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As part of the seismic upgrade at the L o s  A l m s  National 
Laboratory (-1, it was necessary t o  provide horizontal support 
a t  the second floor level of the Chemistry and HetalXurgy 
Research (CMR) building. A steel strut connected these points to 
an anchor at the ground line. Two methods of anchoring the strut  
at the ground were considered in this initial study (AGRA, 1994). 
One 8 0 l U t i 0 1 l  was B twelve foot cube of concrete, equal in weight 
to the vertical upward force. That solution provided acceptable 
Dernand/Capacity (D/C)ratios. The other method considered was a 
four foot diameter drilled caisson, th irty  feet deep. The 
deflection at the sewnd story support was too large, using this 
method, and second floor concrete members had P/C ratios greater 
than unity (overstressed). Using the cube I S  an anchor would 
cost in excess of $100,000 more than the estimated cost  for the 
caissons. The caisoraa debign 15 the subject of this paper. 

Although neither o f  the authors are geotechnical engineers, the 
senior author has 30 years experience working with the volcanic 
tuff in the Los Alan08 area. Whenever unusual situations arose, 
the senior author worked in concert with geotechnicaf firms 
to arrive at reasonable engineering solutione- In  the case of 
lateral loading on caissons in volcanic tu f f ,  there war a steep 
learning curve for both the authors and for their geotechnical 
counterparts to measure and apply the known properties o f  the 
volcanic tuff .  In this paper the knowledge gained during the 
development of the initial report: and that learned to date will 
be shared. 

The CMR Building is being upgraded to resist seismic forces in 
accordance with current buildihg code8 and regulations and to 
comply with the results of a state-of-the-art paleoseismic 
investigation completed in 1995 for the Los Alamos National - 
Owner, M. Dean Keller, Engr., Los A l m s ,  NM USA 

* Structural Engineer, Herrick and Company, Las Alakt~oe, NM USA 
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Laboratory. As part of this upgrade it is necessary to provide 
lateral bracing at the second floor level to limit deflection 
there and prevent excessive bending moment in the building 
structural elements. 

It is also  necessary to provide support at the ground level that  
can withstand both horizontal and vertical cyclic 
loading. Information on designing a caisson to resist this 
dynamic loading is scarce i n  the literature, and could not be 
found for the loading parameters coupled with the properties of 
the foundation material, volcanic tuff. The initial report was 
expanded to comply with the peer reviewer’s requirements, and was 
completed in early 1995. That report was a combined ef for t  of 
Merrick and Company and AGRA Earth and Environmental, fnc. The 
technical aupport and a final review wa8 provided by AGRA. The 
development of that report and calculations were provided by 
Merrick. Since that report nab a continuation of the AGRA report, 
these t w o  reports will be referred to as the “initial report”, 
It has been used as a basis for t h i s  paper. The authors, both of 
whom worked on these reports, have reviewed, refined and expanded 
t h e  scope to include new information and new insight into the 
problem. 

Method of Anrlyr ir  

The object of the analysis was to assure that the ground support 
was adequate to prevent an excessive horizontal deflection at the 
second f loo r  level during a seismic event. This would cause 
overstressing of the building structural members. A steel strut, 
at an angle of 5 4 . 5 O  with the  horizontal, transfers forces from 
the connection detail at the second f loor  to a pinned connection 
a t  the top of the ground anchor as shown in Figure 1. Some 
movement will take place because 
subgrade material, the change 
in length of the diagonal strut 
under load, and the change in 
length of the second floor 
members in the building, which 
are transferring load. As long 
as this movement is @small”, it 
will not be adverse to the 
structural integrity of the 
building. The term “small‘ i s  
quantified by a two dimensional 
dynamic analysis of a north- 

of the elastic nature of the 
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south structural frame of the wing section of the CMR Building, 
shown i n  Figure 1, 

A t o t a l  deflection of one inch, a t  the second floor level, caused 
by the combined tension and compression of the strut to  the 
building and the movement of the ground anchor would cause very 
high D/C ratios in the f loo r  beams and possible  failure; a total 
deflection of half an inch would be acceptable. The dynamic 
analysis on the 2D frame is performed using the SAP-90 computer 
program. The calculation of the deflection at the ground, a 
combination of structural and geotechnical factors, is more 
difficult. The analysis of the la teral  load on the caissons was 
performed using the ENSOFT, Inc. LPILEpLus program. The analysis 
of the vertical load and deflection characteristics was performed 
using the ENSOFT Inc. computer program SHAFT. Final confirmation 
of the structural integrity of the design will be determined 
during an analysis of a three dimensional model of the CMR 
building, during the Title I1 design. 

