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ABSTRACT: This paper presents an overview of the DMT and of its design gpplicaions, in the light of the
experience accumulated over the last 20 years. The following applications are discussed: determining
common soil parameters, predicting settlements of shdlow foundations, compaction control, detecting dip
surfaces in clay dopes, predicting the behavior of laerdly loaded piles evauding sand liquefiability,
edimating consolidation/flow coefficients, sdecting soil parameters for FEM andlyses. The basic differences
of the DMT compared to other penetration tests are also discussed.

1 INTRODUCTION

The Hat Dilatometer Test (DMT), developed in Italy
in 1980, is currently used in over 40 countries both
for research and praecticd applications. The wide
diffuson of the DMT lies on the following reasons
(Lutenegger 1988): (@) Smple equipment and
gperation. (b) High reproducibility. (c) Cogt

fectiveness. (d) Variety of penetration equipment.

The test procedure and the origina correlations
were described by Marchetti (1980). Subsequently,
the DMT has been extensvely used and cdibrated in
s0il depodits dl over the world. In addition to some
300 research publications, various standards (ASTM
Suggested Method 1986), regulaions (Eurocode 7
1997) and manuas (US DOT 1992) are available
today. Desgn applications, recent findings and new
developments are described by Marchetti (1997) in a
state- of-the-art report.

2 DESCRIPTION OF THE TEST

The dilatometer condsts of a sed blade having a
thin, expandable, circular sted membrane mounted
on one face. When a ret, the membrane is flush
with the surrounding fla surface of the blade. The
blade is connected, by an eectro-pneumatic tube
running through the insartion rods, to a control unit
on the surface (Fig. 1). The control unit is equipped
with pressure gauges, an audio-visud dgnd, a vave
for regulating gas flow (provided by a tank) and vent
vaves. The blade is advanced into the ground using
common fied equipment, i.e. push rigs normdly
used for the cone penetration test (CPT) or drill rigs.
(The DMT can aso be driven, eg. usng the SPT
hammer and rods, but datical push is by far
preferable). Pushing the blade with a 20 ton
penetrometer truck is most effective (up to 100 m of

profile per day).

The test darts by insating the dilatometer into the

round. Soon after penetration, the operator inflates
the membrane and takes, in about 1 min, two
readings the A pressure, required to just begin to
move the membrane ("lift-off"), and the B pressure,
required to move the center of the membrane 1.1
mm agang the soil. A third reading C ("dosng
pressure’) can dso optionaly be taken dowly
deflating the membrane soon after B is reached. The
blade is then advanced into the ground of one depth
increment (typicaly 20 cm).

The pressure readings A, B are corrected by the
vaues DA, DB determined by cdibration to take into
account the membrane giffness (Marchetti 1999b)
and converted into po, p; asindicated in Table 1. The
data pp and p; ae generdly interpreted (in "norma”
s0ils) using the correlations reported in Table 1.

The DMT can tes from extremely soft to very
diff soils (days with ¢, from 2 - 4 to 1000 kPa,
moduli M from 0.5 to 400 MPa).
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Figure 1. General layout of the dilatometer test



