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thereof or its contractors or subcontractors. The views and 
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ABSTRACT 

Stress-smin nlationships of soils are notoriously Don-linear. At sites in earthquake-prone areas. the nonlinear dynamic 
stress-strain behavior of sooil with depth is csw-~tial for eanhquake response analyses. Most cunently used geophysical 
sekdctests only g e m  wnall-sbain am.phk u a m  which are in the linear range. and the nonlinear behavhr is  i n f e n 4  
5.om laboratory tests. A seismic crosshole test has been developed where large dynamic forces are applied in a borehole. 
n#sc farces generare shear strains in h surrounding soil that are well inro the nonlinear range. The shear strain amplitudes 
decrease with distance from the source: Velocity sensors located in three additional holes at various distancs from the 
source hole measure thc particle velocity and the travel time of the shear wave from the source. 

This papcr ppovides an improvtd syrenacic interpterarion scheme for the d2ra from these large-sm’n geophysical crosshole 
tests. Use is made of both the m u r e d  velcci6a at each Sensor and the travel rimes. The mcasured velocity at esch sensor 
location is shown to k a good masure of the soil panicle velocity at that location. Travel times IO sp . f ic  feamres on Ihc 
v e l m i v h e  history. such as first crossover, are used to genentc travel time curves for the waves which are nonlinear. At 
some disrance the amplitudes reduce 10 where the sms-strain behavior is essenu’ally linear and independent of strain 
amplitude, This fact is used together with rht measurements at the thnc sensor locations in a rational approach for fining 
c w e s  of shcar wave velocity versus distance from LIIC source hole that allow the determination of the shear wave velocity 
and the shearstdn q l i t u d e  at each of rhe sensor locotions as well as the shear wave velocity asscxiated with small-strain 
(l ineu) behavior. ?he method is automated using off-the-shelf PC-based software. 

The mdhod is applied to a case study whete dam w e  obtained at 5 ft (I 5 m) intervals at deplhs from 20 to 140 ft (6 IO 43 
m). Elastic shear wave velocities demmined from rhis method compare well with those obtained ftom seismic cone 
puwration rests at tbt same site. Shear wave velocities were convened to s b  moduli using densities fiom conventiona1 
bore hole logs. Curves of shear modulus reduction wirh shear swn amplitude were generated as part ofthe atnomated 
process. The curves varied with depth as would be expected and compared well with host  from the published literature. 

INTRODUCTION 

Various analytical techniques of determining &e 
eanhquake rcsponse d a soil deposit’or the seismic 
performance of a soil-suucture system require the 
characterization of the rnodulus.of the foundation soil as 
a funcdon of shear suah induced by the earthquake. In 
most instances, the Saain &pendency of soil modulus has 
been dccennined by combining the results from dinerent 
laboratory tesls (typically cyclic triruid and reSonant 

coIunm) performed at both low (loJ percent) and at 
intermediate! to bigh (lo2 to I perrent) shear strains. 
U-ly the agreement k w m  thcse different tes! 
results is not idways goad. .More impwraatly, the 
accuracy of h e  laboratory tests is subject to the sample 
quality and nproduction of actud in-situ coaditions. 7he 
rea[ state at which tbe soil exists in the field, 
chuacterid by its void ratio, stress sfate, de- d 
cemmtion, and fibric, are often not easily duplicated in 
rhe laboratvry. 
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To provide an in-situ method ofdetermining the non- 
linear behavior of soil over a wide range of strains. 
Shannon &Wilson and Agbabiah Associates (1976 and 
1977) &veIoped field equipment and testing procedures 
fbr a modified crosshole geophysical ta t  in which shear 
wave velocities m y  be evaluated over the smh range of 
10“ to IO-’ percent The equipment and rhe testing 
procedures were developed rbr, the US. Nuclear 
Regulatory Commission as pan: of an o v d l  reses~ch 
progrcim to evaluate soil behavior under earthquake 
l&Jing cundidons. 

TEST DESCR€F’TION 

The large-main, in-siru crosshole fest generates a 
shw wave in a bmhols which propagates through a soil 
mass and is subsequently recorded by velocity 
transducers in nearby boreholes. A typical test set-up is 
show~i shurdd1yinRgure 1. The test set-up includes 
a wave-generaring source with an attached velocity 
transducer. and three sensors (also velociry uansciucers) 
that arc ar~attgd iri a horiirnnral plane at a given d e w  
and at d ~ t  radii fivm the source inside the boreholes. 