As horizontal deflection of the connection detail at the second 
floor increases, the force in the steel strut and in the ground 
anchor is reduced, and forces in the structural frame members in 
the building increase. If the stiffness o f  the ground anchor 
and/or strut are increased, the krces in the structural members 
i n  the building w i l l  decrease, and the force developed at the 
ground anchor will increase. This has to be taken i n t o  
consideration when designing the structure. 

The ground anchor will be designed for the combination of 
vertical and horizontal cyclic loading. The ground anchor will 
be designed for the greater forces developed during a seismic 
event, using upper and lower bound spring values. 

Ch+rrct+ri~rticm Of Tho Building P r a m s  

The building frame is a reinforced concrete moment resistant 
frame which would be classified as an "Ordinary moment-resisting 
frame (OMRF) H ,  Table 16-N, Uniform Building Code (UBC) 1994 
This type of structure i s  now prohibited in Seismic Zones 2 
through 4. Much care and judgement has to be used in determining 
the allowable stresses in these reinforced concrete structural 
members because of their non ductile behavior. 

The allowable deflection at the second i l o o r  was found by 
determining the spring constant at which 811 members have a D/C 
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r a t i o  of less than 1.0. The chart below has, as parameters, the 
size of the strut member and the stiffness o f  the ground anchor, 
varying from fixed t o  a low of a 2000 kpi  spring constant. The 
vertical and horizontal spring constants, (K, and KH) are asaued 
identical for convenience. For the f i xed  case the support at the  
ground is not allowed to move in either the vertical or 
horizontal direction. For this caser a l l  of the deformation and 
the resulting spring constant is caused by the loading of the 
strut and the building frame members. Note that the approximate 
deflection at the ground i a  small compared to the deflection of 
the strut member. The deformation of the member attaching the 
building to the ground anchor can not be neglected and, in thie 
case is a large percentage of the spring constant value. 

DEFLECTIONS AND DESIGNKAPACITY RATIOS FOR TWO STRUT SIZES 
Fixad Case (Anchored at Ground) and Caisson Fwndotion SMhessrm 

Strut Member I?iiedcasc K&-8OOo &-6ooo ~ = = 4 o o o  K,=r2OOo 
ltx12x3/8 Tube Anchored ~ - s O O o  Kt6oOo Rr4ooo K=2OOo 

at ground -- I 

1 Deflection, 2nd Floar 0.4729 0.5464 
1 

2 IntemalBrsceD/C 0.77 0.918 0.939 0.980 1.082 
2ndFioorBs~l D/C 0.72 0.941 0.990 1 .OS3 1.324 

3 Approx,I)eaaction,Ground 0 0,0477 0.0614 0.0879 0,1614 

- _  ). 

~ ~~ 

‘CI - . . . . . , 

StrutMember F idCaSt  K;=8ooo IW,- &- K,1.12ooo 
I4xlQxl& Tube Anchored &=8000 K=4ooo K4000 Y.=2OOO 

at gound 
I- 1 

1 DatlaEtion,2ndFloof 0.3027 0,3563 0.3717 0,4015 0.4831 

2 IntanJBrsceDIC 0.59 0,779 0.810 0.867 0.998 
2rd Floor Bcam D/C 0.34 0,633 0.700 0,821 1,116 

3 A p p a x . ~ a c t i w q G r d  0.0536 0.069 0.0988 0.1804 

b- I 

I 

The following graph depicts the variation of the D/C ratio of the 
second floor beam with changes in soil stiffnesses, The graph 
marked with squares represents the results with a softer strut 
element (TS 12xl2x3/8) than that marked with diamonds ( T S  14x14 x 
1/21. As the chart and the graph show, much of the spring action 
is in the  shortening/elongation of the steel strut. This was not 
noted during the preliminary design due to the rush and the 
concentration on the deformation characteristics of the caisson 
in volcanic t u f f .  Calculations now indicate that  the caisson 
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will be an acceptable means of anchoring the seismic restraint 
s trut  to the  ground. 

