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A field study of long term settlements of loads supported by stone 
columns in soft ground 

Etude in-situ des tassements a long terme de pieux ballastes dans des 
sols mous 

On a conduit un essai de charge verticale a long terrne sur un ensemble de poteaux de pierre 
pour verifier les bases de caleul d'un project utilisant des poteaux de pierre pour elargir 
un rernblai existant, ainsi que plusieurs rampes sur la route 1-64 a Hampton en Virginie. 
L'essai a eu lier dans un terrain marecageaux peu profond. Le profil du sol obtenu par son
dages aux abords immediats, indiquait une cauche superieure de limon argileux tres tendre a 
tendre de 12 a 15 pieds (environ 3,7 a 4,6 metres) d'epaisseur reposant sur du sable lirnoneux 
meuble a semi compact. 

L'essai etait concu pour reproduire les conditions existantes lorsque un remblai de 20 pieds 
(6 metres) est construit sur, un ensemble de poteaux de pierre. On avait instal Ie des ap
pareils de mesure et de reglage a plusieurs endroits pour mesurer la pression interstitielle, 
Ie tassement et las pression totale. On s' est particulierement interesse a I' etude du rapport 
temps/tassement et a sa correlation avec l'analyse theorique intitulee "Analyse de l'inter
action entre poteau de pierre et sol portant sous charqe vertic ale " qui est presentee au cours 
d'une autre seance de ce congres. 

In.tfLoduc..tlon 

The proposed expansion of the interchange 
ramps connecting Interstate Route 664 with 
Interstate Route 64 at Hampton, Virginia in
volved numerous high embankments and bridge 
structureS over marshlands. A problem en
countered by the Virginia and Federal High
way Engineers was: How to construct embank
ments, up to 35 ft (10.7 m) high on a thick 
deposit of highly compressible, weak, sensi
tive silts and clays in a'relatively short 
period of time, at a reasonable cost, with
out causing major embankment failures and 
without producing post construction settle
ments of intolerable magnitudes? Very strict 
environmental constraints complicated the pro
blem even further. Several alternatives were 
considered including excavation and replace
ment of the soft soils and the use of piled 
bridge structures in lieu of embankments. 
The most attractive alternate appeared to be 
stabilization of the in situ soils by the 
installation of stone columns. 

The Vibroflotation Foundation Company installed 
a group of stone columns through 12 to 15 ft 
(3.7 to 4.6 m) of the very soft to soft sil ts 
and clays, terminating them at an average 
depth of 21 ft (6.4 m) within loose to med
ium compact sands. A long term, vertical 
load test was performed to simulate the em-
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bankment conditions and to verify the design 
principles used to establish the stone column 
spacing and 'patterns for the proposed pro
ject. 

Presented in this paper is a description of 
the field installation, instrumentation and 
performance of a stone column group under a 
vertical area loading. The observed field 
test results are compared to results pre
dicted by calculations using a theoretical 
analysis (Goughnour and Bayuk, 1979). Cor
relations to various design parameters are 
discussed in order to develop design proce
dures for future stone column installations. 

Gen'Utat S.i.te Cond.i.t.i.on~ and So.i.t P"ope"t.i.e~ 

The field survey of the proposed expansion of 
the interchange ramps connecting 1-664 with 
1-64 at Hampton, Virginia indicated that the 
major portion of the construction would be 
located within a shallow swamp with brush 
reaching eight feet (2.4 m) in height. The 
ground surface elevation in the swamp waS 
approximately El. +2 ft (+0.6 m) mean sea 
level. The groundwater table was influenced 
by the tide and appeared to vary between El. 
+1 ft (+0.3 m) and El. -1 ft (-0.3 m). 

The general soils profile revealed l2'to 15 
ft (3.7 to 4.6 m) of very soft to soft silts 



and clays overlying loose to medium compact 
silty sands. Logs showing soil classifica
tion and static cone resistances of borings 
taken in the immediate vicinity of the load 
test area are presented in Fig. 1 and indi
cate the high compressibility of the upper 
silts and clays. 
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Fig. 1 - Soils profile at test site. 