Fix a given usest the time required for the shear wave 
10 travel from the source hole t~ each of the sensun is 
mcasund. As thc sllcLs WUYC psscs he sensor location. 
a time history ofthe panicle velocity is recarded by the 
velociry transducer. The shear wave travel time and 
psdclc vd‘ocity aniplitudc UT: rktermined h r n  rhc 
recorded panicle velocity-time history at the vnsor. ?he 
horizontal distances from the source hole to the sensors 
arc determined from prolix; ~ U I  vcys uf Lhc verticalfry or 
each borehole. 

Gmsidtrablc t h o ~ g l ~ ~  was poi into an inm-premrion 
procedure &at would permit accuratcIy infening thc 
modulus degnddon curve fully from rhe rest resultb. 
The IhtcrprcEtLLtiOn of rhc mcthcd is dikussed in a l a t a  
--on. 

The primnry dikcrcncr: bccwcen this tcst ad 
conventional crosshole tests is in he  generation, 
magnitude, and concrol of rhe s h w  waves. This test 
ulilizas a c o n ~ l t e d  in-holc c n c w  source in which shear. 
waves dominate. ne redrant recorded velociry-h‘me 
signsputs. therefixe, have afistinct connok l  amplitude 
and shape as the shear pulse mvels through tho soil to 
suassive sexisor IccCations. A consistent shape caables 
the identificadon of characreristic points on each pulse. 
marking the !imp. of passag,e of a wave &sough each. 
sensor location. A consistent characieristic point. thc 
crossover point after the.fjrst peak slrain has been 

rearhed, is selecrcd on each vdocity-timc hisrory as thc 
time of am‘val for that sensor. ?he desired Iztrge 
amphdes  of rhe shear puIse are oblained by adjusting 
the spacing of rht brings and changing rhc weight and 
height of drop ofthe impact hammer. Suains of IV to 
10” pcnent have gcneralIy k n  obtained by placing the 
sensors in three brings, spaced about 4.8. and 16 feet 
(1.2.2.4. and 4.8 m) from the c w g y  source. These are 
considerably closer spacings than used in t h ~  
conventionzl crossl~ole prcxedures and minimizes the 
inhaenr limiration in conventional crosshole procedures 
ofhaving waves reflexring or traveling over parhs greatly 
diffeknt from h s e  assumed. 

TEST EQUIPMENT 

The testing equipment consists of four basic 
compomrs: 

- Hammer-and-anchor asscrnbly 
. Scnsinp equipment 
Recording equipment 

- Surveying equipment 
‘ik hamma-and-anchbrassembIy is used to senerate the 
shear waves. 11 consisu of a hydraulic anchor and 
downhole hammer that are attached 10 the bottom of the 
drill stem and lowcred to the desired test depth in rhc 
encased anchor hole. m e  anchor assembly is 4 ft ( I  .2 m) 

gqEE!”, *+or2 

O r  Saaoor 3 

The 
Figure 1. Schematic of large-strain in- 

situ crosshoIe test. 
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long. weighs approximarely 200 pounds (90 kg). and can 
c x p d  liuin S LO 12 inches (0.2 to 0.3 m) in diamerer. 
Thc anchor couples m'tfK borehole wall via h c c  
aluminum curvcd face places. The plares are expanded 
radially itiu t l ~ :  sides of the bole using a hydraulic ram 
controlled by a hand optrated pump at the ground 
surface. When fumly coupled to the boreholc, a 120- 
p n d  (53 kg) cyiindrical downhole hammer is dropped 
onto rhe striker prate at the top of the anchor, creating a 
downward shear face at tbe anchor-soil interface. A 
Bcllcville spring b e t w ~ i l  Ihc hammer and suiker plate, 
controls the input chaIactcn'stics uf the shear wave 
(fraquency and wave shape). This system produces a 
relotivcly c l w  impulse that tan tc: tritcal as it passes 
fmm the anchor assembly to the geophones positioned at 
the same elevation in the three adjacent boorings 
(Figure 1). 

The sensing equipment consists of four velociry 
uonsducus (gcophoncs). Thc wmduwr  in the anchor 
hole is fixed to che anchor as,mbly to record~tk input 
motion characteristics. while the other three velocity 
W u c c c s  mc p 1 d  in wch vfilic riucr: xrtsur &rings. 
All of the g a p h o n e s  are orienptcd venicdly. which is in 
the planc of maximum m d o n  of the genented shea 
wavc. Geophone coupling in Ihc scnsor bori11gs is 

LZ. au;omplished by infl ating a rubber packer that forces the 
geophone against rhe wall of ?he boring. Ten-foot lengths 
of light-weisht me& rods w uscd to lower Ihc vckch> 
transduccrs to the desired elevation and.to orient rhe 
sem in the front pan of each hole. at a point closest IO 
the energy sourcc. 

