Eanthquake Engineering, Tenth World Conference © 1992 Balkema, Rotterdam. ISBN 90 5410060 5

Interpretation of in situ dynamic soil testing

M.S.El Youssoufi, M. Mabsout & P.Jouanna

University Montpellier Il & GRECO Géomatériaux, France

J.PTouret

EDF, Centre National d’ Equipement Hydraulique, Le Bourget du Lac, France

ABSTRACT: This study deals with identification of non-linear dynamic soil properties using a
one-well harmonic in situ test, at high energy levels. Special casings can be expanded and can
vibrate the soil vertically, a down-the-hole harmonic probe creating large cyclic displacements of
the well wall at different frequencies. Accelerations behind the special casings are given by
transducers placed in the soil from the surface or by down-the-hole robots. Measurement
interpretation, specially studied here, requires numerical simulations of the soil behaviour. A
two parameter hysteretic law is chosen here. More complicated models could be envisaged but
they induce difficulties in numerical convergence and uniqueness when identifying soil
parameters. These parameters are obtained by comparison of acceleration recordings and
numerical accelerograms. Interpretation can be performed in the time domain and/or the
frequency domain, where harmonics are generated by non-linearities of the soil.

1 INTRODUCTION TO THE ONE-WELL SV HARMONIC
TECHNIQUE

1.1 Objectives of the one-well harmonic test

To measure seismic soil characteristics under the most
severe earthquakes, no satisfactory in situ test is
available for strains up to 10-3 (Haghgou 1985). The
features of the one-well technique proposed here are as
follows (Jouanna & Montiel 1988, EDF SEPTEN 1990):

(i) A one-hole method is preferred to cross-hole tests
to concentrate energy in the vicinity of the excitation well
where non-linearities occur.

(ii) The seismic source at the well is harmonic, to
simplify the identification procedure. However other
signals can also be imposed.

(iii) Gauges are placed inside the soil, avoiding the
disturbed soil zone around the casing.

1.2 Test configuration

The first in situ tests are under development in two 200
mm diameter wells drilled into a silty soil (0-8.00m) and
a detritic formation (8.00m-12.00m).

Displacements are applied to the soil via special casing
sections, moved vertically and applied radially to the soil
during the test by a down-the-hole excitation probe.

Vertical displacements are created at point A and
accelerations are registered at points B, C, D and E
(Figure 1), by means of 3-Dim accelerometers placed
into the soil by surface or down-the-hole robots.
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Distance r to well axis (cm)
Fig.1 Test configuration

2 MODELLING OF SEISMIC SOIL BEHAVIOUR
2.1 Choices and assumptions

The soil is assumed to be homogeneous, isotropic and
monophasic. In the vicinity of the well, propagation is
assumed to be radial and material movement purely
vertical , enabling use of 1-Dim models.

For strain less than 104, linear visco-elastic behaviour
laws can be extended to non-linear situations, semi-
analytical reference solutions being available (El
Youssoufi, Heitz et al. 1990, Heitz 1992).

For larger strains, cyclic hysteretic behaviour laws are
adopted with Hardin and Drnevitch's first loading curve
(Hardin 1972) & Masing's construction (Masing 1926).

Identification uniqueness of soil parameters is ensured
with such a simple model. More sophisticated models
with a larger number of parameters lead to
indeterminations in the inverse problem. Moreover
convergence problems which are already complex with
simple models, would become intricate. The model
adopted here seems to be a good compromise.



2.2 Dimensional equations

Maodel equations include momentum balance and
relations between strains and displacements:

T(r,1) v
D @) + 7 =pwry
\ 2(2(r,1)-81(1)
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r = horizontal distance to the axis z ; t = time
p = specific mass of the soil.
1 (r,t) = vertical shear stress in the soil

¥(r,t) = vertical shear strain of the soil
w (r,t) = vertical material displacement of the soil.

W (r,t) = vertical materjal accceleration of the soil.

To(r)= 17 | max and Yo(r) = 1 max
G, = shear modulus at very low strain level

0. = parameter characterizing non-linearities

The stress-strain relationship (2) depending on the
two soil parameters Go and a also depends on
coefficients § and § which make it possible to build the
first loading curve and the hysteretic loop.

Moreover a non-linear and non-dissipative model is
associated to the preceding one to investigate the
differences between non-linearities and dissipation
effects. It is described by the same relation (2) with the

following coefficients : §=0, p=~2 (for t and y 2 0) and
§=0, B=+ 2 (fortand y< 0).