Conoolidation tesfs, performed on undisturbed 
samples of these very-soft. so; Is, showed com
pression indices, Ce ' ranging up to 1.04 wit'h 
a void ratio, eo' of 2.693. The coefficients 
of consolidation for vertical drainage, ci' 
were determined to be as low as 0.025 ftz/day 
(2. 69xlO- smz/s) for loadings comparable to the 

maximum propOSed embankment heights. 

In situ vane sh~ar tests were performed to 
estimate the undrained shear strength! SUI of 
the very soft· soil deposits. The strength 
profile, as determined by the field vanes, is 
shown in Fig. 2. The shear strength profile 
shows a lower limit for Su of 140 psf 
(6.71 kN/m 2

) near the surface with an increase 
in strength with depth. In situ vane shear 
tests located nearest to the load test area 
are plotted on the strength profile. It 
should be noted that these values are below 
the 400 psf (20 kN/m 2

) criteria at which 
Thorburn (1976) suggested caution be used in 
the use of stone columns. 

SHEAR STRENGTH I Su (pst) 

o 0140 __ -L-=2JO~0 __ L-~4JO~0 __ L-~6l00~~~80l0~~~IOLO~0 

Field Vanes Nearest 1TO A .. o Load Tost 
5 

\r:l0 .... / 
\ , 

~I 
~2 \ ' .. \ r:l0 (" 

~ ~ 
, , 

'" /Median Of 

" 
, 

"', Field -3 10 

L.::\mlf 
Vanes 

~ ", , , 
4 

15 Of Field Vanes 

Fig. 2 - Field vane test results. 
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Effective stress strength paramaters werees
tablished from consolidated undrained tri
axial tests with pore pressure measurements 
(CD tests). The results of these tests in
dicated that the very soft clays have effec
tive stress strength parameters of c = 50 psf 
(2.40 kN/m') and ¢ ~ 26 0 

Atterberg limits of the upper fine-grained 
soils and subsequent liquidity index deter
minations suggested a sensitivity classifi
cation in the very sensitive range (4 to 8). 
Experience with stone columns in sensitive 
soils, up to now, has been limited to clays 
having sensitivities not exceeding five 
(Baumann and Bauer, 1974). Peak and remold
ed undrained strengths were obtained by field 
vane tests and sensitivities determined. The 
sensitivity profile for the upper soft soils 
is shown in Fig. 3. These tests showed a 
median sensitivity of approximately two! 
ranginq in sensitivity from slight to medium . 
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Fig. 3 - Field vane sensitivity results. 

Lateral stresses during confined compression 
are of particular importance in a stone col
umn analysis (Goughnour and Bayuk, 1979). 
The ratio of horizontal to vertical stress 
at rest, Ko, io a function of the overconsol
idation ratio and the plasticity index (Lambe 
and ~fuitman, 1969, p. 300). Consolidation 
testing of the very soft upper soils indica
ted that these soils ·are normally consolida
ted and should have a 'Ko value of approx
imately 0.6. 

In,;taU.ation 06 Stone Column,; 

The load test area was located north of the 
westbound lane and near station 630+00 of 1-64 
in Hampton, Virginia. The brush in the test 
area was cut to ankle height and a three 
feet (0.9 m) high working platform was in
stalled. The plan dimensions of the plat
form were approximately 36 ft (11 m) by 50 
ft (15 m). The material used for construction 
of the platform was a fine to medium sand 
with some silt and was spread with a dozer 
equipped with swamp tracks. 



A total of forty five stone columns were in
stalled within a period of three and one
half days. The layout and spacing of the 
stone columns are shown in Fig. 4. 
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Fig. 4 - Stone column pattern and load test 
plan. 

Equ~pment - The stone columns were installed 
using a 16 in. (406 rom) diameter vibrator 
approximately 7 ft (2.1 m) long, speciall~ 
connected to a 12 in (305 rom) diameter fol
l~wer tube. The comp~ete assembly, called a 
Vlbroflot, was approxlmately 39 ft (11.9 m) 
in length, weighed approximately 4.3 tons 
(3.9 metric tons) and was supported from a 
35-ton (31.8 metric tons) crawler crane. 

~ 
~ 

~ 

The lower part of the Vibroflot housed a 100 
hp electric motor which drove an eccentric 
w~ight at a speed of 1800 revolutions per 
mlnute at 60 Hz, creating vibrations in a hor
izontal plane. Twenty tons (18.2 metric tons) 
~f centrifugal force were generated, produc
lng an amplitude of 14 rom at the tip of the 
Vibroflot when unconstrained. A portable 440 
volt, 3 phase, 60 Hz, 125 KW generator pro
vided electric power to the Vibroflot. 