Varletlon of DIC Ratlo with Soil Stiffness 
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THE FORCE RESISTANCE SYSTEX 

The building Force Resistance System (FRS) will consist of the  
ground anchor, the strut, the connection detail, the f l o o r  
diaphragm (horizontal) at the second f loor ,  the connection detail 
on the other side of the building, the strut, and the ground 
anchor on the other side of the building, 

The FRS will allow an analysis of the stresses in the building 
structural members and their relationship to the deflection at 
the second f loo r  considering the entire frame, including the 
values of the vertical and horizontal springs of anchors on both 
sides of the building. The f o t ces  in the vertical springs are 
opposite in direction during the same seismic cycle. T h e  forces 
in the horizontal springs will be in the same direction during 
the same seismic cycle. 

The Caisson 

The caisson movement will be modeled as a horizontal and vertical 
spring at the base of the strut on each side of t h e  building. 
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Since both ground connections will be moving in the same 
direction at the same tin\e# thsae spring constants are additive, 
A two-way spring on each side of the building, at the top of the 
caisson will adequately define this restraint. 

The vertical component at the ground was calculated using output 
from the computer program "SHAFT", developed and maintained by 
ENSOFT, fnc. Since the caisson would extend into the undisturbed 
volcanic tuff, the weight of the caisson does not have to equal 
the forces being resisted. Resistance in shear developed along 
the length of the caisson w i l l  provide t h i s  resistance. T h e  
vertical spring constant was developed using a loading which is 
within the linear stress range, and thereby could be assumed to 
be the same f o r  the upward as w e l l  as the downward direction, 
neglecting the weight of the caisson. 

The horizontal spring constant is calculated using the ENSOFT 
program LPILEPLUS, using P/Y curves for soft  rock. 

Inforrmtion f r o m  Publiution8 

The caisson will be subjected to cyclic loading both in the 
horizontal and vertical direction. Much was written about the 
lateral loading on caissons, and some information is available on 
the lateral cyclic loading on caissons. Very little was found 
about the vertical cyclic loading on caissons. Nothing was found 
during the writing of the initial report addressing cyclic 
loading in a soft rock such as the volcanic tuff in L o s  Alarnos. 
Since then, infomation in the literature has been found on this 
subject and information has been obtained €ram Dr. L.C. Reese and 
Dr. S.T. Wang concerning theory and experimental data for piles 
in soft rock. 

C r i t i o r l  -vel O f  Rapatod Loading 

The Critical Level of Repeated Loading (CLRL) is a value above 
which repeated loading leads t o  nonrecoverable deformation. The 
deformation due to the loading accumulates with each cycle of 
cyclic loading, ultimately leading to failure in some types of 
soils. The value of the CLRL would be less for the combined 
loading than for either of the individual loadings, Turner et 
al. (1990) proposed that the CLRL for any s o i l  corresponds to the 
load producing a shear strain of approximately percent. 
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Since the CLRL is a determining factor for failure in some 
caissons, the duration that an earthquake would l a s t  in Los 
Alamos was investigated. The length o f  time that  Los Alamos 
would be subjected to a major seismic event is estimated to be 20 
seconds. A t  5 Hz, this would reault in a total of 100 cycles. 
The magnitude of the loading would not be uniform but would vary 
from very intense at the start of the seismic event, and decaying 
to near zero at the and. With resonance of the building frame 
t h i s  number of cycles could approach 200. 

Turner et a1.(1989) provides an evaluation of information 
concerning the CLRL. In the abstract it is stated ''Although 
combined repeated loading is c ~ m o n ,  no generally accepted design 
or analysis methods presently are available." and nThese data 
show that combined modes of repeated loading usually result in 
lower foundation capacities and larger displacements than either 
s t a t i c  or repeated axial or lateral loads acting alone." 
Concerning shaft capacity, Turner et al. (1989) states * ' A l l  but 
the very lowest levels of repeated axial loading (as low as 10 to 
20  percent o f  the s t a t i c  capacity) show continuing deformation 
without any apparent limit." 