' 

The recording equipment used when the resting 
procedure was dtvclopcd in 31c 1970's consistcd of a. 
waveform recorder, an interface unit, an osn'lloxo~. 
and a digita1 seven track tape recordcr. As elecnonic 
recording equipment has devclopcd. morc modun 
recording equipment h;is been used (e.g. Tektronix Test 
lab' model IDS M A  four channel digital oscilloscope). 
%bark requirements ofthe recording equipmnt i3 that 
it must be able to simultaneously record 4 channels. 
simultaoeously &play the 4 recarded wave forms in real 

and provide a digid record for subsqucnt analyses 
of the wave forms. ?he recording equipment allows for 
simult3neous display of all wave forms for a given test so 
h t  h. qucllity of the tests  can be a~tcssBb in the field by 
checking anchor coupling, wave form clarity and shape, 
and geophonc coupling, Testing at a particular depth 
may be repeated if rhr. field assessment indicates p r  
quality of the data. 

The survey equipment is u.d in xnimrely 
dcteimine rhe shear wave travel distances at each test 
depth, ?he top of the boreholes are' surveyed using 

standard survcying equipment and techniques. ?he 
verticality and drift OF the br ing  is measured using a 
commercially available inclinometer. 

XNTERPRETATION OF LARGE-STM*IN 
CROSSSOLE TESTS - 

For interpretation purposes it is convenient io  
assume that thc soil at a c m - n  depth d o s  vary 
significantly tiom the source hole to each of &e three 
SMXK holes. This is usually a realistic assumption. E it 
canm be made, then it may be very diffiult IO interptet 
wtresults and it is quaionabk whezha it is useful to do 
such testing a1 all. 

The main objective of the interpntation procedure 
should be IO arrive at Ihe modulus degadation cu~ves for 
the soil at a panicular depth where measurements have 
bcen made for shcar wave mvel times and pankle 
velocity at a finite number of sensors. This calls for {I) 
esmblishing a value of shear wavc velocity at each 
psidon where the panicle veloclty is also known. (2) 
calculating a value of s h m  mcdulus corresponding to 
this panicular value of shear wave velocity, and (3) 
d a l a d n g  rhe shear strain corresponding 10 the values of 
shear wave velocity and pmkle  velocity. What will 
result i s  a number of points in a shear majulus v e m s  
sheax snaln plot. A cuwe fit through these pina Wjll be 
the i n t e p r e d  mcdulus degradation curve at the test 
d e p h  

In thc cross-hole test developed by Shannon and 
Wilson in conjunction with Agbabian Associates the 
uavcl tirrre curves must be generated from only four 
points for each lest: anchor (source). and senson S1. S2 
and S3. as illumrcd in Figure 2. By mvel rime CUNS 
we 111- tlre plut of time taken for the shear wave to 
arrive at a location versus the horizontal distance from 
chat location to h e  source hole. By definition, the travel 
time and Jislisiu fur rhe anchor arc Wrh zero. As 
distance from the anchor inmases. the travel time must 
also incxzasz but irs slope may change because c& 
clmgc6 in wwc pupgdliun vcIocjties in soil with shear 
strain. k u s e  of large -in ampiitudo near the 
d o r ,  h e  travel h e  CUNC musf bc w e d  downward. 
AK some dierancc away from the ardwr. UIC spain 
amplitudes k o m e  small and the wave propagation 
velocities become consrant ?his means t h a ~  the travel 
time curve must becornc ruymptotic LO a wajght Itw 
vhjch has a d w  equal to rhe inverse of LFK small-.wain- 
amplitude shear waYt vdocity and an intercept greater. 
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Figure 2. Travel time curve for large- 
strain cmsshok test. 

25 

The slope of the travel u'me i s  determid by 
differentiating (2): 

'lh shar wave velocity V, at a distance x from the source 
Me is the invcrst of the slope SlopS(r) of the travel time 
m e .  ?he value oflhe shear modulus G at x can thcn k 
computed from 

G - p V :  (4) 
rhan zero. The cquation of asymptote is 

whtze: 55, =&e intercept when x is zero, 
V,, = is the inverse of the slope. and 
x = thc distance from the anchor. 

Neither r, nor V, can be dewmined ditccrly except 
when dnly say small smin amplitudes exisr throughout 
the region, whcn T ~ X  trawl time dau should form 8 
m$$t line rhr.ough the m'giin. For large-Strain cnxshole 
tests, all dam points must lie on or kJow this Straight 
line. because velocities of propagation at larger swains 
are smaller than those for mal t  strains. 