The stone was brought up to the holes and 
dumped utilizing a rubber tired side-dump 
loader. The loader bucket was carefully 
measured to determine its level-full capacity 
by filling the loader bucket level-full with 
water and carefully bailing out the water wi th 
a six gallon (22.7 liters) bucket. The loader 
bucket, when level-full, contained 40 cu ft 
(l.l m9

) of loose stone. 

A six inch (150 rom) high capacity, high pres
sure water pump, drawing water from nearby 
Newmarket Creek provided a supply of water for 
stone column installation. 

Stone Column Cha.lI..ac.tell..l.6t~c..6 - The stone col
umns were formed using a special run, crushed, 
angular granite with representative gradation 
as follows: 
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Sieve Sizes 
(inches) (rom) 

2-1/2 
1-1/2 

3/4 
1/2 

64 
38 
19 
13 

Percent Passing 
(By weight) 

1-00 
65-79 
6-10 
1-5 

Previously performed field shear tests on 
stone columns, formed with material similar 
to this, indicated an angle of internal fric
tion of 38° (Engelhardt and Golding, 1976). 

A total of 692 tons (624 metric tons) of rock 
were brought to the site, and it is estima
ted that approximately 615 tons (559 metric 
tons) were placed in the 45 stone columns. 
The estimated consumption for each column 
was determined on the basis of number of 
loader buckets of stone dumped into each 
stone column and assuming the loose density 
of rock as 100 pcf (1.6 tons/m'). 

Knowing the depth penetrated by the Vibroflot 
and using an estimated compacted density of 
the rock in each stone column, the average 
diameter was calculated for each column. 
Tabulated results are shown in Table 1. 

1. Depth: 
Feet 
(Meters) 

2. Stone Consumption: 
Tons/Foot 
(Metric Tons/Meter) 

3. Installation Time: 
Minutes 

4. Stone Col. Diam.:* 
Feet 
(Meters) 

Averages Per 
Stone Column 

21.1 
(6.4) 

0.65 
(1.94) 

32.1 

3.6 
(1.1) 

* Based on a compacted stone column density 
of 125 pcf (2.0 tons/m'). 

Table 1 - Tabulated Results of Stone Column 
Installation. 

Load Te~t AlI..nangement and In~xnumentat~on 

After installation of the stone columns, a 
dozer stripped the working platform down to 
approximately El. +4.5 ft (+1.37 m) mean sea 
level. 

Instrumentation, which incl·uded pneumatic 
piezometers and load cells, was installed 
as shown in Fig. 5. The piezometers were 
Sinco Model No. 51481 (with well screen) 
and were placed approximately three feet 
(0.9 meters) radially from the center of the 
stone column, which was located at the center 
of the load test area. The load cells were 
Sinco ~1odel No. 51482 and were placed at 
approximately El. +4.0 (+1.22 m). 
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Ko"O.6 

Fig. 5 - Load test arranqement and instru
mentation. 

One of the load cells; Cell 2, was located 
at the center of the central stone column 
and the other, Cell I, w,,:=l lnr.at~d. in the 
working platform directly between the cen
tral stone column and the most adjacent 
stone columns. 

A pneumatic settlement device, Petur Model 
No. SP-IOS, was inEitalled at the CAnt.Elr stone 
column and at El. 14.0 f·t (11.22 m). ThEl 
8cttlement device pAt:"formed very well for the 
first 200 hours of the load test, but failed 
to ~unction after this initial period, per
haps due to freezing. Subsequent settlement 
measurements were made with a surveyors level 
located approximately 30 ft (9.1 m) from the 
center of the load test area. Readings were 
taken at the center of the load test area and 
at each of its four corners. 

After installation of the instrumentation, a 
sand distribution mat was placed and compacted 
in approximately one foot (0.3 meter) layers 
up to El. +6.5 ft (+2.0 m). The approximate 
dimensions of the sand distribution mat are 
shown in Fig. 4. After completion of the dis
tribution mat, the pneumatic settlement de
vice indicated 0.4 in. (10 rom) of settlement. 