Additional guidance provided by Turner et a1.(1989) includes: 

"Repeated two-way or uplift loads generally lead to capacity 
reductions while repeated compression loads have less effect on 
capacity. '' 

nRepested loads producing axial displacements greater than about 
5 percent of the shaft  diameter may be required to cause static 
capacity reductions.w 

"For drilled shafts, ... the recommended approach is to estimate 
the depth of 'gaping' based on an evaluation of lateral 
displacements a8 a function of depth, for example by a cyclic P/Y 
analysis." 

Turner's papers were useful i n  helping the  author to understand 
t h e  complexity of the behavior of deep foundations under combined 
modes of repeated axial and lateral loading. However, the 
material that  he studied nag sand (without cohesion), and the 
results would not be applicable to volcanic t u f f .  

Turner et a1.(1990) presents information on the design of drilled 
shafts to resist cyclic ax ia l  loading alone. It is  stated,  
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“Under repeated uplift/compression loads, uplift capacity usually 
is the controlling factor for foundation stability, and 
foundation movements often are greater than for  sustained uplift 
or compression loads of the same magnitude.” 

Also stated, “Adequate guidelines have not been developed, 
however, for evaluating the ef fec ts  of repeated axial loadings on 
drilled sha€t uplift capacity.” 

Analytical and empirical (testing) methods of determining uplift 
capacity were examined and presented in the paper, which 
included : 

S t a t i c  Uplift Capacities ... These values are consistent with the 
values of displacement required to mobilize the maximum side 
resistance in full-scale drilled shafts, reported by Kulhawy 
(1983) as ranging typically frorn 0.2 to 0.6 inches” Coduto 
(1994) stated that mobilization of the full end bearing requires 
much more settlement fabout 4 inches]. 

This implies that  under working loads the sha f t  should mobilize 
nearly all of the s k i n  friction, but only a slnall portion of the 
end bearing. The M R  caissons are not being designed to sustain a 
large vertical loading, but a small vertical load with respect to 
their capacity, combined w i t h  a lateral load. This is an 
advantage since only a small fraction (less than 10%) of the 
caisson’s vertical capacity has been used. 

Reese et al. (1995) states “Cyclic loading caused no measurable 
decrease in resistance o f  the rock.” He was referring to Vuggy 
Limestone. This should be true for competent volcanic t u f f .  

Horizontal and Verticrl Subgrado M u 1 4  

Information is available from stress-strain curves on Sa~iplf25 
taken frorn borings in the volcanic t u f f  at Los Alamos. These 
tests are for sample3 in a vertical orientation. Values o f  the 
ratio of these two (vertical and horizontal) moduli cover a wide 
range. Terms such as “cut-in-half” and “doubled“ are used in the 
literature to explain what modifications should be made to 
coefficients. For the volcanic tuff some tests were conducted in 
the more friable tuf f  that resulted in the average horizontal 
modulus of elasticity being 75% of the vertical. These samples 
were subjected to unconfined compressive tests, rather than in- 
s i t u  test, Wolf, J.P. (1994) developed mathematically the 
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subgrsde moduli for a d i s k  embedded in a fullspace for 
horizontal, vertical, rocking and torsional modes. Using a 
poissong ratio of 0.33, the horizontal modulus is 76% of t h e  
vertical modulus. 

N o t  having had the appropriate load tests conducted, the author 
considered that since the tests were unconfined compression 
tests, and thereby conservative, and that the horizontal modulus 
is probably about 15% of the vertical modulus, the differences 
in values will probably cancel out. Until further information is 
obtained, the unconfined vertical modulus of elasticity will be 
considered equal to the horizontal modulus of e l a s t i c i t y .  Future 
geotechhical investigations will have to address t h i s  question. 

