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Pitfalls of Back-Analyses

Les Piéges des Analyses a Rebours
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SYNOPSIS

With the development of field instrumentation and numerical analyses, the back-analysis of case histories has

become the prefered method of improving the geotechnical knowledge. It has been generally usefull, but on many occasions

it has proved unreliable or even misleading.
back-analyses.
development of geotechnique.

INTRODUCTION

In an engineering science dealing with a material so com-
plex as soil, development can be achieved only by constant
reference to field observations (Terzaghi 1936). In the
last 30 years, field instrumentation and full scale tes-—
ting techniques have been used increasingly to gather
evidence on the in situ behaviour of soils. The interpre-
tation of this often complex evidence to support existing
theories or to develop new ones has been made easier with
the advent of the computer and of numerical methods such
as the FEM. The numerical back-analysis of field observa-
tions has now become a prefered mcthod of validating theo-
ries, or, more frequently, of evaluating soil parameters
to be used in "accepted methods".

The principle of back analysis can be expressed in either
of the modified forms of Lambe's (1973) equation:

Observation + goil parameter - validated theory (1)
Observation + theory - empirical soil parameter (2)

The operator in these equations, 1l.e. the back-analysis,
must be handled rigourously if the outcome is to have any
reliability, in particular in equation (1). Unfortunately
this condition has often been ignored, leading to the val-
idation of wrong theories or to the use of irrelevant soil
parameters. Important waste of money, time and research
effort has resulted.

THE CLASSICAL APPROACH TO BACK-ANALYSES

The back analysis of any case history involves a series of
assumptions and procedures, each of which is a potential
source of errors.

The first step in each analysis 1s to simplify the geome-
try of the problem and the soil stratigraphy; important
features may then be cancelled out. In most cases the sec
ond step 1s to assume an idealized soil's response, viz.
drained or undrained, so as to select the type of amalyti-~
cal method. The third step is to postulate that the soil
behaviour corresponds to the analytical model at hand: lin
ear or non linear elasticity, isotropy or anisotropy, Mohr
Coulomb criterion or plastic flow rules; a large degree of
idealization is unavoidable here. Laboratory tests are
carried out to obtain orders of magnitude for the relevant
input soil parameters. Then the actual back analysis 1s
performed and the results obtained are compared to the ob-
servations. In most cases the first comparison is not too

Five examples are taken from practice to illustrate some major pitfalls of
Guidelines are consequently proposed to avoid these pitfalls and their embarrassing consequences on the

successfull and some of the earlier assumptions on bounda-
ry conditions, model or input parameters are modified un-
til a satisfactory fit 1s achieved between computations
and observations, The common practice in this process 1is
to adjust only a few key input parameters and to try and
obtain a good fit only for one or eventually two parame-
ters of the field behaviour: for example, analysing the
response of a clay foundation to an embankment loading,
specific back analyses may be developed for evaluating set
tlements but not necessarily lateral displacements, cons-
truction pore pressures but not deformations, or strength
parameters but not the stress-strain response up to fail-
ure. Once a good fit is obtained for that particular as-
pect of the field behaviour which the back-analysis had in
tended to investigate, the theory or model used or the
techniques for determining the relevant soil parameters
are declared valid.

This methodology can be questioned in many aspects. One of
the most serious shortcomings is that basic soil mechanics
principles are frequently not satisfied by the results:
for example, many cases are reported in the literature of
"correct" settlements computed together with erroneous
pore pressures and effective stresses. When dealing with
the results of back analyses, we suffer from the same weak
nesses as identified by Terzaghi (1936): our conclusions
are founded on wnbalanced evidence. As soon as a good fit
1s obtained for that parameter under investigation, no se-
rious attention is paid to the quality of the fit for
other parameters and a serious investigation of the causes
of eventual mispredictions is replaced by a statement such
as: "my model is good only for ...".