Four precast concrete slabs, measuring 10 ft 
x 10 ft x 1.33 ft (3.0 m x 3.0 m x 0.4 m) 
each, were placed with a six inch (150 rom) 
gap separating one slab- from the other as 
shown in Fig. 4. The slabs were placed in 
this manner to make the subsequent loading 
as flexible as possible. Three additional 
layers of similar concrete slabs were posi
tioned over these base slabs. However, lack 
of additional pre-cast concrete slabs o.f the 
same size prevented a continuation of this 
arrangement. The available slab sizes dic
tated that the upper layers of weights span 
across these bottom layers so that, in real
ity, the ,load was only semi-flexible. 
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The pre-cast concrete slab arrangement was 
carefully positioned to produce as uniform 
a load as possible and, when completed, to
talled 401.3 tons (364.8 metric tons). -The 
total load Was placed within 54 hours after 
co~pletion of the sand distribution mat. At 
thlS time the measured total settlement was 
3.1 in. (79 rom) at the center of the load 
test area. The intensity of loading on the 
~tone cblumn group, calculated at the orig
lnal ground elevation of +2.0 ft (+0.6 ro), 
was approximately 2400 psf (115.0 kN/m'). 

The load test arrangement, including instru
mentation, is shown in Fig. 5. Also pre
se~ted are the consolidation parameters, 
prlor to the stone column installation· of 
the various soils at the load test sit~. 
These parameters were used in developing 
the subsequent sections of this paper. 

TheolLetiea.i AMiy~i~ 

Equations have been derived theoretically 
(Goughnour and Bayuk, 1979) to simulate the 
consolidation settlement behavior of verti
cally loaded stone columns in soft ground. 
The Same symbol definitions are used in this 
paper and, due to space linliLations, will 
not_be repeated. These equations were derived 
under the assumption that the behavior of a 
single column und ito tributary soil can bl': 
represented by a unit cell similar to that 
i~ common use for sand drain computations 
wlth the equal strain assumption. 

In the initial analysis, the total load L 
applied tu this unit cell waD conoidered t5' 
be constant with depth. If the soil layer 
is rcla.tivcly thick with respect t.o t.he load
ed surface dimensions, as is the case of this 
test, a decrease of L with depth must be 

'd d' t conSl ere. ~lnce, for this test, stone 
columns w~re lnstalle~ on a uniform spacing 
to some dlstance outslde the limits of the 
loaded area, it is assumed that L can be 
modified with depth according to B6ussinesq' s 
or 1i'Jestergaard' s equations for vertical 
stress distribution beneath a loaded area. 

Conventional sand drain theory has been sug
·gested (Goughnour and Bayuk, 1979) for com
putations of time-settlement behavior. A 
summary of such equations is given by Scott, 
1963, pp. 202-203. 

Te~t Re~uit~ a.nd Compa.lLi~on with TheolLY 

In this section observed test results are 
reported and compared with theoretical pre
d~ctions. Implications of this comparison 
WltI: respect to the suitability of the theo
ret leal model are discussed under various 
subheadings. 

For all computations the load was considered 
to be flexible, and the total load on the 
unit cell, L t , Was modified with depth 
according to Westergaard's equations unless 
otherwise indicated. 
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Fig. 6 - Typical computation results at 
center of loaded area (effective 
stress basis). 

Fig. 6 presents typical results of calcula
tions for conditions at the center of the 
load~d area. These particular results were 
obtalned using ¢s equal to 38° and K 
equal to 1.0. A vertical increment ojOiPft 
(O.3 rn) was used. Zero depth corresponds to 
the original ground surface, or E1. +2 ft 
(+0.6 rn), and the soil profile is indicated 
on the left side of the plot. 

?nd~r these assumed conditions, calculations 
l~dlcate that the stone columns are in a 
Ylelded condition to a depth of about 15.5 ft 
,(4.7 m)., The ultimate calculated settlement 
lS 11.5 In. (29.3 em). Of this total settle
me~t, approximately 61% is contributed by 
SOlI I, 31% by Soil 2, 6% by Soil 3 and 2% 
by Soil 4. 

L~ad cell readings, also shown in Fig. 6, in
dlcate stress adjustments beneath the loaded 
area occurring with time. The fact that the 
load was,not c?mpletely flexible, as previou~ 
l.y descrlbed, lS believed to account for these 
tlme dependent stress adjustments. 

