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Abstract — The seismic dilatometer (SDMT) is the Marchetti [2], with an add-on seismic module for
combination of the standard flat dilatometer (DMT) measuring the shear wave velocits (conceptually
with a seismic module for measuring the shear wave similar to the seismic cone penetration test SCFirst
velocity Vs, a basic input parameter for site seismic introduced in 1988 [3], the SDMT was subsequently
response analyses. This paper presents an overviefv improved at Georgia Tech, Atlanta, USA [4], [5]].[&
the SDMT equipment, test procedure and new SDMT system has been recently developed iy Ital
interpretation, as well as examples of SDMT results [7]. The seismic module (Fig. 1) is a cylindricaémlent

and related comments. placed above the DMT blade, equipped with two
receivers spaced 0.50 m. The shear wave sourceedbca
.  INTRODUCTION at the ground surface (Figs 2, 3 and 4), is a pendu

In the recent years the crucial role of the locaugd hammer £ 10 kg) which hits horizontally a steel
conditions on the seismic action on constructioas h rectangular plate pressed vertically against the (g
been definitely recognized in current earthqualeistant ~the weight of the truck) and oriented with its loagis
design practice, also stimulated by the introductibthe ~ Parallel to the axis of the receivers, so that ey offer
Eurocode 8 [1]. A key parameter, at the base of anShe highest sensitivity to the generated shear Wﬁh.e
method for quantifying the influence of the locabgnd shear wave generated at the surfa}ce reaches Hiest t
conditions on the seismic action, is the shear wavePper receiver, then, after a certain delay, theefo
velocity Vs. According to the EC8 simplified approach, receiver (Fig. 2). The seismograms acquired byt
the seismic action can be evaluated using elastipanse ~'eceivers, amplified and digitized at depth, asualized
spectra defined taking into account the "groundesyp ©n @ PC in real time, and the time delay between th
site classification, based on the equivalent sheave Signals is determined immediatels is obtained as the
velocity in the top 30 m of soiMgz). A more rational ratio between the d|ffer.ence in distance _betweem th
approach is based on numerical site seismic respongource and the two receivel$ { S) and the time delay
analyses, which require accurate soil input dataya all between the arrivals of the impulse at the two ivers
accurate profiles with depth &f in the subsoil down to (At). Vs measurements are typically taken every 0.50 m of
the bedrock. Several reliable and cost-effectiveine in ~ depth (while the mechanical DMT readings are taken
situ techniques for the direct measurementVefare every 0.20 m). Thérue-intervaltest configuration, with
available today. This paper is focused on the usthef the two receivers, avoids possible inaccuracy ia th
seismic dilatometer (SDMT). Initially conceived for determination of the "zero time" at the hammer iotpa
research, in the recent years the SDMT has gradualivhich is necessary if the one-receiver configurati®
entered into use in current site investigation ficac  Utilized. Moreover, the couple of seismograms reedr
permitting to accumulate a large experience foe sitby the two receivers at a given test depth cormdpdo

characterization in seismic areas. the same hammer blow (i.e. same generated wavds) an
not to different blows in sequence, which are not
ll.  SEISMIC DILATOMETER TEST (SDMT): necessarily identical. Hence the repeatability \&f

EQUIPMENT, PROCEDURE, INTERPRETATION measurements is considerably improved (obseved
repeatability= 1 %, i.e. a few m/s). The determination of
A. General description the time delay from SDMT seismograms, normally
The seismic dilatometer (SDMT) is the combination ofobtained using a cross-correlation algorithm, isegally
the mechanical flat dilatometer (DMT), introducegl b well conditioned, being based on the waveform asisly
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of the two seismograms rather than relying on st f
arrival time or specific single points in the setgram.

An example of seismograms obtained by SDMT — as
recorded and re-phased according to the calcutity
—is shown in Fig. 5.

