Compressibilityof granular soils from CRU and DMT
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ABSTRACT: The compressibilitpf agranular soil ievaluatedbased on CPTU and DMT data. A concepldscribed
how the cone resistance can be adjusted with respect to theeffective stresén order to reflect soil strength and
stiffness independent of depthhis stressaadjustmentmakes it possible to estimate the tangent modulusberand the
constrained moduly$ased on cone resistance measureni¢r@constrained modukiasmeasured bYPpMT wascon-
verted intdangenmodulus numbefThus, it is possible to compare the tangent modulnsber andonstrained modulus
obtainedfrom CPT and DMT measurementsspectivelyThe results of extensivePTU and DMTinvestigations from
an ISSMGE test site, composefisand and silty san@ereanalyzedo determinghe stress conditionandcompressi-
bility. Empirical values of the modulus numppublished in the literatureare generallyrepresentativéor normally
consolidated soildn the present study, a concept is presented how the effect of stress(pigttogding)on the modulus
number and the tangent modulus can be taken into accthumtonstrained moduluderived from CPTU and DMT

results are comparethd showgoodagreement

Keywords: in situ testscone penetration testilatometer tangent modulus methpdreconsolidation.

1 Introduction

The results of extensive fieléthvestigations,which
were carried outat the Bolivian Experimental Site for
Testing Piles (B.E.S.T.. are reportedrlhe siteis located
24 kilometers Nortreast ofthe city of Santa Cruz de la
Sierrg Bolivia. In connection with the third Bolivian In-
ternational Conferences on Deep Foundat©f (P.B.),
Technical C oDeepi Foundatiors 2 hd |, t
International Society for Soil Mechanics and Geotech-
nical Engineering (ISSMGE# series of fullscale load-
ing tests wasarriedout on piles and a pile grouf par-
ticular aspect of the field tests was to investigate the
potential effect of an enlarged pile base (Expander
Body), installed at the toe of different bored pile tyges.
series of pile installation and pile loading tests were car-
ried out The resultsof these investigationare docu-
mented iM1]. The scope of theile testing program has
been reportedh [2].

In order to establish the geotechnis#éconditions, a
comprehensive field campaign was carried aarhpris-
ing avariety ofin-situ tests. The results of the static and
dynamicpenetratiortestswerecompiledandanalyzedn
[3]. Also, dfferent types of seismic testere carried out.
Theresultswerereportedn [4].

The resultsof extensivecone penetration testvith

2 Geotechnical Setting

The geology of the area éharacterizedby an almost
100 m deepedimentaryiver basin created by thBiray
River and its tributariesTheupperabout 20 m thiclsoil
depositis composed dfine to medium sands witinter-
mittent layers o&ilt, clay or clayey sandlhe stress his-
tory of the soil deposit is complex, as it is affectedaby
Bedimentatiorerosionsedimentation procesdhe first
about 5 to 6 nare composedf looseto medium dense
silt and sandoverlyinga 6 to 7 nthick layer of silt and
sand.At about 11 m deptfollow layers of silty clay on
top ofan about 1 m thick layer of compact sand. Below
about 12 m deptithe soil deposit casists oflayers of
compact to dense silty sand and loose sand. Thendro
water tablevariesseasonallyand is located about 0.5 m
belowthe ground surface.

Geotechnicalfoundation concerngn granular soils
(silt, sandand gravel) are usually governed not by stabil-
ity considerations, but by total and differential settlemen
restrictions The most important aspect afsettlement
analysis is the selection of realistic input parameleis.
generally accepted that estimating settlement of granular
soil is an approximated proce3he geotechnical litera-
ture provides only limited guidance on how to estimate
the compressibility and stress history of granular soils

pore water pressure measurement (CPTU) and the flat from in-situ testsA magjor reason for this is the difficulty

dilatometer (DMT)are presenteéh the present study
Emphasis i®n the determination of compressibil{Boil
modulus)and stress history of granular soils (sand and
silt), which is required forettlement analyse# reliable

to obtain undisturbed samples that can be tested in the
laboratory Thus, the compressibility of granular soils
must either be estimated based on empirical data, or the
interpretation of imsitu testsln the absencefaeliable

method of settlement analysis is the tangent modulus data, ovessimplified concepts are frequently usecas

method, which will be described in detdil critical step
in settlement analyses is the selection of realistic input
parameterssuch as preconsolidation stress and madulu

sesshoth soil compressibility and stress history. When
deformation properties of granular soils are determined,
based on irsitu tests, it is nevertheless important to use
a consistent appach based on stringent concepts



