Zornberg, J.G., and Azevedo, R.F. (1990). “Elasto-Plastic Finite Element Analysis of a Braced Excavation.” Proceedings of the Third
International Conference on Advances in Numerical Methods in Engineering: Theory & Practice NUMETA '90), Swansea, U.K., January, Vol.

1, pp. 423-430.

Proceedings of the Third International Conference on Numerical
Methods in Engineering: Theory and Applications (NUMETA 90),
7-11 January, 1990, University College of Swansea, Swansea,

- Wales, U.X.

NUMERICAIL METHODS IN ENGINEERING:

THEORY AND APPLICATIONS

VOLUME I

Edited by
G.N. PANDE and J. MIDDLETON

University College of Swansea

Elsevier Applied Science

London and New York



A SEMI-ANALYTICAL ELEMENT METHOD IN SOIL-STRUCTURE
INTERACTION
S. Wang

LARGE DEFORMATION CONTACT PROBLEMS OF
AXISYMMETRICAL MEMBRANES AND SHELLS, A FINITE ELEMENT
SOLUTION

P. Wriggers and W. Wagner

NUMERICAL SIMULATION OF EARTHQUAKE INPUT MECHANISM
FOR ARCH DAMS
C. Zhang, G. Wang, C. Zhao and J. Yi

A FINITE ELEMENT STUDY OF FATIGUE CRACK PROPAGATION
X. Zhang, A. S. L. Chan and G. A. O. Davies

LARGE DEFLECTION AND STABILITY ANALYSIS BY
GEOMETRICALLY NONLINEAR SPLINE ELEMENT
Z. Fan and Y. Long

ELASTO-PLASTIC FINITE ELEMENT ANALYSIS OF A BRACED
EXCAVATION
J. G. Zomberg and R. F. Azevedo

2. PT. TION ANAL,

SENSITIVITY ANALYSIS OF LAMINATE STRUCTURES
C. M. Mota Soares, V. M. Franco Correia and J. Herskovits

AN INVERSE PROBLEM IN VIBRATIONS: PARAMETRIC UPDATING
OF FINITE ELEMENT MODELS USING EXPERIMENTAL DATA
H. Berger, R. Ohayon and L. Barthe

STRUCTURAL OPTIMIZATION OF BEAM STRUCTURES INCLUDING
IMPERFECTIONS
E. Stein, A. Becker and F-J. Barthold

INTERACTIVE SHAPE OPTIMIZATION OF SHELLS
K-U. Bletzinger, S. Kimmich and E. Ramm

UPPER BOUND PLANE STRESS LIMIT ANALYSIS USING AN
UNCONSTRAINED MINIMIZATION METHOD
J. S. Campbell, M. J. Creed and J. B. Delaney

NUMERICAL ANALYSIS OF NONLINEAR HEAT TRANSFER
PROBLEMS VIA FEM AND OLM
A. 1. Jordan, F. N. Bouayed and J. Goscik

A NEW METHOD FOR OPTIMAL DESIGN IN ENGINEERING BASED
ON APPROXIMATION CONCEPTS AND A SET ACTIVE STRATEGY
A. Longo, M. N6 and M. Aizpitarte

MULTI-OBJECTIVE DESIGN OF COMPOSITE-LAMINATED
STRUCTURES
N. H. Malik and §. J. Hardy

SOLUTION OF INVERSE ELASTIC AND ELASTO-VISCOPLASTIC
PROBLEMS IN TWO DIMENSIONS USING THE FINITE ELEMENT
METHOD AND SPATIAL REGULARIZATION

N. Zabaras and D. Schnur

381

390

398

406

4y

423

431

439

454

L64

47y

483

492

500

M



423

ELASTO-PLASTIC FINITE ELEMENT ANALYSIS OF A BRACED EXCAVATION

J.G. Zornberg and R.F. Azevedo
Pontifical Catholic University of Rio de Janeiro, PUC/RJ,
Rio de Janeiro, Brazil