2.3 Dimensionless equations

The above equations (1) to (3) can be written in a
dimensionless form taking as reference r (well radius),
Gy and To=1/fo (period of the sinusoidal excitation).
Consequently, dimensionless variables are:
r*=r /1o, t*=t/ T,
and dimensionless parametcrs are:
=1; G¥*p=1; T*p=

0=Ro/To; p*= p/é—L-Q—) W¥a=Wa /1o

with W= amphtudc of dlsplaccment at point A.
Unknowns are written in a dlmcnsmnless form :

T*=1/Go; Y¥ =Y ; W *=w [1o; W * = w/(’_l"L)

Forgetting all stars for reasons of simplicity, the
dimensionless equations, used in the following, are :
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The dimensionless form of the non-dissipative
associated model is immediately deduced.

3 DIRECT PROBLEM RESOLUTION

The Finite Difference Method is well adapted to this
1-Dim numerical integration. However this method,
especially in a dynamic situation, requires finding an
appropriate discretization, satisfying consistency,
stability and convergence criteria. These problems,
related to the hysteretic model, are studied here for
simplicity on the associated model, without introducing
any fundamental restriction.

3.1 Discretization and algorithm of resolution

Value of y given by equation (6) can be placed in
equation (5), leading to :

M e+ ; =pw

®) wr—-—— =0 (associated model)
1-ajt|

Fixed space steps and a total implicit scheme are adopted

for obtaining the following discretized dimensionless

equations :

Ti T T
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i= space index(=1 well wall; =N boundary);
Ar= space step; n = time index; at= time step;

d=-L2-; R(i)=1+(-1)Ar for 1<i<N,
At2

R(i) being the dimensionless distance to the well axis.
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This set of equations is linear in 7;  and w; n when
values at time n-1 and n-2 are assumed to be known.
The difficulty due to the non-linear term occurring in the
denominator of expression (8) is overcome by
estimating this term at time n-1.

3.2 Consistency

The difference between the exact differential operator
(7) + (8) and the approached discretized operator
(9)+(10) should tend to zero, when Ar and At tend to
zero, to insure consistency. Truncation errors €] on
operator (7) and &7 on operator (8) are given below
using Taylor's developments in space (at order 1) and
time (at order 2) :

Z (2Ar)k ! 8‘% Z (an2(k-1) g2k

@R ok

k-1 gk
&= + 2(2Ar) okw

]
< k! ork

As truncation errors €1 and €2 tend to zero when Ar and
At tend to zero, the adopted discretization scheme
insures consistency for both operators (7) and (8).

3.3 Stability

As the standard discretized equations (9a) and (10a)
involve three time levels, it is convenient for the stability
study to introduce a third numerical variable v; three

dimensionless equations replace the two equations above:

Ti+1,n-Ti
(1) SRR | B8 i = 2w Vi)
(12) TLn _¥islnmWiln

1-alti p-1 2Ar

(13) vin = wjn-1

Fourier's series developments of Tjn , Win and Vin,
in the space domain, can be written as follows for the
different harmonics m, with k= 2n/(Rq-1):

Tin= z Al ejkmidr

m

Win = ZB; ejkmiAr
m

Vin = zc:\ejkmmr

m
Substitution of these expressions in equations
(11), (12) and (13) gives, for each harmonic m :

n-1, ~n-l
(14m) A? (X]—sm kmar)+ g )) dBL=d(-2B +CiY)

(15m)

" _ B? (Lsin kmar)=0
1-otj n-1 Ar

(16m) Ch = B!

The term frjn-1! is considered as a fixed coefficient.

These equations in a matrix form lead to:
[HRJUR =[HE') UL with :

(UpT=(A}, BR, CTi(Un ) T=(Ay BL,CR )T

Amplification matrix [G] 1=(HL ] \HE 1 is
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The stability conditions are based on the study of
eigen values A of [G7 ], given by:

1 l
T VBmexp(B/2) - 1NBmexp(B/2)

with B exp(ip) =1- Dq and a=d .

a 1-alt; p.1|
A necessary and sufficient condition of stability
according to Von Neumann's criterion implies that

the spectral radius of [G]] be < 1, i.e. Iyl <1,

(i=0,2), except for perhaps one of these values
which can be equal to 1. Thus stability requires :

1 1

<1;Ap2=

1V BrexpGBE - [1-VBrexp(B/2)R
This condition has to be fulfilled for any m .