SheaA ~tAe~~ and e66ect on pA~nc~pat ~tAe~~ 
dl~ect~on~ - The indicated shear stress at 
the column-soil interface (Fig. 6) was com
puted by considering the variation in verti
cal stress increase in the stone from one in
crement to the next, multiplied by the column 
cross sectional area, divided by the outside 
surface area of the column between the centers 
of these two elements. This maqnitude of 
s~ear stress is considered to apply at mid
dlstance between the centers of the two ele
ments under consideration. The Idrgest of 
these resulting shear stresses for all calcu-
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lations was less than 200 psf (9.6 kN/m 2 ). 

In the original derivation it was assumed 
that the principal stress directions are 
vertical and horizontal. Therefore, the max
imum theoretical shear stress within the 
stone is equal to one-half of the difference 
between the vertical and horizontal stresses 
on the stone column. As indicated by Fig. 6 
this is about 1000 to 1500 psf (47.9 to 71.9 
kN/m 2

). Therefore, Mohr's circle, represent
ing streSs conditions within the stone, is 
only slightly altered when considering the 
low shear streSs at the column-soil interface. 

Equal ~t~ain a~~umption - Although a peak 
shear stress near 200 psf (9.6 kN/m 2

) was 
found at the column-soil interface, the over
all average for the entire stone column depth 
was about 100 to 125 psf (4.8 to 6.0 kN/m'). 
These values of peak and overall average com
puted shear stresses, when compared with 
measured values of soil strength (see Fig. 2) 
indicate the possibility of only very limited 
local yielding at peak shear stress locations 
and therefore, justifies the equal strain as
sumption for this case. Vautrain (1977) 
states that the settlements of the columns 
and the ground are of the same amplitude. 
This further supports the equal strain as
sumption for stone column analysis. 

St~e~~ di~t~ibution between ~tone and in 
~itu ~oil - Fig. 7 presents the ratio, at 
consolidated equilibrium, of the vertical 
stress in the stone to the average vertical 
stress in the clay, as a function of depth. 
Vari<:ms assumed values o~ Kcom,p and ¢s are 
consldered, and dashed Ilnes lndicate the 
depths at which the stone columns are un
yielded. The computed results, compared 
with observed values of 2.6 to 3. a from pres
sure cell readings! appear to indicate that 
a value of less than 38° (Engelhardt and 
Golding, 1976) would be appropriate for ¢s' 

However, it must be pointed out that these 
load cells were located well up into the 
working platform where bulging of the stone 
columns is so limited by the relatively in
compressible sand as to remain in an elastic 
condition. Since the equations used here 
were derived under the assumption that the 
in situ soil behaves as ideal clay, the e
quations are not appropriate for conditions 
which existed at the elevation of the load 
cells. Therefore, the indicated value for 
¢s is not applicable. It is of interest to 
note that Vautrain (1977) reports that the 
vertical stresses measured at the columns 
are 2 to 3 times as high as those measured 
in the natural ground. Also, Vautrain men
tioned the presence of surface fills incap
able of absorbing a large quantity of stone, 
and it is likely that the presence of these 
relatively stronger surface fills was re
flected in his readings. In future tests, 
the writers recommend that load cells be 
located in the soft yielding soils which 
are being tre'ated. 
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Settlement - The effect of variouspararneters 
on computed ultimate settlement are presented 
in Fig. 8. For comparison purposes, calcula
tions using Boussinesq's stress distribution 
~ere also included. The effects of varying 
til sand K comp are as expected. Use of reason
able values for these parameters produce the 
correct order of magnitude of settlement at 
the center of the stone column group. 
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Fig. 8 - Effect of various factors on com
puted ultimate settlement at center 
of loaded area. 