Table 1. Basic DMT reduction formulae

SYMBOL DESCRIPTION BASIC DMT REDUCTION FORMULAE
Dg Corrected First Reading po = 1.05 (A - Zw+ DA) - 0.05 (B - Zu - DB) | Zm= Gage reading when vented to atm.
p: Corrected Second Reading p1=B-Zu-DB If DA & DB are measured with the same
gage used for current readings A & B, set
Zn =0 (Zu is compensated)
Io Material Index Ib = (P1 - Po) / (Po - Uo) Uo = pre-insertion pore pressure
Ko Horizontal Stress Index Kb = (po - Uo) /S'w s'vo = pre-insertion overburden stress
Ep Dilatometer Modulus Eo =34.7 (p1 - po) Ep is NOT a Young's modulus E. Ep
should be used only AFTER combining it
with Kp (Stress History). First obtain
Movr = Rw Ep, then e.g. E » 0.8 Mpwr
Ko Coefficient Earth Pressure in Situ | Kopwr = (Ko / 1.5)°47 - 0.6 forlp<1.2
OCR || Overconsolidation Ratio OCRowr = (0.5 Kp)**® forlb< 1.2
Cu Undrained Shear Strength Cupwt = 0.22 S'vo (0.5 Kp) & forb<1.2
i Friction Angle j satepmt = 28° + 14.6 log Kp - 2.1 log? Kp forIb>1.8
Ch Coefficient of Consolidation Ch,omta » 7 CNF / Thiex Tiex from A-log t DMTA-decay curve
ki Coefficient of Permeability kn =Ch G/ Mh (Mh » Ko Mowr)
g Unit Weight and Description (see Marchetti 1999a)
M Vertical Drained Constrained Movr = Ru BEp
Modulus if p£0.6 Rw =0.14 + 2.36 log Kp
iflIp3 3 RM:O.5+2|09KD
if0.6<Ip<3 Ry= RMVO + (25 - RMVO) |Og Ko
with Ru,o=0.14 + 0.15 (I - 0.6)
if Ko > 10 Rm =10.32 + 2.18 log Kp
if Ru<0.85 setRy=0.85
Ug Equilibrium Pore Pressure Uo » P2 »C - Zy+ DA In freely-draining soils

An example of DMT reaults is shown in Figure 2.

Theresults are used asfollows:

- Ip (Maerid Index) gives information on soil type
(sand, g, clgy).

- M (vertical drained constrained modulus) and c,
(undrained shear strength) in the usua ways.

- The profile of Kp (Horizontal Stress Index) is
gmilar in shagpe to the profile of the
overconsolidation ratio OCR Kp » 2 indicates in
days OCR = 1, Kp > 2 indicaes over-
consolidation. A firs glance a the Kp profile is
hdpful to "understand" the deposit.

3 DMT vs OTHER PENETRATION TESTS

(@ Compadive dudies have indicated that the
DMT reallts (in paticular Kp) ae noticeably
resctive to factors that are scarcdly felt (especidly in
sands) by other tests, such as sress sate/history,
aging, cementation, dructure. Such factors are
scarcely reflected eg. by . (cone penetration
resstance from CPT) and by Ner, and in generd,
aso due to the arching phenomenon, by cylindrica-
conical probes (Marchetti 19994). Yet such factors
are of primary importance in determining some basic
s0il properties, eg. deformability and (in sands)
resstance to liquefaction.

(b) The DMT provides two independent parameters,
while mogt of the penetration tests just provide one
"primary" parameter (the penetration resistance) for
the interpretation. It is known tha in Stu tedts
represent an "inverse boundary conditions problem”,
snce such tests measure soil responses instead of
s0il properties. According to the theory, an in Stu
test should be able to measure 36 responses, being

Z MATERIAL CONSTRAINED UNDRAINED HORIZONTAL
(m)  HDEX MODULUS SHEAR STRENGTH  STRESS INDEX
o "-.5 L s&:n 009,400 800 40 .5 11522%%0 3.6 9.1
? .CL {2 W | 2 ) at 14

4 14} 141° 147

6 L. E 6 o o 6 5 ; P 6 L

st {at {8 L {st

to} 10 10 1

12} 12 {12} {12}

s} e Jjuf 11} {14

i6} f, {16} 16} {16

18 ? 18} {18} {8

20k {20¢ {20} 20t

2t {ez} {22} }r {2z} 1
U Te 24 a0 B0 M5 15228 36 0

Id M (bar} Cu (bar) Kd

Figure 2. Example of DMT results

36 the (varigble) coefficients linking the 6 dress
components to the 6 dstran components. One
measurement is a very smdl fraction of 36. Two
measurements are dso a very smdl fraction, yet
100% more than one measurement.

4 DESIGN APPLICATIONS

4.1 Design using soil parameters

In most cases the DMT is used to determine
"commonly used' geotechnicd desgn parameters,
notably the undrained shear drength ¢, and the
congtrained modulus M. Comparisons carried out at
various Nationd Research Stes by internationd
research groups (see Figs 3-4) have shown quite
good agreement between the profiles of ¢, pur and
Mpwmr and the profiles determined by other tests.