The accuracy of settlement calculations is usually not
determined by themployedanalytical method used, but
by the selection of relevant input paramet@ise focus
of the present paper is taitlinea method for estiating
in-put parameters for settlememtalysisof granular soils
based on CPT and DMT

3 Interpretation of CPT

The CPT- and variations thereof, such as the CPTU
(with pore water pressure measurement) or the SCPT
(with seismic downhole test) is a widelyegsmethod for
the assessment of strength and deé&diom properties of
granular soilsAn important advantage of the CPTU is

In normally consolidated sanHj, be estimated from
the relationship proposed [8]

0 p i "Q%ee (5)
where f6= effective friction angle.

A typical value ofK, for uncompacted sandd 33°)
would be 0.43The effective friction anglef overcon-
solidated (preloadedgndsan be estimated from tle-

pression deriveth [9]

%ee p I p AT E Q— (6)

that it measures three independent parameters: cone re-Where 76= effective friction angle

sistanceq, sleeve resistanck, and pore water pressure,
u. The measured cone resistargejs usually corrected
for pore water pressure,

n o n )
where @ = cone resistanceorrectedor porepressure
on the cone shoulder aag= net area ratio(the sub-

scrioptwafs add ecdnfusiomwitip theemod n t
ulus factora, see below

6p @

3.1 Stress adjustment

The cone resistance is influenced by depth and, thus,
by the effective confining stress. Massargghproposed
a stress adjustment fact@@y, to take into account the
effect of mean effective streg§,, on the cone resistance
measured in sandy soilsqH?2)

8
0 2)
where Cy=stress adjust ment
G = reference stress = 100 kPa
&, = meaneffectivestress.
The stressdjusted cone resistanagy can now be
calculated, Eq. (3)

n no=n (3

It should be noted that the stress adjustment using the
mean effective stress introduces the stress history of the —

soil deposit. This is in contrast to the frequently used ver-
tical effective stresfs, 7]. In the opinion of the authors

it is preferable taise an approximate procedure to esti-
mate the mean effective stress by an approximatee-
durerather than neglecting the effect of stress history.

3.2 Stress history

The stressdjusted cone resistanagw, reflects soil
behaviorindependent of depthnd thus reflects funda-
mental soil behaviorThe method relies on knowledge
(or assumptiondf the mean effective stre§se. horizon-
tal effective stresswhich is expressed iag. (4)

— (4)
U'm = mean effective stress

Uy = vertical effective stress

Ko = atrest earth stress coefficient.

f a

: = stress adjusted cone resistance
» = reference stress (100 kPa).

In overconsolidated soils, it isnportantto estimate
the preconsolidation stress . Mayne et al[6] have pro-
poseal thefollowing general equation for all types of nat-
ural soils, including sands, silts, clays, and mixed soil

types

»  T@®Oon o, (7)

where @, = strescorrectedcone resistance
» = vertical total stress
m' = grain sizeparameterwhichincreases with
fines contenaind decreases with mean grain
size(clean quartz sands? a sity s@nds;
m 0.8, clayssm 1.8).
It should be pointed ouhat although Eq.7) gives
only an approximate estimate of the preconsolidation
stress, it is recommended to use an approximate value ra-
ther than neglecting the preconsolidation efféidte
overconsolidation ratioOCR can nowbe calculated
frohn thé preconsolidation stress, Eg. (7) and the ver-
tical effective stressly
0o6'Y — (8)
Massarsch and Felleni{s0] have suggested the fol-
lowing relationship between the horizontal effective
stress ratioK1/Ko) and the overconsolidation rat@CR

©)

where Kg = horizontal stress coefficient of normally
consolidated soils
K1 = horizontal stress coefficient of overconsol-
idated (compacted) soils
b= empirical coefficient.

The horizontal stress coefficient is necesgaryesti-
maing the mean effective strgs¥,. Based on calibra-
tion chamber (CC) testf,1] recommendeé = 0.42 and
[12] b= 0.45.In [13] a range from 0.38 to 0.44 for me-
dium dense sand suggestedin [14] a conservative
value,b & 0 is graposed Thus, the horizontal stress
coefficient,K1, can be estimated from the following rela-
tionship accounting fothe stress history

oY

0O 0087 (10



Now, the mean effective stress,, can becalculated
from Eq. (4) usingKo for normally consolidated soils or
K, for overconsolidated soils

4 Interpretation of DMT

A relatively recent irsitu method is the flat dilatome-
ter, DMT, introduced by MarchettiLp]. Guidelines for
the DMT equipment andnhterpretation of testesults
have been issued by ISSMGE Technical Committee 16
[15]. For a detailed description of the DMT, recent devel-
opments in data interpretation, and practical application
of results, refer to the geotechnical literature, e.g., 3
DMT ConferenceéProceedngs[16].

j = stress exponent.
IntegratingEq. (14) yields the following general rela-
tionship for determining the straim, of a soil layer re-
sulting from an increase of stress

- - — — (15)
where s@o = vertical effective stress prior to loading
sG1 = vertical effectie stress after loading.