SUMMARY

This paper deals with a finite element program developed to
analyze plane strain and axissymetric geotechnical problems.
Lade's work hardening model was implemented into this code
originating non-linear problems with non-symmetric stiffness
matrices. Both the non-linearity and the non-symmetry were
solved by different approaches. The program represents not only
the removal (exacavation) but also the adding (embankments) of
elements to the original finite element mesh. Bar elements with
a2 bi-linear behavior are available to represent struts and
tie-rods. A macro-programming language is used to facilitate the
simulation of sequential construction steps. The paper first
describes all these features of the developed program.
Subsequently it shows the utilization of the program to analyze
a strutted excavation made to allow the construction of a subway
structure in Sao Paulo city, Brazil,

1. INTRODUCTION

Nowadays, as a consequence of the expansion of the public
transportation metropolitan networks and the construction of
large buildings, a notably increase in number and dimensions of
soil excavations can be observed in densely populated urban
regions. In these circumstances, the ground movement becomes an
indispensable foresight to the successful performance of these
projects.

A promising way of estimating both ground and retaining
structure movements is by means of the finite element technique.
In fact, the finite element method is probably the most general
tool presently available to analyze the stress and displacement
fields associated with the proper simulation of the different
exacavation phases. The results of these analyses depend
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predominantly on the stress-strain and strength theory employed
to model the soil's properties nearby the exacavation. Soils
constitutive characteristics, such as non-linearity, dilatancy
and deformations irreversibility, are aspects that can be well
represented by means of elasto-plastic theories. Among them,
Lade's model [1,2] has been found appropriate to represent the
behavior of cohesionless soils and normally consolidated clays
and was used in this work.

2. PROGRAM CHARACTERISTICS

ANLOG is a finite element program developed at Pontifical
Catholic University of Rio de Janeiro with the objective of
analyzing geotechnical problems and, in particular, excavation
works [3]. Two questions were mainly considered in the code
development. First, the implementation of Lade's model to
represent the stress-strain behavior of the soil, and second,
the appropriate simulation of the sequential steps inherent in
the particular constructive process of each problem.

2.1. Representation of stress-strain behavior of the soil

As it is well known, Lade's elasto-plastic model [1,2]
consists on a two yileld surfaces model in which the total strain
increments are divided into an elastic component, a plastic
collapse component and a plastic expansive component. Each of
these strains is calculated separately, the elastic strains
increments are determined by Hooke's law, the plastic collapsive
strains by a plastic stress-strain theory involving a cap-type
surface with an associated flow rule, and the plastic expansive
strains by a stress-strain theory that involves a conical yield
surface with a non-associated flow rule. The non-associated
properties of the theory have some implications in the finite
element code implementation. On the one hand, non-symmetric
solvers are required as the tangential stiffness will be
expressed in a non-symmetric form. On the other, the necessary
machine storage capacity will be nearly doubled. In the
developed program, both symmetric and non-symmetric systems of
algebraic equations are solved by a direct procedure.
Furthermore, the required storage and computational effort are
reduced by storing the necessary parts of the upper triangular
portion of the stiffness matrix by columns and the lower
triangular portion by rows (Skyline scheme) [4].

With the purpose of avoiding the shortcomings of
non-symmetric approach, numerical schemes have been developed
which enable the use of the symmetric equation solvers in
tangential stiffness programs for non-associated materials
[5,6]. In this work, three different techniques were
implemented, besides the non-symmetric one, in order to lead to
a symmetric stiffness matrix. While using these approaches,
stress integration continues to be performed with the real
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non-symmetric constitutive matrix. in the first implemented
procedure, the real non-associated”material is transformed into
an equivalent associated material by forcing a few parameters of
Lade's model to assume predetermined values, compelling the
plastic potential function to be identical to the yield function
and making the normality criterion to be applied to the soil. A
second approach consists on defining a symmetric matrix [Depm],
such that:
m 1 T

[Dep ] 5 {[Dep] + [Dep] ] 1)
where [Dep} is the real non-symmetric elasto-plastic matrix and
[De. 1T his transpose. This very simple technique turned out very
efficient in the analyzed problems, showing rapid convergence.
Finally, the third approach consists on assembling the global
stiffness matrix only considering the elastic strains component.
In this case, the convergence rate proved to be very slow.