Nevertheless, in the last 10 years, major progress has
been achieved on a variety of problems, thanks to the use
of back analyses. On the other hand, many situations have
occurred, where the approach has proved unreliable or even
misleading as a result of abusive assumptions, inaccurate
input parameters or unsufficient understanding of the pro-
blem under consideration. From these negative experiences
a series of pitfalls of back-analyses can be identified.
It is the purpose of this paper to illustrate some of the
common pitfalls and to suggest some guidelines in order to
avoid them in future back-analyses.

ILLUSTRATION OF COMMON PITFALLS

Response of clay foundations to embankment loading

In the last 30 years, a great number of embankments have
been built on well instrumented clay foundations to gain
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an understanding of the response of clay deposits during
construction. In view of the low permeability of clays
and of the short duration of construction, and in the ab-
sence of field evidence, it was originally assumed that
this response would be undrained. Since then, this assump
tion has turned into one of the "laws" of geotechnical en-
gineering. No serious effort has been made to check its
validity against the accumulating field evidence. Rather,
the undrained analysis has been the standard method of in-
terpreting pore pressures, deformations and failures ob-
served in situ.

The back-analysis of settlements and lateral displacements
developed in the presumably undrained response of clay
foundations to embankment construction has formed a large
part of the research on this problem. Finite element stud
ies have reportedly been quite successful at back-ana-
lising settlements on the basis of undrained moduli Ey and
v = 0,5 (Fig.la). However, in most cases, these back-anal
yses have failed to produce a good simultaneous fit on the
lateral displacements, as indicated in figure 1b. Even
though systematic, this problem was not considered seri-
ously until Poulos (1972) proposed tentative explanations
and corrections related mainly to the anisotropy and the
non-linearity of the undrained stress-strain behaviour of
clays. Since then, these factors have been incorporated
into the back-analyses, but the quality of the results has
not really improved.

Segl,CM

O‘T[

3 |
8
| (] T e ‘5) —l
Bl
> . \3+019 O
. Npeost2m =T | ||
[ "] | .
=5 | | .
E7%4" . ° .
| |
% 4 8 12 16 20 24 RS

Fig.1 Predictions and observations of settlements and lat
eral displacements Y (from Tavenas et al. 1979a).

Now, compiling pore pressure observations from 30 case hig
torles, Leroueil et al. (1978) have shown that the assump-
tion of an undrained response throughout construction is
not consistent with the field evidence. Rather, a signifi
cant consolidation developes initially in the overcomsoli
dated clay; it is only after the clay has become normally
consolidated that an undrained response is practically es
tablished. This sequential behaviour should strongly re-
flect on the development of settlements and lateral defor
mations. This is indeed what has been observed from the
field data compiled by Tavenas et al. (1979a). Typical re
sults are shown in figure 2: initially the maximum lateral
displacement yp represents less than 307 of the settlement
8; Aym = As only after the vertical effectlve stress has
reached 05 as indicated by pore pressure observations.
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tion of 4 test fills (from Tavenas et al. 197%a).

The lack of success of past back-analyses was thus entire-
1y due to the wrong assumption of an undrained clay re-
sponse. This fundamental error, which has led to a signi-
ficant waste of research effort, could have been identified
earlier if the entire field evidence had been locked at on
jts own merits before attempting to fit numerical models

to parts of it and if more attention had been paid to the
inconsistency of the results.

Terzaghi consolidation theory for interpreting settlements

The one-dimensional consolidation theory using a constant
coefficient of consolidation Cy 1s routinely used for eval
uating the variations with time of effective stresses and
settlements in clay foundations. One practical difficulty
in using this theory is the determination of the proper
value for Cy. Back-analyses of pore pressure and settle-
ment observations have often been carried out to obtain
"field values" of Cy and thus empirical correction factors
to apply to oedometer test results. This approach has been
successfully applied to cases where the clay foundation
was overconsolidated. On the other hand it is associated
with major problems when applied to normally consolidated
clays.