The problem now reduces u) finding a function that 
describes the psiuon of the data bclow the small-strain 
asyiqrw. Numcruus rational fincrlons W e n  examined 
and uicd including various forms of hyperbolic and 
exponential functions. The best fining was achieved by 
using a IiypErbolic tangent funcrion. The complete 
equation used io fit the =vel time cume is 

where b = regression consfant 

Spacing ~d travcl time frpm a given tcst r l ~ y  Gt: 
uscd to establish values of the three unknowns (To, V, 
and b) by a last squares fitting procedure. A software 
package such us M A l X C m  may bc wcd for this, , 

Similarly, ar a given depth. h e  small-strain shear 
modulus. G-. may k dctcnined from 

2 G,- P v,, 

where p =mass density of the soil. 

(5) 

mshearsnain- ' to a $yen shear wave 
velocity and panicle velocity is  given by 

w k  y, = par6cle velaity of the mi1 at a given locarjon. 

Work by Hardin and Drnevich (1952) showed that 
moduIus reduction curves could be reasonably well 
described by h e  use of a modified hyperbolic funcu'on: 

(7) 

w h m  y, is the reference stmin (ratio of maximum shear 
strength to G,,), and u and b are consfants. In this 
equation, there are three unknowns, y,, u and b. A 1car;t 
square fitting is now donc with the G / G ,  and data 
calculated above IO determine t h e  unknowns. O m  
they established, curves for G/G, as a funchn  of 
yfyt plotted. 
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CASE HISTORY 

LargGstrain crosshole fests wen: performed as part 
ofstudics fur the design and construction of h e  proposed 
Multi-Function Waste Tank Facility which is 
p h e d  for rhe Hanford Siu near Richland, Washington. 
M i t i o n  given below on the site was obtained from a 
repon by Shannon & Wilson (1994). The ground 
surface through out h e  area is slightly undulating 
(elevation range: 720-732 fi (220-223 m)) with a 
moderately thick cover of sage brush, ch-, and 
other deciduous plants. Beneath the surface is a 2-5 A 
(0.6-1.5 m) thick layer of windblown fine sand. ?hese 
overlie the undulau’ng suface of the Hanford formation, 
the uppernost pan consists of a sandy p v c l  layer 
atending to a dcprh ofapproximately 20 ft (6 m). Below 
this is a stratum hat consists af dense to very dense, 
brown, frne to medium sand that is sI$hdy cemented. 
?his SWNm ortends to dew in excess of 140 fi (43 m). 
Bedrock 31 cbe sire is esu’marcd to be at a depth of470 ft 
(1 43 m) aid the ground wslter at a depth of 300 ft (90 m). 

‘l’o illusuare the application of the method to real test 
hag, ~ I C  \lalux of T, V,, and b were obtained using W 
proposed interpretation procedure from five crosshole 
tests behveen depttrs of20 ft throush 40 ft. The resulting 
fitud travel time curve rhrough ail data poinrs for this 
depth mgc is shown in Figure 3. Figure 4 shows the 

Figure 3. Fitted travel t h e  iunte. 

jnterpntcd modulus degradation curye for the 20-40 A 
depth r n ~  compared with a corresponding Sed and 
ldriss (1967) cumc. 

1 

0.8 
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ami  0.01 0.1 i 0 
D.odbl 

Shearrhrln arrgrH2W (%) 

Figure 4. Modulus degradation cufyes 
for 20-40 ft (6-12 m) depth 
range. 

The large-suain crosshole tests were conductal a~ 
this sire at 5 ft (I .5 m) increments of depth for depThs 
ranging from 20 10 140 fi (6 m IO 43 m). Data W C ~ C  
analyzed for each elevation tested and also for nnges of 
elevation where the d a t i o n  in soil properties was 
rela&eJy small. For example, the daro p;esenkxi herein 
are forthe range in depths from 20 to 40 ft (6 to 12 m). 
h addiu’on 10 a variety of conventional borehole tests 
done at the she. seismic cone peneuation tests were done 
to deph ofapproximately 50 A (15 m). These provided 
independent measurements of low-strain shwr wave 
propagation velocities. The shear wave velocity from the 
seismic cone penemtion trst averaged approximarely 
1400 Wsec (425 rrdm) for the depths from 20 to 40 ft (6 
to 12 m) and the calculated low-strain value of shear 
wave velaiyh thc largestrain crosshole test is 1364 
Wsec (41 6 m k ) .  When data from individual deprhs arc 
compared, the apement  also is excellent. 

The proposed m e w  of fitting travel time C W ~ S  
h n  large-strain crosshok tsfs is rational d provides 
consisten1 valucs of V,, as well BS modulus depdation 
curves with shearing suain smplirude. The large-strain 
aws-hole t a t  combined with the inqxcut ion  
procedure destrika in this paper provides a valuable 
way to develop soil propcrtics not only for eartftquike 
georcchnid engineering applications, b m  also for any 
geouxhrdad application for which it i s  ~ p o I t a n t  to h3Ye 
in-siru information on how soil stiffness Vanes with 
smh. 
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