The volcanic Tuff 

All literature studied for the i n i t i a l  report and all information 
found in the references were f o r  either sand or clay. L i t t l e  or 
no testing of the type required for this use of the volcanic tuff 
had been found at the time of the writing of the initial report. 
The greatest store of information about the volcanic tuff, in the 
L o s  Alamos area, is in the raw data of Geotechnical reports 
developed over the last forty years, and the experience of 
engineers who have worked with this material for  decades. 
Specific areas w h e r e  confirmation is needed are given below. 

P i l e  R o d  Adhe8ion/Cohe6ion/8h..t 

Poulos et al. (1980) presents some data on Pile-Rock Adhesion. 
It is stated that some failures occurred, even in relatively 
unjointed rocks, at values on the order of O.lq,,(bearing 
strength), and for cases where the concrete strength l a  known, 
failure occurred at an average shear stress of between 0 . 0 5  to 
0.2 times the ultimate compressive strength of the concrete, f g G .  
This value o f  O.lq, is for "rock" such as shale, mudstone, and 
siltstone, and therefore is for  material with low shear strength. 

McVay et al. (1992) presents different ways of estimating the 
unit skin friction, f,,, of rock, ( tons  per sq-ft). (Unconfined 
Compressive Strength, qu, Indirect Tensile, q,, Standard 
Penetration Tests (STP) and B l o w  Count, N), Some values are: 

Reynolds et a1,(1980): f,, = 0.3(q,) 
Gupton e t  a l .  (1984)  : f su  - 0.2(qu)  
Crapps (1986):f,,= 0.01N or f = -5 .54 + 0.41N. 
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The conclusion reached by McVay is that the skin friction, fa,, 
is in close approximation to the cohesion value {shear value for 
volcanic tuff). It i s  emphasized by McVay that more than a 
single laboratory specimen is required to determine this cohesion 
value. The methods recommended are multiple Triaxial 
compressions tests at different confining pressures, unconfined 
compressive tests and split tensile tests. From geometric 
analysis, using the values which would result from these tests, 
the formula below is derived. 

This method will be reviewed further for use with volcanic tuff. 

With volcanic t u f f ,  the cement and water from the concrete being 
placed in a roughened bored hole will leach into the tuff and 
form a bond with the tuff. The strength of this bond will be 
half of the unconfined compressive strength of the  tuf f ,  the same 
as the shear strength of the tuff. Reese, e t  al* (1995) uses 
one-half of the uniaxial compressive strength fo r  the shear 
strength of rock. The roughening of the sides of the caisson has 
been mentioned in many publications as a desirable measure. 

Verti-1 8pring Conotrn t  Promzlticrs 

The value of the vertical axial strength of the caisson is a 
function o f  the vertical farce developed, in both tension and 
compression, and by the average shear strength generated from the 
shear resistance on the caisson perimeter. Only 0.2 to 0 . 4  inches 
of movement is required to develop the f u l l  shear strength 
(Coduto, 1994 p.317) on the perimeter of the caisson, while it 
would take over 4 inches to f u l l y  mobilize the end bearing 
capacity. The full shear capacity of the caisson will not be 
needed to resist the seismic vertical loading, 30 a deformation 
of less than the above values will be experienced. 

The computer program "SHAFT" was used to determine the capacity 
and deformation under load o f  the four foot diameter caisson In 
volcanic tuff. The program is written such that €or ( sof t )  rock 
with a compressive strength o f  less than 1000 psi ,  the design 
depends on load transfer in side resistance. For soft rock, the 
settlement should be checked to assure that it does not exceed 
0.4 inches. For strong rock, the design should be made on the 
basis of end bearing. From the program write-up, "ff the 
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settlement is less than 0.4 inches, the Load is carried ehtirely 
in side resistance. If the settlement is greater than 0.4 
inches, the  load is carried entirely in end bearing. 

The ultimate vertical capacity of the caisson was 3035 kips with 
a settlement of 0.5 inches. Negligible load was taken in end 
bearing, The settlement of the caisson w i t h  the imposed axial 
load of about 200 k i p s  would be 0.03 In. Since the capacity of 
the caisson is in excess of 3600 kips, the actual loading o f  200 
kips i s  less than 10% of the ultimate loading, therefore cyclic 
loading is not a problem. 