When building embankments on clay, it is a common situa-
tion that the applied vertical stress exceeds the precon-
solidation pressure cﬁ. In this case, the assumption of
Cy = C8t is a gross oversimplification of the actual beha-
viour, but it has different consequences depending on the
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Fig.3 Total settlement and vertical stress at the base of
the specimen as computed by Terzaghi and CONMUL



parameter under investigation. Tavenas et al. (1979b),
have used a numerical model (CONMULT) accounting for the
variations of g', e, k, Cc and Cy to evidence the shortcom
ings of Terzaghi's solution in the case of an oedometer
specimen, with the properties indicated on figure 3a, the
total settlements computed, from Terzaghi using a Cy value
corresponding to the normally consclidated state, and from
CONMULT are in good agreement; stopping at this point, one
could thus conclude to the validity of Terzaghi's solution.
A quite different conclusion is reached if other parame-
ters of the problem are considered. As shown in figure 3b,
the variations with time of the vertical effective stress
at the non-draining base of the specimen are totally dif-
ferent, the CONMULT solution evidencing the strong effect
of oﬁ on the conmsolidation process. The comparisons of
the distributions, within the specimen, of the effective
stress (Fig.4a) and of the settlement (Fig.4b), when the
total settlement computed in both methods was 0,7 mm,
clearly indicate that the 'good prediction” of the total
settlement in Terzaghi's solution is the result of a natu-
ral error cancellation process.
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Fig.4 Distribution of effective stresses and settlement
in the specimen as computed by Terzaghi and CONMULT at a
total settlement of 0,7 mm (25% eonsolidation).

This example first demonstrates one of the frequent pro-
blems with analytical solutions, where an apparently cor-
rect result proves to be the sum of compensating errors
when the solution 1s analysed in detail. From a more prac
tical point of view, the results presented herein indicate
that Terzaghi's comsolidation theory with Cy = CSt is just
not representative of the clay behaviour, so that it can-
not serve as a basis for the back-analysis of field obser-
vations of settlements or pore pressures when 05 is ex-
ceeded during consolidation. While a good fit could con-
celvably be obtained for the total settlement in cases
with simple boundary conditions, this theory is necessari-
ly misleading when analysing settlements in layered depos-
its or when predicting effective stress variations, for
example for the analysis of stability and the monitoring
of stage construction of high embankments.

CONMULT analysis of long term settlements

It was just shown that Terzaghi's comsolidation theory
with Cy = CSt cannot be used in back-analyses. On the
other hand, the CONMULT model which accounts for the actu-
al variations of all parameters during consolidation and
which handles complex boundary conditions i1s an excellent
tool for back-analysing consolidation field data. However,
its use is not exempt of problems, which generally arise
from the possible variability and error of the numerous
input parameters.

The CONMULT model was used to back analyse the field obser
vations on the St-Alban test embankments (Tavenas et al.
1974) for the first five years after construction. The com
puted total settlements is compared to the field data for
test section D in figure 5. Aside from a limited scatter
of the measurements, there is essentially an excellent
agreement between observation and prediction throughout
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Fig.5 Observed and computed settlements under test embank
ment D at St-Alban.

the entire period of observation. Since the total settle-
ment is usually the objective of consolidation analyses in
designs one could have stoped here, concluding that both
the model and the numerical values of the input parameters
were perfectly conform to the field evidence.However,again
here, the detailed analysis of all parameters leads to a
quite different conclusion. Figure 6a shows the distribu-
tions with depth of the observed and computed settlements
1600 days after construction: the CONMULT analysis has un
derestimated the settlement in the crust by about 40% and
overestimated the compression of the soft second layer by
more than 20%. Thus the good total settlement prediction
is the result of compensating errors, Figure 6b presents
the vertical effective stress profiles obtained from the
observed and the computed pore pressures after 1600 days.
The differences are significant: according to CONMULT, con
solidation is nearly completed, while the field data sug-
gest that more than half of the effective stress increase
beyond cﬁ, i.e. in the range where large strains are gener
ated, still has to occur. Consequently, large settlements
should be expected to develop in the future, leading to a
strong deviation between predictions and observations. The
only possible explanation for the diverging conclusions
arising from fipures 5 and 6 1s that the input parameters
k, cﬁ, Ce, Ca, etc,. assigned to the different strata were
erroneous, but in such a manner that the errors were part-
ly self cancellating.
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Fig.6 Observed and computed distributions of settlement
and effective stresses under test embankment D at St-Alban