The stiffness matrix will be dependent of both the stress
level and the stress history of the materials. Techniques for
solving non-linear stiffness equations are quite widespread. In
this work, different incremental-iterative approaches based on
the Newton-Raphson scheme were introduced. The stress
integration carried out during each equilibrium iteration 1is
performed by using an explicit integration technique, where the
solution is obtained by forward integrating over a sufficient
number of sub-increments in order to obtain the required
accuracy. Considering that the wused model involves two
simultaneous yield surfaces and with the purpose, on the other
hand, of defining a criterion that allow a physical
visualization of the sub-increments magnitude, the number of
sub-increments is defined by 1limiting the maximum strain
increment in each integrating point.

2.2. Simulation of Geotechnical Problems

In order to define a versatile code that allow the
simulation of different phases of comstruction in a sequential
geotechnical work, a macro programming language was introduced.
The macro programming language 1is associated with a set of
compact subprograms each designed to compute one or, at most, a
few basic steps in a finite element solution process. In this
way, a specific macro command is used to remove elements from
the original finite element mesh, performing an excavation phase
[7]. Bar elements are used to numerically simulate struts and
tie-rods. In order to prevent a strut to be submitted to a
tension force, a bi-linear constitutive behavior, that
introduces a minimal bar stiffness at tension, was considered.
In a similar way, a bar element simulating a tie-rod will not be
allowed to yield compression forces. A two-node bar element that
connects the wall to the anchor would lead to great increase in
the stiffness matrix bandwidth an hence the storage required.
However, the increase in needed storage will be minimal as the
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skyline storage scheme was used to store the stiffness matrix.
Installation, prestressing and removal of bar elements are all
performed with specific macro commands.

Appropriate commands allow the data input as well as the
creation of plot data files used to produce the displacements
and stress fields. A proper macro command is used to solve the
finite element problem itself wusing one of the implemented
algorithms according to control parameters supplied by the user.
Specification of i1nitial stresses (either geostatic or
isotropic) as well as specification of the initial loci of the
yield surfaces can also be provided. Other commands are
presently available in the code and many other ones could easily
be implemented to represent the necessary steps to simulate
specific phases in a geotechnical work.

3.STRESS-STRAIN PARAMETERS OF THE SOILS INVOLVED IN THE ANALYSIS

In order to analyze a strutted excavation made to allow the
construction of a subway structure in Sao Paulo city, Brazil,
the elasto-plastic parameters of the surrounding soils were
calculated. The city of Sao Paulo is located in a tertiary
sedimentary basin, of fluvial-lacustrine origin, located along
the Atlantic Coast. The sediments that fill wup the basin
suffered a weathering process which left signs such as mottling
and precompression by drying. A wide laboratory research has
been developed in order to characterize the stress-strain-
strength behavior of these materials [8]. Some of these
experimental results were used in this work during the
calibration process of Lade's model.

3.1. "Red Clay" Modelling )

The more superficial materials, known as "Red Clays", are a
porous soil whose void ratio is typically grater than 1.0, and
whose degree of saturation is less than 100.0%Z. This layer 1is
composed by an upper horizon, the "Porous Red Clays", that
suffered a more intense weathering and a lower one, the "Stiff
Red Clays". Both horizons show the same strength envelope that
identify them as a unique layer. However, the mechanical
behavior was highly influenced by the laterization process.
Elasto-plastic parameters were obtained for the "stiff Red
Clay". Although the material is slightly over consolidated, it
could be considered as normally consolidated during the
calibration process. Laboratory tests were developed with
partially saturated samples at natural moisture content. The
total stresses obtained from the tests were considered identical
to the effective stresses. Three drained conventional triaxial
compression (CTC) tests corresponding to the confining pressures
of 49 KPa, 98 KPa and 196 KPa were used for calibrating this
material. Furthermore, an hydrostatic compression (HC) test was
necessary for determining collapsive parameters. Table 1 shows
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A typical stress path of an excavation process is the one
that corresponds to a Reduced Triaxial Compression (RTC) test
where the axial stress is held constant while the confining
stress is reduced from an initial hydrostatic state. Fig.3 shows
that the measured deviatoric stresses obtained in these tests
[8] are well represented by the theory. Considering that all the
parameters had been obtained from HC and CTC tests, the
agreement observed in fig.3 stands out the ability of the model
to predict stress paths different from those used during
calibration. Volumetric strains are not showed because of the
difficulty of determining these values in a partially saturated
soil during a RTC test. These results emphasize the importance
of using this model to analyze an excavation, where the
developed stress paths differ from the conventional paths
traditionally used in laboratory tests.