5.1 Modulus Number from Empirical Data
The most important aspect tiie tangent modulus
methodis the selection of realistic input parameters, that

The test procedure is to advance the dilatometer blade is, the stress exponeftand the virgin modulus number,
into the ground. Readings are taken at depth intervals of mand reloading modulus numben.

200 mm by inflating a membrarxy 11 mm and taking

Based on data H8], values fom andj according to

pressure readings. These "raw" pressure readings are cor-S0il type of coarsgrained soil were published [49].

rected and subsequentlgriverted into two pressure val-
ues,po, andps. A key characteristic, which distinguishes
the DMT from other irsitu methods, is its ability to

Table 1shows the typical range and average valug of
andm, respectively. Note that two cases of the stress ex-
ponent (0.5 and 1.0) are givéar granular soils

measure parameters that reflect the stress conditions in tapje 1. Typical stress exponent and modulus numbers forutgan

the horizontal directionThis fact has important conse-
guences for the evaluation of soil stiffness (modulus),
which is affected by stress histokyhile the CPT strains
the soil to failure, the DMT strains the soil to an interm
diate leve] thus more realisticallyeflecting soil defor-
mation properties

From the derivedpo- and p;-values, the following
DMT index parameters are calculated

0 — (11)
 J— (12)
O o®n N (13)

where Ipy = material index (nomenclature modified in
order to avoid confusion with the density index,
Ib)
Kb = horizontal stress index
Ep = dilatometer modulus
Up = hydrostatic pore water pressure
sGo = vertical effective stress
p1 = stressapplied at start aéxpansion
p2 = stressapplied at end of expansion.

5 Tangent modulus method

The tangent modulus methdéar settlement analyses
was first proposed by Ohd&7] and Janby18] and is
describedin detailin [19]. The tangent modulugon-
strained modulus} the ratio between a change of stress
and the change of strain induced by that stress change

0 - a, — 19
where M; = tangent modulus
ds =change of stress
de = change of strain
m = modulusnumber (dimensionless)
s, = reference stress (equal to 100 kPa)

s'y = vertical effective stress

soils[19].
Soil Type Stress _exponem Range Average
i m m
Till, very 1,000i 300 650
dense to dense
Gravel 1 400- 40 220
Sand
dense 1 40071 250 325
compact 25071 150 200
loose 0.5 15071 100 125
Silt
dense 1 20071 80 140
compact 8071 60 70
loose 0.5 6017 40 50

In a more recent paper, JarjB0] updated typical val-
ues of the modulus numben, for normally consolidated
silt and sandj(= 0.5).In [20] the modulus numbewas
presenteds a function of porosity,, herein converted to
the more widely used void ratie, Figure 1shows the
modulus numbenn, derived as a function of void ratio,
g, for silt and sand and different degrees of density. Also
indicated is the approximate randgand lower/upper
boundaries) of modulus numbers for the respective soil
category (sand and silt), according to the classification
used inTablel.
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Figure 1. Typical values of modulus numbers for normalbnsoli-
dated sand and sil2Q].



5.2 Effect ofpre-loadingon modulus
number

The empirical values of the modulus number proposed
in Table1 serve as a guidander different soil types.
Figurel shows typical values of the modulus number for
normally consolidted sandHowever, it is well known
that stress historfpre-loading)affectsthe modulus num-
ber. As a result, the modulus number can increase signif-
icantly. Unfortunately, only limited factual information
is available in the literaturgquantifyingthe effect opre-
loading Massarsch and Felleni{f4] re-analyzedesults
of laboratory compression tesis sandeportedn [17].

The modulus numbem was measuredduring virgin
loading as well asduring unloadingm,. The modulus
numberratio, my/m, as a function of the virgin modulus

number mis shownin Fig. 2
8
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Figure 2. Modulus number ratio as a function of the modulus number
during virgin loading, based on [14].