B. SDMT equipment: technical data

Receivers

The receivers are sensors (geophones or accelersinete
which produce a calibrated response to a seismiewa

the current SDMT configuration the two receiverg ar
one-directional geophones having dimensions smaffig. 1. Seismic dilatometer test equipment: DMT blad
enough to be positioned inside the seismic moduliich ~ and seismic module.

is formed by a hollow cylindrical element interpdse

between the base of the push rods and the DMT blade

(Fig. 1). Both receivers are fixed to the seisminduie, 1

at a vertical distance of 0.5 m, with their actiares
aligned in the same parallel horizontal directi®uch
orientation is visible and can be checked from the
outside. To improve coupling with the soil, the rdeter

of the seismic module is slightly larger than tbamector

at the top of the blade.

TRUE
INTERVAL

S2

Seismic source

The seismic source is a system which generates a Vs = (S2-S1) / At
mechanical perturbation, inducing the propagatidn o Go = p- Vs’
repeatable seismic waves in the soil (Fig. 2). 3&iemic y A SF i ppp————
source is typically composed of a pendulum hammer a

5 o 15 20 25 30 35

an anvil formed by a steel rectangular plate (Big.To 2SN

ensure full transmission of the impact energy ® gbil, o 5 M o m w s

preventing movements of the anvil under the hammer 2, -—-——-—-———-—=—==--

blows, the anvil is loaded by the weight of theckryby Fig. 2. Schematic seismic dilatometer test layout.

use of the jack system of the push rig) and preagadst
the soil. The base of the anvil must be clean awell
Pavement, asphalt etc., if present, must be remoked
maximize the energy transmitted to the soil, theilan
should be isolated from the push rig, e.g. by pusing a
rubber sheet on the top of the anvil. The masshef t
hammer is typically between 5 and 15 kg. The hammer
must hit the anvil in horizontal direction, agairste
plane vertical side. To avoid, or reduce, the gatian of
converted waves (i.e. compression waves generated b
refraction at interfaces), the anvil should be tht the
hammer in a horizontal direction perpendicular® line
connecting its centre and the intersection of thending

(or push rods) with the ground surface (Fig. 4)pider

to generate horizontally polarized (SH) shear waves

Fig. 3. Shear wave source at the grouri& surface.

distance between the SDMT sounding and the impact

point of the hammer should be limited to the minimu ﬂ SDMT

(e.g. 1-2 m) and measured with an accuracy of 1 cm. sounding
. shear wave o

Trigger source D

The trigger is a source monitoring device which perm
to identify the instant of generation of the medbah

perturbation inducing the seismic wave. The trigger Fig. 4. Schematic plan layout showing the proper
fixed to the hammer or to the anvil. It shthave a grientation of the shear wave source.
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AS RECORDED = RE -PHASED average value, otherwise further hammer blows rhast

R V) L N applied until at least 80% of the values are witthe
9m <20\ M'— ~\ /\v_A above range. An alternative energization procedorgd
mav w ® W © o o | lmiw x » Mo 0 n e w be utilized when it is difficult to discern sheatawves
S S R from compression waves in the interpretation of the
w \/, signals. Such procedure consists of applying, et ¢ést
[ms] 10 20 30 40 60 70 80 90 [ms] 10 20 30 40 0 60 70 80 90

depth, the hammer blow in the two opposite horiabnt
directions along the same line. This procedure fisno

1 20 30 40 0 60 0 8 90 7 20 30 40 0 60 0 & 9

10m D oW F A\ "\ — ! _
\/ generate shear waves characterized by source tgolari
[ms] 10 20 30 40" 0 60 70 80 90 [ms] 10 20 30 40" 0 60 70 80 90 . . .
b b b kB b b @ S — inversion, which on the other hand does not affaet
20 A AN compression waves. The superposition of the recorded
e 20 30 \X/ o s e 20 30 \J o o s o signals permits then to identify more clearly thetion
0 20 dJ0 40 850 60 70 8 90 1 2 d 40 85 6 70 8 90 aSSOC|ated to the Shear waves.
11 m . a m P A\
[ms]10 20 30 AD\X!! 60 70 80 9 [ms]10 20 30 40\/50 60 70 8 90 DInterpretat]On Of\émeasurements