The development o f  P/Y curves f o r  lateral loading on caissons 
presently uses the values obtained from load tests and some in- 
s i t u  pull tes ts .  Hughes (1994) presents a strong argument for 
the use of pressuremeter data t o  develop P/Y curves- Clark 
(1995) presents comprehensive information on most aspects of 
the use of pressuremeters, from choosing the proper type to 
interpretation of results. Pressuremeter t e s t s  have been 
conducted in Los Alamos, in the more friable tuff, but only once 
to the writer's knowledge, in thirty years. 

Wtorrl Spring Con8t.nt Vmluea 

The compressive strength of the tuff  was conservatively taken as 
500 psi based upon geotechnical data in the area. (SHB-AGRA Inc., 
1993; The Zia Co., 1982) The elastic modulus of the rock was 
taken at 100,000 psi. These values are reasonable for the 
volcanic tuff in the area of the CMR Building. In the initial 
report, for the horizontal deformation the Fang (1991) method wag 
compared w i t h  the AGRA (1999) method and yielded a spring 
constant of about twice the AGRA value. The AGRA input, using 
LPILE maintained by AGRA, greatly reduced the resistance of the 
top 10 feet of tuff, and t h i s  may explain the difference in 
values. The caisson, as considered in the initial study, did not 
provide adequate support to keep the D/C ratio fo r  a l l  members 
below 1.0. For this paper the program LPfLEpl"' was used to 
determine movement due to lateral loading. The modulus of 
subgrade reaction was set at 300 pci with the cohesion varying 
from 50 psi at ground level to 4 0 0  psi at ten feet down to 500 
psi at forty feet down. The caisson was four feet in diameter 
and thirty feet long. The P/Y curves and deelection curve for 



@4/25/1996 21: 46 5056721363 DEAN KELLER PAGE 15 

these values are given on this page. The P/Y curves are for 
Vuggy Limestone, which has a unique property of collapsing after 
reaching a cer tain deformation. This is due to the vugs which 
make the matrix unstable. The volcanic tuff would not have this 
characteristfcs and the P/Y curve would continue in a horizontal 
line, perhaps even increasing in force as the tuf f  compresses. 
Since the deflection values far the caissons being examined are 
not near the end of the P/Y curve, these curves can be used fo r  
volcanic t u f f .  

The values 
fo r  the 
vertical and 
horizontal 
springs are 
6000 k p i  and 
6400 k p i  
respectively. 
These value6 
are 
considered 
conservative, 
but 
reasonable 
values and 
are not upper 
or lover 
bound. 
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The initial report to determine the feasibility of using caissons 
or a concrete block as a ground anchor involved much research in 
too little time (so what’s new?), but was successful for the type 
of study required. Since the completion of that initial report, 
the senior author (semi-retired) has been researching the 
literature and contacting those persons having knowledge on th is  
subject.  It is obvious t h a t  the geotechnical properties of the 
Los Alamos volcanic tuff  have to be better quantified, and work 
is underway to develop a standard for geotechnical firms working 
in the Los Alamos area. Tests will have to be conducted to 
confirm the collection o f  concepts presented in t h i s  paper. The 
authors want to stress that this paper is site specific and is an 
interim step on the way to better understanding the interaction 
of cyclic vertical and horizontal loading on members cast in the 
volcanic tuff. When the information is developed, along with 
confirming tests, it is hoped that another paper could be 
developed tieing the empirical data to theory. 

Much study went into the Critical Level of Repeated Loading 
(CLRL) before it was determined that the effects of cyclic 
loading on soft rock was not critical in the low elastic range. 
Sand and c l a y  respond in a different manner than rock, and 
engineers dealing with this subgrade have to be very careful. 

The possibility of the vertical CLRL causing the caisson to pull 
out of the ground was considered, but this was dismissed when i t  
was determined that the caisson shear capacity was much greater 
than the applied vertical loading. 