3.2. '"Variegated Soil" Modelling

The "Variegated Soils" are found below the "Red Clay" layer,
near the water table level. This material presents engineering
properties varying in a wide range due to the occurrence of very
different soils, from sandy soils to fat clays. The
pre-consolidation pressure in the studied samples was
approximately 800 KPa. This highly over consolidated material
was then considered as an elastic, perfectly plastic material.
Both failure and elastic strains parameters were still defined
with Lade's expressions and, as plastic deformations will
not occur, the corresponding plastic parameters needed not to be
defined. Table 1 also shows the parameters obtained for the
"Variegated Soil".

4. FINITE ELEMERT ANALYSIS OF A BRACED EXCAVATION

The developed program together with the calculated
elasto-plastic parameters were used to analyze a strutted
excavation made to allow the construction of a subway structure
executed in downtown Sao Paulo city, Brazil. The work consisted
on an excavation of 31.0 m depth, adjacent to which there exists

[ ] [ ]
] ] 1
N :':' b o= 196 KPa E o= 392 KPa
2 x xq
= - "
? N ;
[ a1 s Test (a) 'd
® l}' *Test (b) E l‘
" A M e~ Y s S i I
cv.‘til €, %) €, (%)
Fig.2."Red Clay" behav- Fig.3. "Red Clay" behavior

ior in HC test in RTC tests



429

a 17 floor building with 2 underground floors. This building
deserved a special consideration in relation to the probable
settlements that would occur as a consequence of the excavation.
The retaining structure consisted of a system of soldier piles
with lagging. The water table was initially lowered from its
initial level, approximately at the interface between the "Red
Clay" and the "Variegated Soil", down to 4.0 m under the future
excavation bottom. Three strut levels with no prestressing
forces were considered in the retaining structure.

The used finite element mesh consisted of 481 nodal points
and 147 elements, 3 of which were bar elements and the rest
consisted on 8-node isoparametric elements. As indicated in
fig.4.a, the initial state of stresses of the problem was
characterized by a geostatic state defined from the knowledge of
the coefficient of earth pressure at rest of each material. The
first analysis consisted on simulating the excavation of the two
underground floors of the building adjacent to the excavation
under study. The loading applied by the adjacent building
foundation was further represented numerically. Afterwards, the
stress = field was obtained by simulating the lowering of the
water table and getting, in this way, the state of the soll mass
previous to the beginning of the excavation execution. Four
finite element analyses, corresponding to the four constructive
phases of the excavation under study, were subsequently
developed. The imstallation of the struts was performed in the
corresponding stages of the process. Fig.4.b illustrates the
last phase of the excavation process. These analyses were
carried out using the Standard Newton-Raphson Method and
considering either the non-symmetric or the symmetric stiffness
matrix during the non-linear solution process.

The stress states, displacements fields and safety factors
of the soil mass, as well as the efforts on the different
components of the retaining structure, were obtained from these
analyses. The minimal settlements of the adjacent building
obtained numerically were confirmed with the dinsignificant
values measured in situ. The displacements evolution of the wall
during the four constructive phases of the excavation can be
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Fig.4. Initial and final stages of the excavation process
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observed in fig.5. These displacements are influenced by the
high force exerted by the last strut level. The maximum Ilateral
calculated movement (3.69 cm) 1s i#t coincidence with the
development, in the soll mass adjaeent to the wall, of a

localized active failure area.
LSS

e } =
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Fig.5. Wall displacements evolution during excavation
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