Figure 5 illudrates the good correlation between Kp
and OCR (note that Kp » 2 for OCR = 1). Such
corrdation has dso been confirmed theoreticdly by
Finno (1993). The ahility to edimate OCR is
important, snce OCR governs many soil properties,
while, on the other hand, OCR profiles are usudly
hard and cogtly to obtain. A comparison between
profiles of OCR egtimated by DMT and by other
tests at the Bothkennar Research Site is presented by
Marchetti (1997).

4.2 Settlement prediction

Predicting settlements of shdlow foundations is
probably the application No. 1 of the DMT,
especidly in sands, where undisturbed sampling and
edimating deformability parameters are particularly
difficult. Settlements are generdly caculated by
means of the onedimensjond formula

a
DMT

with Ds, genedly cdculated according
Boussnesy and Mpwur condrained modulus
esdimated by DMT using the corrdation (see Table
1) Mpwmt = Ru Ep, where Ry isafunction primarily of
Kpo. Since Kp incorporates the effects of the
horizonta stresses sy, and dress history, then dso
Mpwmr incorporates, through Kp, such effects The
capability of taking into account sy is important,
ance high s, dramaticdly reduce settlements (as
observed eg. by Massarsch 1994). For this reason
Ep, in generd, should not be used as such, because it
lacks the stress higtory information contained in Kp,
but should first be combined with Kp to obtain M.
Note that Ep (despite the symbol) should not be
confused with the Young's modulus E. If required, E
can be derived from M via theory of dadticity E »
0.8 M for n =0.20 - 0.30).

Severd dudies have indicated that the DMT
reduces the uncertainty in settlement predictions by
a factor of over 3 compared with predictions based
on penetration resstance ¢ from CPT. This can be
observed eg. by comparing the datapoints band
amplitude (ratio between maximum and minimum)
in Figure 6a (Hayes 1990) and in Figure 6b (Baddi et
a. 1988). Among the reasons. (a) Wedge shaped tips
deform the soil condgderably less than conicd tips
(Bdigh & Scott 1975). (b) The modulus obtained
expanding the DMT membrane (a "mini" load test
is physcdly more rdated to deformability than is
the peneration resgtance. () The availability of a
second independent parameter Kp, reflecting sy, /
sress history, leads to more realigtic vaues of M.

The accurecy of settlements predicted by DMT
has been conflrmed by many invesigaors.
Schmertmann ?\4986 gported 16 comparisons of
observed vs D culated settlements at different
gtes and for vaious soil The ratio
calculated/observed settlement was 1.18 on average,
with a narrow variation range (from 0.75 to 1.3).
Smilar agreement was obsarved, among many
E)tkg\)egrsj by Lacasse & Lunne (1986) and Sdlfors
1988).
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Figure 3. Comparison between c, determined by DMT and by
other tests. (@) National Research Site of Bothkennar, UK
(Nash et al. 1992). (b) National Research Site of Fucino, Italy
(AGI 1991).

M {MFa) M (MPa)
0 2 4 6 8 10 0 5 10
T T

15

- DMT
o Oedometer

10 5

15 . u

20 % 10}

25

30 sl %
o

35

(b)

40 20 1 l

Figure 4. Comparison between M determined by DMT and by
oedometer tests. (a) Onsgy (Norway). Tests performed by
Norwegian Geotechnical Institute. (b) Komatsugawa (Tokyo,
Japan). Tests performed by Kiso-Jiban Geotechnical Research
Center.
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4.3 Compaction control

The DMT, due to its sengtivity to sy, is paticularly
iteble to monitor soil  improvement. Severd
studies present comparisons of results of CPTs and
DMTs peformed before/aiter a compaction
treatment. Schmertmann (1986b) observed that the
increae in Mpyr dfter dynamic compaction of a
sandy soil was gpproximately twice the increase in
gc (CPT). Smilar results were observed by Jendeby
(1992) in monitoring degp compaction of a loose
sand fill by "vibrowing® (Fig. 7). The higher
"sengtivity" of Mpyr compared to . was dso
observed, in a vibroflotation case, by Pasqudini &
Ros (1993).