The results of time-settlement calculations 
compared with observed time-settlement data 
for the group load test are presented in 
Figs. 9 and 10. These calculations were 
based on a ~s equal to 38°, and K equal 
to 0.6. In the absence of appropf~~te test 
data, the horizontal peTmeabilities of the 
various in situ soil strata were taken as 
three times that of their respective verti-
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cal permeabilities. Fig. 9 applies to the 
center of the loaded area and presents also 
the effects of various assumed smear factors, 
kr(s-l)/k s (for definition, refer to Scott, 
1963). Fig. 10 applies to the corners of 
the loaded area and a smear factor of 2.5 
was assumed. For comparison purposes, time
settlement curves, predicted without stone 
columns, are included in both figures. 

o 

" . 
~ " 
~ • . 
" . 
~ l z 
w 
~ 
w 
~ 
~ 
~ 
w 
~ 

" 

~(Hours) 

;too:..",,~o~,,~oo~_~,,~o~o~~:,,~oo~~,,~o~o~J'~o,~oo~o~_,~,~p~oo~~~'.3o~oo"....~1'~o,,:;oo, 

" 

" 

" 

" 

kr(s-I) 
--=3.0 

" kr(s·1} =40 , . , 
Observed Data 

kr(s-I) 
-,-,-=1.0 

kr(s-J) =2 0 " . 

Predicted Without 
Stone Columns 
{Vertical DrainoQel 

Predicted With Stone 
Columns 
1"s '"38 D 

Kcomp =0.6 
(Combined Vertical a 
Radial DrainoQe) 

Fig. 9 - Settlement at center of loaded area 
vs. log of time. 

o 

" 

~ 
;; " E -;; 
"'E • jlo Predicted With Stone Columns 

" is= 38° 
~ 

" Kcomp= 0.6 z 
w 

lcl.!.:.!l = 2 5 ~ 
w , . 
~ • 
~ 

" ~ 
w " 0=COrrler I - Predicted Without StORA 
~ 

0=Corner 2 Columns (Verticol Drainage) 
"'=COrrler 3 
~=Corner 4 

" " 

Fig. 10 - Settlement at corners of loaded 
area vs. log of time. 

Exc.e..6.6 POILe. pJte..6-6UILe.-6 - Observed excess pore 
pressures at various depths in the in situ 
soil are presented in Fig. 11, along with 
those predicted by calculations. The solid 
lines in this figure represent the best fit 
to the observed values and the dashed lines 
represent the results of the calculations. 
The smear factor was taken as 2.5, and the 
A and B pore pressure coefficients were each 
taken equal to 1. All other parameter values 
were assumed to be the same as those present-



sented in Figs. 9 and 10. 

Referring to Fig. 9, it appears that a smear 
factor of about 2.5 provides a reasonable 
fit to the observed settlement data. How
ever, in applying this factor there are ob
viously compensating errors which occur with
in the soil profile. As indicated by Fig. 11, 
excess pore pressures in Soil 1 dissipated 
much slower than predicted and those in Soil 
2 dissipated much faster than predicted. The 
computed rate of pore pressure dissipation 
is influenced principally by the value of the 
horizontal permeability of the soil and the 
values assumed here are probably in error. 
Although it appears that this method of ana
lyzing time-dependent behavior may be valid, 
further testing should be performed to es
tablish the proper parameters for design. 
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Fig. 11 - Excess pore pressure within in 
situ soil at various depths. 

The measured excess pore pressures which 
occur at the instant when the load is com
pletely applied give an indication of the 
stress increase at various depths within the 
in situ soil. As indicated in Fig. 11, these 
values agree very well with computed values 
down to a depth of about 10 ft (3 m) or to 
a depth equal to about one-half the width of 
the loaded area. Below this depth measured 
values are lower than those predicted. 

Conc.lU.6ion.6 

Conclusions presented herein are based upon 
the findings of this investigation and are 
limited to the soils tested, the methods of 
construction used, and test procedures em
ployed. 

Observed results of a long term field test 
on vertically loaded stone columns in soft 
soil have been presented and compared with 
those predicted by a theoretical analysis 
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(Goughnour and Bayuk, 1979). Excellent cor
relation between measured data and predicted 
stress distributions and ultimate settle
ments lend support to the analysis. 

Reasonable predictions of ultimate settle
ment and stress distribution between ~he 
stone and in situ soil at various depths can 
be made using soil and stone parameters ob
tained from standard laboratory tests, Kcomp 
values of 0.6 to 1.0, and Westergaard's 
stress distribution. Although the method ap
pears to be also valid for prediction of 
time-settlement behavior when using a smear 
factor of 2.5, further testing should be per
formed to resolve discrepancies in predicted 
excess pore pressure dissipation rates with
in the in situ soil. 
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