Fig. 5. Example of seismograms obtained by SDMT. The technique most commonly used for interpretirgy th
recorded signals is based on the interval velouigghod.

o . ) The velocity of propagation of the shear wawgsis
reduced reaction time, typically 10ps, and transmit the  cajculated by the following relation:

signal at the contact between the hammer and thi¢ an

(instant of wave generation) to the data acquisitio S-S

system. In the two-receiver test configuration tigger Vg = Q)

is not influent on the interpretation, however # i -4

necessary to start the recording when the hamneths

anvil. where S, and S, are the straight distances (i.e. the
i assumed shear wave travelpaths) between the sandce

Data acquisition system the receivers 2 and 1 (Fig. 2), ancandt; are the times

The data acquisition system includes independemmployed by the wave to cover the distanSeandS,,
amplifiers (one for each receiver) and a multiclnn respectively. At the instant of the energizatioe tiwo
digital recorder, capable to sample with a freqyesfcat  receivers are located at deptds and Z, below the
least 5Qus. In the current SDMT configuration the ground surface. The travel time between the twoivece
signals acquired by the two receivers are ampliied (sensing the same wavé},=t,—t;, is generally obtained
digitized at depth. In case of weak signals or mgise, by use of the numerical cross-correlation technidunés
the digital system permits to increase the sigo@é technique permits to calculate the time delay reamgsto
ratio by averaging different readings, summing upsuperimpose the recordings of the same wavefortiheat
(stacking) a number of repeated signals generaitid w receivers 1 and 2, assuming that the waveform does
the same test configuration and then dividing tha &y  suffer significant modifications in frequency dugitthe
the number of the signals. In this way the enerfgthe  travelpath between the two receivers. This techmiqu
signal is summed, while the energy of the noiseingaa  requires high quality of the recorded signals. Aareple

zero mean value, remains nearly the same. of re-phasing (superposition + translation) of
seismograms recorded during a SDMT sounding, to
C. Test procedure calculate the time delajt between the two receivers, is

The seismic dilatometer is inserted into the sdilng ~ shown in Fig. 5. (A different interpretation techue is
care that the horizontal active axes of the recsiage required in case of source polarity inversion).
parallel to the direction of the hammer blow impkce
(Fig. 4). Vs measurements are executed at regular depth . SDMT RESULTS
intervals, typically every 0.5 m. To limit the disbance .
associated to ambient noise, it could be useful to Repeatability of ymeasurements
eliminate the sources of vibration and disconnieetrods Besides Vs, the seismic dilatometer provides the
from the push system. At each test depth the harhiteer parameters obtained by the classical flat dilatemet
the anvil, the trigger transmits the signal whichiveates interpretation, see [2] and TC16 Report [8]. Figs@n
the data acquisition system and the time historghef example of the typical graphical format of the SDMT
signals is recorded by each receiver. The energizasi  output. Such output displays the profile\¢f as well as
repeated at least three times. The repeatabilithe®/s  the profiles of four basic DMT parameters: the mate
values can be accepted if the three values obtaifted index Ip (indicating soil type), the constrained modulus
each hammer blow are within the range of + 3% ef thM, the undrained shear strength (in clay) and the
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MATERIAL CONSTRAINED UNDRAINED HORIZONTAL SHEAR WAVE obtained by SDMT is in good agreement Vmg]prof"es

- INDEX @  MODULUS  SHEAR STRENGTH « STRESSINDEX «  VELOCITY .
1 5 1 510 0 10 2 0 60 120 0 2 4 6 8 0 200 400 obtained by SCPT, Cross-Hole and surface waves test

Z. (SASW) in previous investigations [9]. Fig. 8, bdsmn
ol
9

data reported in [10], shows the comparison betw&gen
profiles obtained by SDMT, Down-Hole tests (DH) and
multi-receiver surface waves tests (MASW) at the ef