The DMT has aso been used to check the effects
induced in the soil by the inddlation of various
types of piles. De Cock et a. (1993) described the
use of DMT peformed before/after the inddlation
of Atlas piles, and concluded that the DMT detects
more clearly than the CPT the effects of the
ingallation.

All the above observations indicate that the DMT
results are noticeably reactive even to dight changes
of sy (or relative dendty) in the soil. Therefore, the
DMT is paticulaly suitable in cases where the
expected dress vaiations ae very smdl (eg.
relaxation upon "microboring™).

Compaction increases both s and D.
Measurements "after" indicate an increasein
Jc, but even more in Mopwr, @ shown by the
large increase of the ratio Mpwmr/qc -

Figure 7. Ratio Mpy7/q. before and after compaction of aloose
sand fill (Jendeby 1992)

4.4 Detecting dip surfacesin clay slopes

The DMT (Joe“mlts to verify quickly if a dope in
overconsolicated (OC) clays contains active or old
dip surfaces. The method proposed by Totani et d.
(1997), based on ingpection of the Kp profiles, is
founded on the following basis (Fig. 8):

the process of diding and reconsolidation

generdly crestes a remolded zone of nearly

normaly consolidated (NC) clay, with loss of
structure, aging or cementation;

snce in NC clays Kp » 2, if an OC day dope

contans layers where Kp » 2, these layers are

likely part of adip surface (active or quiescent).
Note that the method involves searching for a
goecific numericd vaue (Kp = 2) rather than for
amply "wesk zones', which could be detected just
aseadly aso by other in Stu tedts.

The "Kp method" provides a faster response than
inclinometers in detecting dip surfaces (no need to
wait for movements to occur). Moreover, the method
enables to detect even possble quiescent surfaces
(not reveded by inclinometers), which could
reectivate eg. after an excavation. On the other
hand, the method itsdlf, unlike inclinometers, does
not permit to edablish if the dope is moving a
present and what the movements are. In many cases,
DMT and inclinometers can be used in combination
(né:] use Kp profiles to optimize location/depth of
Inometers).
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Figure 8. Kp method for detecting slip surfaces in OC clay
slopes
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4.5 Laterally loaded piles

Of the various methods developed for deriving P-y
curves from DMT reaults, the ones recommended by
the authors are those by Robertson et d. (1987) and
Marchetti et d. (1991). A number of independent
vdidations (NGI, Georgia Tech and tests in Virginia
sediments) have indicated that the two methods
provide smilar predictions, in quite good agreement
with the observed behavior.

4.6 Liquefaction

Figure 9 summarizes the avalable knowledge for
evduding sand liquefiability by DMT. The curve
recommended to estimate the cyclic resstance ratio
(CRR) from the parameter Kp is the curve by Reyna
& Chameau (1991), based in part on ther curve Kp -
D, (relative to NC sands) in Figure 10. This
corrdation has recently been confirmed by
additiond datgpoints Kp - D, obtained by Tanaka &
Tanaka (1998) a the dtes of Ohgishima and
Kemigawa, where D, was determined on high
quaity frozen samples Once CRR has been
evduaed from Fgure 9, it is used in liquefaction
andysis with the methods developed by Seed.

Figure 9 mits to edimae CRR as an
dternative to the methods which derive CRR from
Nsr OrF Q.. The posshility of obtaining independent

evaudions of CRR is of great interest, snce it has
been recently demonstrated (Sladen 1989; Yu et d.
1997) that the relation g - SP (SP = State parameter)
IS not unique, but strongly dependent on the stress
level. Saden (1989) has shown that ignoring the
non-unicity of the corrdation g. - SP in desgn can
lead to catastrophic consequences. The non-unicty
of the correlation g - SP, due to the strong link SP -
CRR (SP governs the attitude of a sand to increase or
decrease in volume when sheared) involves large
scatter in the corrdation g. - CRR, hence large errors
in CRR estimated from q.. In fact, Robertson (1998)
warns that the corrdlaion . - CRR may be adequate
for low rik, smdl scde projects, while for medium
to high risk projects he recommends to estimate
CRR by more than one method. Moreover,
experimental work over the last 20 years (an
overview is presented by Marchetti 1999c) has
shown that, while Kp is farly sengdtive to the past
siress-dran higory, g is scarcdy reactive to this
factor, which, on the other hand, greetly increases
resstance to liquefaction.