This case is a good 1llustration of the fact that a good
analytical model, allowing the successfull back-analysis
of one parameter of a given problem, cannot necessarily
serve as a basis for validating methods of measuring or
evaluating the necessary input soll parameters, To achieve
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such a validation of great practical importance, it is ab-
solutely necessary that all parameters of the field behav-
iour be successfully back analysed. A resulting cardinal
rule for peoples dealing in back-analyses should be that a
507 good prediction is 1007 wrong and it cannot lead to
any meaningfull conclusion.

Stability of cuttings in London clay

Back analyses have been the prefered method for determi-
ning the nature and the magnitude of the strength parame-
ters relevant to the failure of natural or cut slopes. How
ever, the method is most difficult to handle properly in
this case where many of the key parameters are not known.
Case histories, i.e. failed slopes, are frequently de-
tected and investigated quite some time after the failure.
As a result the original slope geometry must be approxi-
mated from maps, air photos or neighbouring slopes; above
all the pore pressure regime at the time of failure and
the detailed failure process are totally unknown and must
be assumed. Consequently, the results of back-analyses
are highly influenced by the initial assumptions, up to
the point where contradictory conclusions may be reached
from the same case histories back-analysed with different
sets of "reasonable assumptions". A good illustration of
the problem is provided by the analysis of the stability
of cuttings in London clay.

The stiff fissured brown London clay is sufficiently uni-
form in properties, that slope failures from a variety of
locations can be combined intoc a single data set. Ten cut
tings, excavated between 1838 and 1931, and which have
failed between 1841 and 1966, form the experimental evi-
dence used to develop an understanding of the processes
and strength parameters involved in cut slope failures, In
all but one of these slopes reliable pore pressure data
was not available and had to be assumed.

In the original back-analysis of these case histories,
Skempton (1964) made the tacit assumption that the permea-
bility of the fissured clay 1s sufficiently high to allow
a quick equilibration of the negative pore pressures gener
ated during excavation. In all cases the pore pressures
at the time of faillure were thus assumed stable. The ob-
served time-dependence of failures was consequently inter-
preted as the result of the time dependent decrease of
both the effective cohesion ¢' and the effective friction
angle ¢', from peak values, available initially, to resid-
ual values, achieved on the very long term. The concept
of progressive failure was proposed to explain this signi-
ficant strength reduction in fissured clays.

A few years later, Skempton (1969, 1970) realized that the
reduction of ¢' to residual values requires very large dis
placement along a failure surface. Since such displacement
cannot be developed in a first-time slide at the initia-
tion of failure the reduction of ¢' must be very limited.
Accounting for the concept of critical or fully softened
state, which corresponds to a constant value of ¢' = 20°,
Skempton (1969) developed a mew back analysis of the avail
able case histories. Still assuming a permanent pore pres
sure regime, it was concluded that the effective cohesion
¢' was time dependent as indicated in figure 7a, The pro-
cess of softening of the clay, due to dilatancy and the
opening of fissures, was proposed to explain this reduc-
tion.

In the following years,pore pressure cbservations in 3 sta
ble cuttings (Vaughan & Walbancke 1973) indicated that more
than 20 years could be necessary for the full pore pressu-
re equilibration.Skempton (1977) waa thus led to carry out
a new series of back analyses,in which the strength parame
ters of the clay were now assumed constant and equal to the
fully softened values c'=1 kPa, ¢ = 20°.The conclusion was
that the time dependence of the observed failures reflec-
ted the time dependence of the pore pressure (Fig.7b).
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the 7, parameter obtained from back analyses of cuttings
in London clay.