© o w o

18 18] 18} 1} Roio Piano (OC silty clay) in the area of L'Aquiltaly,
ar " ar ar where a large number of sites were investigated by
ol " " “ SDMT after the April 6, 2009 earthquake [11]. Iristh
ol ot o} 0| area theVs profiles obtained by SDMT were found
PARPRPIN ] N =i [ WA S o] WP v ] e generally in acceptable agreement with Wheprofiles
" D wary o cwen  Cwe wms  obtained by other in-hole techniques (Down-Holeys3F
souT2 — souT3 Hole), while the agreement with th&g profiles obtained

Fig. 6. Superimposed profiles of SDMT results oletdin py surface wave tests in some cases was lessastdist
from two adjacent soundings (Fiumicino, Italy)

Vs (m/s)
Table 1. Example of repeatability of Wieasurements by 0050 100 150 200
SDMT (Zelazny Most Tailing Dam, Poland)
z Vs Vs values [m/s] corresponding Coefficient i 1
[m]  [m/s] to different hammer blows of variation
at each depth Z [%0] 10 7
7.00 179 178,178,180,180,180,179,179,180,180,1 0.50 E
7.50 231 234,232,232,230,229,231,232,229,2  0.68 M 1
8.00 225 227,225,224,225,225,225,226,226,225,224,. 0.40
8.50 276 276,276,280,273,275,273,271,273,287,  1.68 20} .
9.00 296 291,286,301,292,296,288,301,300,304,5  2.09 u scPT
9.50 248 244,251,250,247,250,249,250,249,242,: 1.1 | =& Cross Hole |
10.00 292  292,289,290,293,289,292,289,292,296,295;  0.79 — SASW
1050 320 321,323,320,325,323,325,316,314,308,5  1.61 AGI (1991)
11.00 291 293,291,293,291,291,290,290,291,290,  0.38 30} , , -
1150 321 324,320,320,322,320,322,319,319,320,5  0.48
E-gg ggg 3;%32;3;22322233;;222223323 8-gg Fig. 7. Comparison of profiles obtained by SDMT and
B il ¥ il il il il H il i3 .
1300 265  265,265,265,264,265,265,265,266,265,266,  0.24 by SCPT, Cross-Hole and SASW (data from AGI 1991,
1350 280 287,276,279,276,276,276,294,275,278,.  2.08 [9]) at the research site of Fucino, Italy [7].
14.00 312 313,312,312,322,310,312,310,310,310,:  1.10
1450 298 301,298,299,299,298,296,299,298,299,: 0.4
15.00 309 307,309,307,309,309,309,309,309,309,  0.29
SHEAR WAVE
VELOCITY
Vs (m/s)

horizontal stress indeXp (related to stress history),

. . . X 0 200 400 600
calculated with usual DMT interpretation formuleeia

[2], [8]. The superimposed profiles shown in Figwére Z I =— — SDMT
obtained from two parallel adjacent SDMT soundirigs. R MASW 1
may be noted from Fig. 6 that the repeatabilitythafVs 4T Py MASW 2
profile is very high, similar to the repeatabilibf the 61 :
other DMT parameters. g L
Table 1 shows, in a different form, another exanydle =
repeatability ofVVs measurements by SDMT. Eadk ~
value at a given test depth corresponds to a difter 2 r
hammer blow. The coefficient of variation g is in the 1% r
range 1-2%. Such repeatability is more than adedfiaat 16 |
normal engineering needs. 18 L
B. Validation of \{ measurements ar E
. 2+ Beeeidt
Vs measurements by SDMT have been validated by ” |

several comparisons witlls measured by other in situ
techniques at various research sites, as reportg.iAs  Fig. 8. Comparison of ¥/profiles obtained by SDMT,
an example, Fig. 7 show& comparisons at the research Down-Hole (Polo Geologico) and MASW (Politecnico di
site of Fucino, Italy (NC cemented clay), extenkive Torino) at the site of Roio Piano (C.A.S.E. Project),
investigated at the end of the '80s. The profileVef L'Aquila, Italy (data from [10]).
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Fig. 9. \s measurements by SDMT in backfilled boreholes
in non-penetrable soils [12]. (a) Schematic tesgolat
and basis of the method. (b) Example of validation:
comparison of Y profiles obtained by SDMT in a
backfilled borehole and by penetrating the natusall
(Montescaglioso — Ginosa, Italy).