During unloading the modulus numbem,, is signif-
icantly higher than atvirgin loading m. The modulus
number ratio increases with decreasing initial modulus
number The correlation betweethe unloading ratio
my/m and the virgin loading modulus numbet, shown
in Fig. 2 can be expressed by the following equation

(17)

In very loose sandm = 100, the unloading modulus
ratio,m/m®° 7. In case of annitially dense sand(m =
300) the unloading modulus ratigs lower, my/m © 3.
Thus, the effect of prwading should be considered, es-
pecially in loose, normally consolidated sand.

There is a difference between the unloadimzdulus
andthe reloading modulusHowever,for mostpractical
purposesthis effect can be neglected.

Cqhd 8

5.3 Modulus humber from CPT

Massarsch [5] proposed a correlation between the
modulus numbenn, for granular soils to the stread-
justed cone resistanagy, according to Eq. (3)

8
a o — (18)
where m = modulus number
a = empirical modulus factor
gecm = Stressadjusted cone resistance

s, = reference stress (100 kPa).

Themodulus factora, reflects soil type and varies within
a relatively narrow range for each soil category, as indi-
catedin Table2.

Table 2. Modulus factora, for different soil types [10].

Soil Type Modulus Factor, a
Silt, organic soft 7
Silt, loose 12
Silt, compact 15
Silt, dense 20
Sand, silty loose 20
Sand, loose 22
Sand, compact 28
Sand, dense 35
Gravel, loose 35
Gravel, compact 40
Gravel, dense 45

An important benefit of determining the modulus
numberfrom CPT data is the fact that the cone resistance
reflects the variation of soil type and stiffness with depth
continuously as opposed to determining soil type and soll
layer boundaries from intermittent sampling.

5.4 Modulus number from DMT

The DMT has becom standardizedviarchetti et al.
[16] suggested that a verticdrained, constrained mod-
ulus,M, can be estimated from the dilatometer modulus,
Ep, as follows.

0 Y O (19)
with  lpw < 0.6: Ruw = 0.14 + 2.36 lokKp

lom > 3: RM:0.5+2|Og<D

0.6 < bm < 3:Rv = Ruo+ (2.5- Ruy) logKp
with

Rv,o=0.14 + 0.15 (bm - 0.6)

if Kp > 10: Rv =0.32 + 2.18 lokp

if Ry <0.85: assumdry = 0.85.
where M = vertical, drained, constrained modulus

Rw is acorrection factor based on empirical data
[21]

Iom = material index

Kb = horizontal stress index

Ep = dilatometer modulus

Up = hydrostatic pore water pressure.

The modulus numbem, can then be estimated ac-
cording to Eq(14). By rearrangingerms, the following
relationship is obtained.

a

(20)
In the case of normally consolidated saasisuming
thatj = 0.5, the modulus numbam, is obtained from

r " 8

a 0 — (21)
For the case of compadtesand, assuminipatj = 1,

the following simple relationship is obtained

a — (22)
Thus, the modulus numben, can be readily obtained

by dividingM (in units ofkPa) by 100, i.e., the reference

stress,s;, (in units ofkPa).



5.5 Stress Exponent was calculated according to Eq. (6) and is showfign
4b. The friction angle was useddstimate the horizontal
The stress exponernt,in Eq. (4) defines the curva- stress coefficienKo.
ture of the loastompression relation and is based on soil An important step in the assessment of compression
type and stress conditions, which are relatively easy to properties of soil deposits is the determination of the
estimde. Typical values of the stress exponent were rec- preconsolidation stress, . Figure5a shows the vertical

ommendedn [19], assummarized iable 1 For dense  effective stress and the preconsolidatistress as
sand and gravel or glacial tills (overconsolidated soils), determined according to Eq. (7). It is interesting to note
the stress exponent is usually 1.0, whigpresents lin- that the soil deposit is overconsolidated by a stress

ear response (elastic) to load. For loose silt and $&d,  margin of about 20D 300 kPa, with the exception of an
typically 0.5, but decreases with decreasing grain size. jntermediate layer between 3 and 6 m depth. This effect
Althoughj goes toward 0.25 in silty soils, in practice, it can also be det&d from the inspection of the stress

is usually satisfactory to assufe 0.5 also here. adjusted cone resistance, Eig. 4a.
o o The overconsolidation rati@QCR is shown inFig. 5b.
6 Geotechmnial investigations High OCRVvalues are obtained close to the ground sur-