Leonards (1979) questioned this new explanation on the ba-
sis that dralnage schemes in London clay are fully effec-
tive in less than 10 years. He then suggested that the
slow increase of ¥y with time results from the continued
generation of negative pore pressures due to the structur-
al breakdown of the eclay. Analysing tuils process qualita-
tively, Leonards (1979) concluded that it would imply a re
lationship between the slope inclination and the time to
failure., The available data set indeed confirmed such a
relationship.

Most recently Tavenas & Leroueil (1980) have used the same
series of case histories to develop yet another explana-
tion. Based on a general model of the creep behaviour of
overconsolidated clays, they suggest that the delayed fail
ure of cuttings results from the combined reduction of the
effective stresses during pore pressure equalization and
of the peak strength envelope produced by creep (Fig.8).
The strength mobilized at failure in this model corre-
sponds to the eritical state friction angle ¢' = 20° and
to an empirical cohesive component. In this concept, as
with Leonards (1979) but for different theoretical reasons
the time to failure should be related to the slope inclina
tion and height, as indeed confirmed by the available
field data.
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Fig.8 Schematic effective stress path and time dependence

of strength in the development of failure in cut slopes.



Five contradictory theories have thus been successively
validated by back-analysing the very same series of case
histories and there is no reason to believe that other
theories could not be validated in the future., The lesson
from this experience is that back analyses which require
assumptions on key input parameters just cannot be used re
liably to validate theories or to develop new concepts,
since their conclusions directly reflect the initial as-
sumptions.

Empirical strength parameters for regional slope stability

In spite of the difficulties discussed in the previous ex-
ample as well as of the fundamental problems assoclated
with slope stability analyses (Tavenas et al, 1980), the
back-analysis of failed natural slopes in a given geologi-
cal setting 1s increasingly used to determine empirical
"regional strength parameters" of the local soils. These
parameters are then used in design analyses to check the
atabllity of existing slopes or to define the geometry of
permanent man-made slopes. The definition of these parame
ters 1s assoclated with seme difficulties, as in their sub
gequent use.

In the Champlain clay deposits of Eastern Canada the me-
thod was first used on a case by case basis. For any indi
vidual slope an infinite number of couples of c',¢' values
can lead to F = 1,0 in the back-analyses. Indeed the re-
ported '"relevant" values vary by as much as 0 to 14 kPa
for c¢' and 27 to 55° for ¢', bearing no relationship to
the range of values which can be cbtained from laboratory
tests. In order to obtain a consistent picture of the pro
blem a series of failed slopes with different geometries
must be analysed, to cover a range of effective stress con
ditions. In this case, as shown in figure 9, the strength
conditions at failure correspond to a much narrower range
of ¢' = 7 to 12 kPa and ¢' = 28 to 33°. This range is by
no means negligible but its lower limit could be used to
define a safe design strength envelope.

However, a major problem in developing such an approach is
the accuracy of the back analyses and their results, More
specifically, the exact pore pressures at the instant of
failure are generally unknown and must therefore be assu-
med. Now, an error of +0,5 m on the position of the water
table, or Au = %5 kPa, results in an uncertainty on the
position of the resistance envelope representative of the
field situation. As shown in figure 10, this error trans-
lates directly into an error on the effective cohesion,
Ae' = Au tan ¢', 1.e. Ac' #2,5 kPa. The magnitude of this
error is apparently small, and yet unacceptable in practi-
ce. This is evidenced in analysing a typical slope with
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Fig.9 Resistance envelopes and empirical strength parame-
ters for natural slopes in Canadian marine clays (from
Tavenas & Leroueil 1980).
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a height of 8 m, an inclination of 23° and a water table
at 0,5 m depth, in a clay with y = 16 kN/m3, ¢' = 30° and
c¢' =7,5% 2,5 kPa; the computed factor of safety with the
lower 1imit of c' would be 0,99 indicating instability,but
with the higher 1limit of c¢'= 10 kPa it would be 1,33 which
1s generally considered representative of a stable natural
slope. The reliability of stahility analyses based on empi
rical strength parameters developed from back analyses is
thus questionable,

This example shows that back-analyses cannot be used to de
termine reliable numerical values of soil parameters when
ever gome of the key input data to the back-analyses have
to be assumed. Indeed in this case the results of the ana
lyses directly reflect the initial assumptions.

