static loads on the foundation but dynamic loads 

other than those associated with aerodynamic loads present during normal 

VAIH operations. These loads include gale force wind loads, earthquake 
loads, and torsional loads due to emergency braking. Consequently, 

VAWT foundations governed by a dynamic failure criterion, whatever its 

magnitude, will be sufficient for resisting these same loads. 

3. Other Computations 

Conventional analyses of foundation-soil system motions are based 

on lumped parameter approaches in which the system is usually assummed 

to have a single degree of freedom. Techniques based on this approach 

are described in the standard soil dynamics texts (for instance Reference 

4). Vertical, horizontal, rocking, and torsional motions of foundations 
can be analyized using these techniques. There are many cases studies 

in which the SDOF approach to dynamic foundation design have been shown 

to give acceptable, even accurate predictions of foundation motions and 
resonant frequencies. 4 ,1:,12 

Few case studies exist, however, documenting the efficacy of the 
lumped parameter, two degree of freedom analysis of foundations subjected 

to rocking and sliding. In particular, the method developed by Beredugo 

and Novak has not been c'onclusively tested in engineering practice. 

Beredugo and Novak have tested the method against results of experimental 

tests on models; good agreement between measurements and theory was 

obtained. 10 Higgins has used the method to accurately predict the 

resonant frequency of a structure subjected to an explosively induced 

simulation of an earthquake. 13 

An effort was made to analyize the VAWT systems in SDOF sliding and 

rocking to get an independent check on the results obtained using the 

method of Beredugo and Novak. In several instances the SDOF analysis 
predicted vertical displacements very similar to those predicted by the 

two DOF analysis. In other cases the SDOF predicted vertical displacements 

which were relatively much greater. SDOF analyses used to predict 

horizontal sliding motions gave erratic results; most disturbing were 

several instances in which estimation of SDOF equivalent damping parameters 

caused terms of which squ~re roots were to be taken to have negative 
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values, a clear sign that use of the simple SDOF approaches to analyize 

VAIH foundations is in inappropriate. Attempts \1ere made to allow the 

vertical SDOF calculations to account for damping due to embeddment, 

using techniques developed by Stokoe. 14 However, this did not result 

in better agreement with the parameter study computations. In summary, 

efforts to assess the VJl.l'JT parameter study computations using SDOF 
approaches were inconclusive. 

The computations based on the method of Beredugo and Novak did have 

one other interesting feature - the predicted horizontal displacements 

of the VAWT foundations were always larger than the predicted vertical 

displacements. The calculated horizontal displacements were consistently 

2 to 3 times larger than the calculated vertical displacements. That is, 

the VAWT foundation dimensions were driven by the horizontal displacements, 

Hhereas vertical displacements can only be limited by increasing the 

area of a foundation, horizontal displacements, particularly when sliding 

is present, can be limited by constructing keys on the bottom of the 

foundation. The Key is simply a wall-like extension of the foundation 

into the ground, much likethe keel of a sailboat. The VAIn foundation 

dimensions shown in Figures 2 through 6 could be considerably smaller 

and still provide adequate resistance against dynamic vertical displacements. 

Perhaps a keyway structure would allow the foundations to retain these 

smaller dimensions while still providing adequate limitation of the 

dynamic horizontal displacements. A significant cost savings might be 
realized, particularly if a very small failure criterion is necessary. 

It is not clear, however, that the horizontal displacements predicted 

in the parameter study are entirely real. Certainly, the analytic model 

of Beredugo and Novak allows no sl iding of the foundation relative to 

the elastic half-space upon which it is assummed to rest. The computed 
horizontal displacements are due entirely to a shearing deformation in 

this half-space. The model gives no estimate of the motion field produced 

below the foundation, consequently there is no method for estimating the 

necessary depth of a keyway designed to limit horizontal motions. A 

further study of this problem would require another approach, possibly a 
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series of finite-element calculations. Such an approach was beyond the 

scope of this study. 
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.. 
Conclusions and Recommendations 

1. Computations and Reality 

The goal of this parameter study would have been simplified 

considerably if the static design governed to the VJ\IH foundation dimensions 

for all choices of a dynamic failure criterion. The design of foundations 

to resist static loads is based upon well-established principles that 

have been confirmed by many years of engineering practice. 

Because the VAHT foundation designs appear to be driven by dynamic 

failure criterion many questions arise, and these questions, especially 

for such a unique application, are difficult to answer. As previously 
discussed it is not clear for the VAHT systems what an appropriate dynamic 

failure criteria should be. Uncertainties, however, are to be found in 

other places also. The analytic techniques used in computing dynamic 

foundation response have shortcomings; some of these have already been 

discussed. Finally, the VAllT system specifications and dynamic loads 

supplied to CERF by Sandia Laboratories, are not known with absolute pre

cision. Consequently, the results of the computations comprising this 

parameter study can be expected to deviate, by some unknown amount, from 

the actual performance of VAIH foundations. This deviation can be 
assessed only through an experimental program aimed at determining the 

response of a full scale VAHT foundation under normal operating conditions. 

Such a program would not only assess the accuracy of the analytic technique 

employed, but would help establish what the magnitude of dynamic failure 

criteria for VAIH foundations should be. 

It is strongly recommended that the technical problems associated 

with measuring the response of a VA\H foundation be identified, assessed, 

and their costs estimated. Once this is accomplished plans should be 

made for instrumenting the foundation of a prototype V~JT structure and 
monitoring its dynamic response, over a significant length of time, and 
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over a full range of operating conditions. The results of measurements 

obtained by this monitoring program should then be compared to the 

predictions calculated using the methods referred to in Reference 3 and 

in this report. 

In the absence of such an experimental program, or until some other 

relevant evidence is made available, the VAWT foundations should be 

designed with at least a modicum of conservatism. It is recommended that 

the dynamic design curves based on a failure criteria of .01 inch be 

employed. 
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