Fgure 9, in combination with the avalable
experience, suggests that a clean sand (naturd or
sandfill) is adequately safe againgt liquefaction (M =
7.5 earthquakes) for the following Kp values:

- NON s|IMiC aress. Kp>17

- low seigmicity areas (am/g = 0.15): Kp> 4.2
- medium sasmicity areas(@mdg = 0.25):  Kp >5.0
high seismicity areas (3mdg = 0.35):  Kp>55

4.7 Consolidation and flow parameters
The DMT pemits to edimate the horizontd
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Figure 10. Correlation Ky - D, for NC sands (Reyna &
Chameau 1991). The shaded areas represent datapoints
obtained by Tanaka & Tanaka (1998) on frozen samples.

coefficient of consolidation ¢, and permesability k;, in
clay means of disspation teds. Vaious
procedures have been formulated (DMTC,
Robertson et a. 1988; DMTA, Marchetti & Totani
1989). All methods are based on the decay with time
of Sy i agans the membrane after stopping the
blade a a given depth.

The DMTA method (probably more used than
DMTC) conssts of teking a timed sequence of A
readings until gabilization. (The DMTA disspation
is pefectly andogous to the "holding tet" by
pressuremeter). ¢y is esimated from the time Ty, at
which the Sshaped decay curves A - logt exhibit a
contreflexure point. The coefficient of permeshility
ko is then determined from ¢, and Mpyr (see
formulae in Table 1). Case histories presented by
Totani et d. (1998) have indicated that ¢, vaues
from DMTA ae genegrdly 1 to 3 times smdler than
Ch back-caculated from "redl lifé" observetions

Determining ¢, and ky, from DMT disspations
presents various advantages over the piezocone: (a)
lower digorson induced in the soil by the
penetration of the blade; (b) absence of problems of
sauration, filter clogging, smearlng, (© "integrd"
rather than "punctud" - measurement



4.8 Use of DMT for FEM input parameters

Two approaches have been considered so far.

(& Modd the dilatometer test by a FEM computer
program by adjugting the input parameters until the
DMT results ae correctly “predicted’. This
goproach has the shortcomin?( of involving, a the
sametime, many additiona (unknown) parameters.

(b) Based on the soil information available, give an
intid "tentative" st of input FEM parameters. Then
smulate by FEM a smple laboratory test (eg.
oedometer), adjusting FEM input parameters to
improve the maching of Mgy VS Mpyr. This
approach is less ambitious, yet it could help avoid
gross mistakes in the FEM andysis.

An example of use of deformation parameters
determined by DMT in desgn of underground
dructures (Caro metro tunnes) is illusrated by
Hamza & Richards (1995). Ther numericd andyses
adopted the smplest possble modd (linear dadtic),
with E » 0.8 Mpyr. The modd is dementary, but
often even ample modds, with a judicious choice of
the parameters, can provide fairly accurate solutions.

5 CONCLUSIONS

Based on the avalable experience, the DMT best
gpplications are: (&) M and ¢, profiles. (b) Settlement
prediction. (c) Monitoring soil  improvement. (d)
Recognizi soil e) Didinguish fredy-
dr?r??ng fr:gom non %)eley-dﬁa)ning Iayngrs ) Veri¥y
if aclay dope contains active/old dip surfaces.

The DMT ds0 gives useful information ot (8)
OCR and Ky in clay. (b) Coefficient of consolidetion
and permesability. (c) P-y curves for laterdly loaded
piles. (d) Send liquefigbility. (e) Friction angle in
sand. (f) (OCRand K, in sand).
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