Unfortunately for m=0, [\l and Ayl =1. In this case, the

above conditions are necessary but not sufficient for

stability . They can be transformed into a necessary and

sufficient condition of instability written :

Ao=0; A

12

D\,l: =

(17) Ar 2 %—gﬂnﬂiﬂ)”“ I(1-ali 112
p

3.4 Convergence

A finite difference scheme is said to be convergent if the
difference between the numerical solution and the true
solution tends to zero when Ar and At tend to zero.
According to Lax's theorem, consistency and stability
are equivalent to convergence if the problem is well
posed(unique solution and sufficiently smooth boundary
conditions) and if the problem is linear. In the case of a
non-linear problem, it is assumed that this equivalence
still holds, insofar as non-linearities do not generate
multiple and non physical solutions.

3.5 Algorithm of resolution
In the case of the non-linear non dissipative model, the

2N-2 values of 1j p (i=1,N) and wj n (i=2,N-1) at time
nAt are obtained by solving the 2N-2 equations (9) and
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(10) which are linear in i n and wj n , the values tin-1,
win-1and wjn-2 being given by the preceding
iteration. Computation begins at n=3; the 2 first steps are
deduced from the elastic analytical solution (a=0).

In the case of the non-linear and dissipative model, first
loading is identical to the above procedure up to the
maximum 1o, using values of 8=0 and = -2 in equation
(5). Next, the decreasing branch of the stress-strain
cycle is described using 8=p=1 in equation (5). When
the minimum value - 1o is obtained, the increasing
branch of the stress-strain cycle is given by equation (5)
with §=p=-1.

3.6 Sensitivity of stability to numerical parameters

Due to the lack of a necessary and sufficient stability
criterion, tests of convergence are to be performed for
each set of boundary conditions as follows:

(i) In the linear elastic case (a= 0), the numerical
solution is compared to the analytical solution.

(ii) In the non-linear elastic case(o# 0), the numerical
solution is compared to a semi-analytical solution (Heitz
1992).

(iii) In the hysteretic case comparison can be made with
the preceding semi-analytical solution. However this
reference solution is based on a non-linear visco-elastic
behaviour and does not take hysteretic phenomena into
account ; moreover, its stability requires the condition
a.¥o(r) <1 which is a limitation for high strain values.

Ilustrations are given below for the following
dimensional conditions :

Io=0.1m ; p= 2.103 kg/m3. At the well wall (point A),
excitation is purely harmonic with W4 =4 104m, i.c.
YA max = 1.0 10-3. At the outer boundary , w(Ry ,t) is
assumed be equal to the linear analytical value.

(i) Linear elastic case (a=0) :

Maximum dimensionless acceleration W pay Versus
dimensionless distance r'* to the well wall is given in
Figure 2, where a comparison is made between linear
computation and analytical solution for :

Ro=0.6m (Figure 2a) and 1.1 m (Figure 2b)

Ar= (Rg-1g) /40 and At=Ty/128.
This requires the inversion of a 80x80 matrix, its rank
being equal to twice the number of discretization points.
Here Ro=1.1 m seems to be the maximum value
consistent with good convergence. If higher values of
R, are desired, the rank of the matrix must be increased.

(ii) Non-linear and non dissipative case (a0) :
Computation is the same except that the matrix
coefficients have to be updated at each time step, here
128 times per period. Figure 3a gives in the same
conditions as in (i), except that a= 2000, the
acceleration variation at point B versus time and Figure
3b gives its Fourier transform, where odd harmonics
only are created by non-linearities.

(iit) For the hysteretic case, the preceding computation
takes into account the stress-strain cycle. An example of
acceleration variation at point B, versus time, is given on
Figure 4a and its Fourier transform in Figure 4b.

4 INVERSE IDENTIFICATION PROCEDURE
4.1 Proposed identification procedure

The model depends on two parameters, the first
parameter Go being characteristic of the elastic property
of the soil at low strains and the second coefficient «
governing non linearity effects and dissipation (Masing's
rule). It is possible to decouple the determination of
these two parameters by an inverse process.

This procedure is relatively simple when the signal is
purely harmonic. However it can become more
complicated if the signal delivered at the well is affected
by some noise, which interfere with signal modifications
due to non linearities of the soil. Furthermore, some soil
disturbance can result from drilling around the well.

4.2 Determination of parameter G

4.21 Ideal case of a pure harmonic signal wa at the well

Experiments in the linear domain, i.e.with small
displacements W 4 at the well, can be interpreted to
determine G, by different procedures:

- Phase method: the classical time arrival method can be
adapted to an harmonic excitation test by studying the
phase difference between acceleration signals measured
at points ry and rp. The propagation velocity vs can be
deduced from this phase difference, leading to the value
of Go= p Vs 2.