IV. Vs MEASUREMENTS BY SDMT IN BACKFILLED
BOREHOLES IN NON-PENETRABLE SOILS

The SDMT standard procedure proves to be
effective, quick, cost-saving alternative to cortiemal
Down-Hole tests in soft to firm soils (no need aflds
with pipes to be grouted, operations requiringva fiays
pause before testing). A disadvantage of the SD&/he
impossibility of penetrating very hard soils. Howewa
procedure for obtaininyys profiles — but not the other
DMT parameters — in non-penetrable soils (e.g.&rar
even rock) has been devised in [12]. The proceriutiee
following (Fig. 9a):

1. a borehole is drilled to the required test depth;

2. the borehole is backfilled with clean fine-medium
gravel (grain size 5 to 15 mm, no fines content);

3. the SDMT is inserted and advanced into the baekfill
borehole in the usual way (e.g. by use of a
penetrometer rig) and/s measurements are taken
every 0.50 m of depth; no DMT measurements —
meaningless in the backfill — are taken in thisecas

In this procedure the dilatometer acts only ashacle for

inserting the seismic module. The method for meagur

Vs is similar to a two-receiver Down-Hole test, excip

the technique used to fix the receivers to the amilnd

the borehole (backfilling instead of casing) and tioe

insertion equipment. The possibility of sucNs

measurement descends from the fact that the wav
travelpath from the surface to the upper and lower
receiver includes a short path in the backfill whis
assumed, in first approximation, to be of the séngth

(Fig. 9a), i.e. the time delayt does not change.
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and the backfilling procedure were adoptable. The
comparison of the results (see example in Fig. 9b)
indicated that theVs values obtained in the backfilled
borehole are nearly coincident with thg obtained by
penetrating the soil.

FILLMATERIAL

CALCAREOUS
BRECCIA

LACUSTRINE
DEPOSITS:
SILTY SAND AND
CLAYEY-SANDY
SILT

Fig. 10. Profiles of Ymeasured by SDMT in 2 backfilled
boreholes compared tos\fmeasured by Cross-Hole in a

To validate the method, comparative tests wereiezhrr nearby site [13] and schematic soil profile at thiee of
out at sites where both the usual penetration pivee Fontana 99 Cannelle, L'Aquila, Italy [11].
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Fig. 10 shows an example @§ profiles obtained by use

of the SDMT seismic module in backfilled boreholis,
non-penetrable soils, at the site of Fontana 9M&lén

[6]

L'Aquila, Italy [11]. In this cas&/s measurements were

taken down to a very large depth (133 m). Beto00 m

depth the signal/noise ratio of the SDMT seismogram
was too low to permit th¥s determination by the usual
interpretation, henc¥s was obtained using the stacking
technique. In Fig. 10 the profile d&fs measured by a [7]

Cross-Hole test (CH) carried out in a site neasj [is

also reported. TheVs measured by SDMT are in

reasonable agreement with those obtained by Crogs-H

V. CONCLUSIONS

The seismic dilatometer (SDMT) provides accurate anéfl
highly reproducible measurements of the shear wave
velocity Vs, a basic input parameter for numerical seismic

response analyses. Besidés SDMT provides the usual

DMT results for common geotechnical engineering

design applications.
The backfilled borehole procedure permits to obdin
profiles by use of the SDMT seismic module — likesva

two-receiver Down-Hole test — also in non-penetabl

soils. In some cases the backfilling procedure ptrch

[9]

to obtain Vs measurements down to unusually large
depths £ 130 m), by use of the stacking technique for
interpreting the SDMT seismograms in case of low

signal/noise ratio.
The accumulated experience indicates thaMthprofiles
obtained by SDMT are generally

[10]

in satisfactory

agreement with th¥s profiles obtained by other tests, in
particular by other in-hole techniques (Down-Hole,

Cross-Hole). TheVs profiles obtained by SDMT,
combined with geological information and data afali
from other investigations, provide useful data &firte
the soil model for numerical seismic response aealy
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