GUIDELINES FOR THE PROPER USE OF BACK-ANALYSES

The experience shows that back-analyses are rather diffi-
cult to use correctly and efficiently in the development
of geotechnical engineering. Costly errors can be avoided
only by making a complete and unbiased use of all availa-
ble field evidence and by satisfying fundamental soil
mechanics principles with the utmost rigor, More specific
guldelines for the proper use of back-analyses may now be
established.

1. All aspects of the behaviour of soils are actually in-
tegrated into one effective stress dependent response pat-
tern. It 1s improper to split this response into separate
limited phenomena such as pore pressure respomnse, strain
development, strength mobilization. Rather, all parame-
ters of the soil's response must be locked at simulta-
neously and understood in a consistent manner.

2. Soil behaviour is many orders of magnitude more com-
plex than any of our theories, Consequently, the exper-
lence should always be given precedence. Also, theories
and concepts which provide a framework for the qualitative
interpretation of ohservations, such as the limit state
concept for clays (Tavenas & Leroueil 1979), are prefera-
ble to complex analytical solutions which necessarily in-
volve assumptions and simplifications and which can be
evaluated only by comparing numerical values.

3. In spite of the development of field observatioms, our
present knowledge on the in situ behaviour of soil depo-
sits is still limited. Therefore the absolute first prio-
rity of geotechnicians should be the unbiased field obser-
vation of all conceivable parameters pertinent to a given
problem before attaching too much importance to numerical
analyses.

4. Once such observations are available, a qualitative
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analysis of this evidence from a variety of case histories
should be made to develop an understanding of the nature
of the processes involved. Frequently such a qualitative
knowledge of the phenomena is sufficient to develop good
empirical design methods: the investigations on construc-
tion pore pressures by Leroueil et al. (1978) and on later
al deformation in clay foundations by Tavenas et al. (1979
a) are typlcal examples. In any case, a good qualitative
understanding of the problem 1s an absolute requirement
before starting any back analysis. Otherwise, there is a
great danger of analysing the wrong problem, such as
carrying out an undrained analysis for a partially drained
field problem.

5. Implicit and explicit assumptions in theories or ana-
lytical methods must be clearly identified and checked
agalnst the actual soil behaviour as obtained from labora-
tory and fleld investigations. If the assumptions are not
in conformity with the evidence, back-analyses using them
must be considered only as very crude empirical tools and
they cannot be used for developing new concepts or valida-
ting theories.

6. All input parameters which are naturally variable or
which must be assumed, must be identified. In most cases,
assumptions on key input parameters will lead to non relia
ble conclusions of the back-analyses.

7. Soil mechanics principles must apply to the results of
back-analyses. This means that all interrelated parameters
must be back-analysed with equal success... or with a con-
sistent error to allow a reliable empirical correction. It
1s often considered that this condition may be neglected
1f some of the back-analysed parameters can be calibrated
agalns field data. It must be realized that such an ap-
proach leads to problems when dealing with complex field
boundary conditions or when using a method calibrated on
one parameter to analyse another parameter of the same pro
blem. A back analysis successfull on only 507 of the para
meters is nothing but 1007 wrong.

8. Time is a systematic parameter in all geotechmical pro
blems. The validity of back-analyses should therefore be
checked at various stages of the process under investiga-
tion before drawing any conclusion.

9. Finally, in soil mechanics as in any science, the sum
of many errors cannot be anything but an error ... even if
it fits! Users of back analyses should always be looking
for self cancellating errors which have so many possibili-
ties to occur in complex field situationms.
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