- Amplitude method: the ratio betwen the modulus of the
purely harmonic acceleration signals measured at points
11 and 12 can be compared to the analyrical value of this
ratio, leading to Go by :

Ko(kra)l _ IWp(ra,@o)measured|

Kojkrp)! [W(r1,wo)measured
. Wo . .
with k = —————and K= modified Bessel function of
(Go/p) /2

second kind and zero order.

Different frequencies can be used to operate an
averaging. The experimental points are plotted on a
graph of transfer functions corresponding to different Go
values. By matching, the best approximation leads to the
value of Go,.

4.22 Case of a noisy signal wp at the well

At low levels of excitation, if the displacement wp is not
purely harmonic due to noise, it is possible to make a
Fourier transform, the phenomena being linear, and then
operate as previously.

4.23 Case of a noisy signal wa at the well and an
altered soil around the well

If moreover some disturbance of the soil is assumed to
take place around the well during drilling, the preceding
method can be applied between two acceleration readings
at points B, C, D, etc. , avoiding taking into account
recordings in the disturbed zone around the well,
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4.3 Determination of parameter o
4.31 Ideal case of a pure harmonic signal wa at the well

Assuming a large but purely harmonic displacement Wa
applied at the well, accelerations recorded at points B, C,
D, etc. are no longer sinusoidal because they are affected
by soil non-linearities. Accelerations at a given point M
can be obtained if a value of a is assessed, G, being
given as described above. Thus at each point M a set of
acceleration versus time curves can be plotted depending
on different possible o values, under a given
displacement W at the well.

Comparing the registered acceleration versus time
curves at point M with the set of acceleration curves
deduced from computation at the same point M, leads by
matching to a proposed value of parameter a. Averaging
can be done at different points M. However the most
significant results are obtained in the neighbourhood of
the well, where non-linearities occur.

This matching can also be done, or verified, in the
frequency domain, by comparing the different harmonics
obtained by numerical simulation and obtained by a
Fourier transform of the experimental acceleration
recordings.

4.32 Case of a noisy signal wa at the well

At high levels of excitation, if the signal wa at the well
is altered by noise, the preceding method still holds,
except that wa has to be registered. Small disturbances
in the input can create high disturbances in the
acceleration outputs, affected by the square of the
frequency.

4.33 Case of a noisy signal wp at the well and of an
altered soil around the well

If the soil is altered around the well, the same procedure
could be applied between to inner points, B and C for
instance. Point B can be considered as the excitation
point and C the receiver. Displacement at point B is not
measured, but can be obtained by integrating twice the
registered acceleration at point B. Numerical stability of
this integration can be ensured by integrating twice a
Fourier transform of the acceleration. The problem is
identical to the preceding one, except that the noisy
signal is imposed at point B instead of point A.

5 CONCLUSION

Determination of dynamic soil properties requires
working in the vicinity of the energy source to obtain
high strains. The one-well harmonic in situ test has
been designed to fulfill such conditions. However a
careful identification process has to be set up. Attention
has to be paid to the choice of models; when they are
too simple they ignore hysteretic effects and when too
complex they lead to non convergence or non
uniqueness situations.

Hysteretic models, as used here, prohibit the use of
analytical or semi-analytical approaches for obtaining
numerical accelerograms. Numerical finite difference
procedures, in such highly dynamic phenomena,

encounter convergence difficulties, even in the simplest
case of 1-Dim and pure shear models. If consistency is
satisfied here, a necessary and sufficient stability
condition is not available; this fact leads to a careful
procedure for checking the reliability of the numerical
results, by a series of comparisons with analytical or
semi-analytical methods when possible.

Identification problem can be solved in the time
domain or in the frequency domain, using harmonics
due to non-linear and hysteretic effects. The problem is
simple with a pure harmonic displacement source at the
well. However, in practice the process is more
complicated due to the sensitivity of acceleration to
noise. Moreover, disturbance of the soil around the
well implies using only internal soil measurements and
a more sophisticated interpretation process.

Finally, the precision obtained on soil parameters
relies first on the quality of the experimental device,
which should ensure an input signal as pure as
possible, disturbance of the soil around the well as
small as possible and excellent transmission of the
recorded acceleration signals. On the other hand,
quality of the behaviour model and numerical procedure
are essential for comparing recordings and numerical
accelerograms.
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