For too long the geotechnical and structural engineers have been 
working separately, handing reports to each other, and 
considering that was adequate coordination. The geotechnical 
engineer and structural engineer have to understand each others 
problems and work as a team in order to provide the customer with 
the most value with adequate safety factors. Many geotechnical 
fims are accomplishing this by having experienced structural 
engineers on their s t a f f .  Some smaller geotechnical f i r m s  are 
no t  

The scope of the geotechnical investigation should be increased 
to accommodate the more complex state-of-the-art testing, 
especially when soil-structure Interaction and dynamic loading Is 
involved. The requirement f o r  expert peer reviewers ha8 made the 
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geotechnical report based upon old reports, minimum testing and 
judgement, rather than state-oi-the-art information and 
contemporary mathematical methods, obsolete. This is necessary 
for  renovations of older buildings where High Confidence o f  Low 
Probability of Failure (HCLPF) methodology is used. 

For Los Alamos a data base of information on the  volcanic tuff 
will be developed and maintained to assure safe and cost  
effective design. 

AGRA Earth and Environmental, Inc., 1994, CMR Upgrade Foundation 
Tension Anchor Conceptual Design and Cost Estimates. 

Clarke, B.G., 1995. Pressuremeters in Geotechnical Design, 
B l a c k i e  Academic and Professional, United Kingdom, 364 p.  

Coduto, D.P. , 1994 Foundation Design, Principles and Practices, 
Prlntice-Hall, Inc,, 796 p.  

Das, B-M.01990. Principles o f  Foundation Engineering, 2nd 
Edition, PWS-KENT Publishing Company, 731 p.  

Duncan, J.M., Evans, L.T., and Ooi, P.S.K.01994. HLateral Load 
Analysis of Single  Piles and Drilled Shafts ,  ASCE Journal of 
Geotechnical Engineering, Vol. 120, No. 5. 

Fang,H.Y., 1991. Foundation Handbook, 2nd Edition, Van Nostrand 
Reinhold, !CY, 923 p. 

Hughes, J . M . O . ,  1994, Lateral Loading Using Pressusemeter Data, 
Deep Foundations, 1994. Vancouver Geotechnical Society, 8th 
Annual Symposium, Vancouver, B r i t i s h  Columbia, Canada, 22 p.  

McVay, H.C., Townsend, F.C., Williams, R.C., 1992. Design of 
Socketed Drilled Shafts in Limestoner ASCE, Journal of 
Geotechnical Engineering, Vol 118, No. 10, pp.1626-1637. 

Merrick and Company, 1995, W Upgrades, Los Alamos National 
Laboratory, Los Alamos, NH. 

Poulos, H.G. and Davis, E.R., 1980. Pile Foundation Analysis and 
Design, University of Sydney, John Wiley and Sons. 



- ” 9 

04/25/1996 21: 4b 5056721363 DEAN KtLLER PAGE 18 7 

Reese, L.C., O’Neill, H.W.8 1989. New Design Method for Drilled 
Shafts from Common S o i l  and Rock Tests, Current Principles and 
Practices, ASCE, pp. 1026-1039. 

Reese, L.C., 1984. Handbook on Design of Piles and Drilled 
Shafts Under Lateral Load, Austin TX 360 p. 

SHB AGRA, INC., 1993. Conceptual Design, CKR Building Upgrades, 
TA-3, SM-29, Geotechnical Investigation Report. 

Turner, J.P., and Kulhawy, F.H., 1990. Drained Uplift Capacity of 
Drilled Shafts under Repeated Axial Loading, ASCE Journal of 
Geotechnical Engineering, Vol. 116, No- 3, pp. 470-491, 

I 
Turner, J . P .  and Kulhawy, F.H., 1989. Issues in Evaluating 
Conbined Repeated Loading of Deep Foundations, Foundation 
Engineering: Current  Princlples and Practices, ASCE, pp.1309- 
1323. 

Uniform Building Code (UBC), 1994. International Conference o f  
Building Officials, Volume 2 .  

Wolf, John P. 1994. Foundation Vibration Analysis Using Simple 
Physical Models, Prentice-Hall, I n C ,  423 p.  

The Zia Company, 1986. Laboratory Data Communications Center- 
Geotechnical Investigation Report - TA-3, 

DISCLAIMER I 
This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 