. ] ] face but decrease with depth. Below about 3.5 m, OCR
In the following, a novel concept of interpreting the  yaries in the range of 2 4. However, aishallow depth,
results of CPTU and DM applied to the extensive data ey highOCRvaluesareobtained due to the low verti-

from the B.ES.T. investigations. fle aim ofthis study cal effective stress. At shallow depth, OCRésy sensi-
was to determine geotechnical parameters important for tjye to calculation errorsFigure 5 confirms thead-
settlement analyses, such sl compressibility (con- yantageof expressing preconsolidation in terms of the
strained modulus) and stress histgpyeconsolidation  stress margir(difference between the preconsolidation
stress and overconsolidation ratio) stress and the vertical effective stjesgher tharOCR

The geotechnical testing program included both in | the overconsolidatedyersbelow about 3 m depth, the

situ and laboratory tests. The-situ testing program  stress margiis about 150 200 kPaand almost constant
comprised different types of tests. However, only the re- \ith depth

sults of 15 CPTUsnd6 DMTs are included in the pre- In order to determine theonstrained modulugom
sent study.Supplementarylaboratory tests inaded: CPTU data, at first the modulus factay,according to
grain size distribution, water conteandplastic and lig- Table2 needs to be estimated. This is usudtiye based
uid limits tests. For details, reference is mad¢3fod]. on inspection of theone resistancand thefriction ratio

The insitu tests were carried out along an about 80 M 5ccording toFig. 3a and c. The assumed values of the
long and 6 m wide areAlthough the areawas essentially  modulus factora, and the modulus number determined
level, someheight variations did occur, which affected to  a¢cording to Eq. (16) are shownFig. 6a and b

some extent the evaluatiaiepth readingsf the CPTU Based on the information shownfFiy. 5 (preconsol-
and DMT data. idation stress) anBig. 6b (modulus number) it is possi-
The distance between the tpeints was m. The lat- ble to carry out @onservativesettiement analysis. How-
eral distance between the CPT and DiM®@ach testarea  gyer, it should be pointed out that the modulus numbers
was 1.1 m. A limited number ¢éstshad to besliminated shown inFig. 6b are for normally cosolidated condi-

from the analysiglue to malfunctioning of the measuring  tjons and are thus conservatives has been pointed out
system Although the tests were carried out to greater gpgve, prdoading (overconsolidation) has a significant

depth, this study is restricted to 12depth where gran-  gffect on the modulus number and thus also orctine

glar soils dominatedAll raw data of the fi_eld investiga- strained modulusThe following procedure was used to

tions can be downloaded from theeb site of the3™ determine themodults numbertaking into account the

C.F.P.B conferencéttp://www.cfpbolivia.com pre-loading effecta) select all data with a friction rato
1.5(granular soils)b) for these data, choose values with

7 Results of CPTU investigations an estimated OCR > 4; c) apply Eq. (14) to calculate the

. _ o modulus number for the case of yoaded layerdrigure
The results of nine CPTUs were included in this study 75 shows the modulusumbervalues considering the
The CPTU data were evaluated according to the concepts preloading effect, cfFig. 6b.
outlined aboveThe cone resistanceorrected for pore Finally, thecorstrained modulusas been calculated
water pressure effects, the sleeve resistancts, the based on Eq.14). In order to eliminate the effect of
friction ratio, Fr, and the pore water pressutg, are fluctuation in calculated values, and to facilitate

shown inFig. 3. comparison with theconstrained modulusletermined

The result®f the cone resistance and of the sleeve re- from DMT, an average ah-values was determined over
sistance show a relatively homogeneous soil profile, with 5 depthint,erval of +£ 0.2 m. The so determinezbn-

a deposit of loose silty sand & 5 MPa) down to about  gyrained modulugs shown inFig. 7b. It is important to
6 m depth, followed by a stiffer layer with cone resistance e thesignificanteffect of preloading on the estimated
values varying between 5 and 15 MPa. The large friction ¢qngirained modulush similar effect will probably also
ratio in the silty soil and the large excess pore water pres- ecur in the finegrained soil layerg(silt and clay).

sure indicate thpresencef fine-grained layers. However, for such soils it iecommendedb determine

~ Fromthe measured cone resistangg the stres&d- the preloading effect based on laboratoogdometer
justed cone resistanag;v, was determined according to tests.

Eqg. (3),asshown inFig. 4a. The effective friction angle
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Figure 3. Results 9 of cone penetration tests
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a) b)
Figure 4. Stressadjusted cone resistance and derived friction angle.

a) Preconsolidation streseertical effective stregblackline) b) Overconsolidation ratio
Figure 5. Determination of stress history.



