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Résumé

De nombreux batiments peuvent étre endommagés par des mouvements de terrain associés a des
excavations souterraines, des tunnels, des mines ou des excavations en milieu urbain. L'évaluation du
mouvement du terrain transmis au bati est alors l'une des préoccupations majeures et la présence des
incertitudes peut avoir une influence significative sur le comportement de la structure da a I'Interaction
Sol-Structure (ISS). Le but de cette étude est d'étudier le comportement d'une structure existante assise
sur un sol soumis a un mouvement de terrain en tenant compte des nombreuses sources des
incertitudes. Une triple approche (analytique, numérique et experimentale) est appliquée. Les résultats
révélent l'influence de la prise en compte de ces incertitudes sur I'évaluation de la transmission des
mouvements du terrain. Ils montrent I’effet des incertitudes sur la réponse de la structure ce qui affecte
directement la prévision des dommages structurels.

Les mouvements de terrain désignent une large gamme de déplacements du sol, d’origine naturelle ou
anthropique, tels que le phénomeéne de retrait-gonflement des sols argileux, I’influence d’excavations
du sous-sol a proximité d’ouvrages (tunnels, parking, etc.) et les mouvements associés a I’instabilité
de vides souterrains tels que les affaissements miniers et les fontis.

Ces mouvements de terrain peuvent se produire en l'absence de toute structure a proximité. Ce cas
représente le mouvement de terrain en champ libre. En cas de présence d’une structure, tout ou partie
de ce mouvement peut étre transmis au batiment (El Kahi et al., 2018) et peut causer des dommages
structurels (Ricceri et Soranzo, 1985). Il n'est pas approprié de considérer que les mouvements en
champ libre sont systématiquement entiérement transmis au batiment (Mair, 2013 ; Potts et
Addenbrooke, 1997 ; Boscardin et Cording, 1989) en raison d’une interaction entre le sol et la structure
(ISS). On appelle Ag la déflexion maximale qu’aurait subi un batiment si les mouvements en champ
libre étaient intégralement transmis.

En supposant que le mouvement du sol en champ libre est a peu pres circulaire sous le batiment, on
peut le caractériser par son rayon de courbure R. Une relation géométrique, I’équation [1], peut étre
déterminée pour calculer Ao en combinant R avec L (longueur du batiment), comme illustré a la Figure
1. On appelle alors A la déflexion maximale du batiment compte tenu de la prise en compte des
phénomeénes d’ISS et A/Ag désigne alors le taux de transmission des mouvements en champ libre
(Figure 2).

do=L*/8R /1]

Fig. 0.1. Présentation du déplacement en champ libre Ao.
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Fig. 0.2. Comportement des structures soumises au mouvement du terrain. (a) Structure de haute rigidité sur
sol souple. (b) Structure de rigidité intermédiaire sur sol intermédiaire. (c) Structure flexible sur sol dur.

Différentes approches ont été développées pour étudier le comportement de structures soumises a un
tassement différentiel pour prédire le taux de transmission des mouvements du sol : numériques (Haji
et al., 2018 ; Potts et Addenbrooke, 1997), analytiques (El Kahi et al., 2018 ; Deck et Singh, 2010),
expérimentales (Nghiem, 2015) et observationnelles (Goh, 2010).

Mis a part les méthodes observationnelles qui s’appuient sur des observations réelles d’ouvrages
existants, toutes ces méthodes sont aujourd’hui appliquées a des modeles simplifiés, de type poutre,
dans un soucis d’évaluation de la tendance globale des phénomeénes et non d’étude spécifique d’un cas
particulier.

Toutes ces approches convergent pour suggérer que le taux de transmission peut étre estimé en fonction
d’un parametre de rigidité relative p* entre le bati et le terrain (Figure 3). Cette rigidité dépend
principalement de trois facteurs, EI/B la rigidité équivalente du bati (E le module de Young équivalent
du bati, B sa largeur et I son inertie équivalente), Es le module de Young du terrain (qui peut étre
remplacé par k (module de Winkler)) et L la longueur du bati.

AlAg
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Fig. 0.3. Résultats de la variation du taux de transmission A Ag par rapport a rigidité relative p* selon le
modele de El Kahi el al. (2018).

Ainsi, bien que les différentes approches développées fournissent une bonne prévision des
mouvements des terrains en champs libre transmis aux ouvrages, compte tenu des phénomeénes
d’interaction sol-structure, ces développements soulevent néanmoins des questions relatives a
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I’influence des incertitudes liees au comportement du bati et du terrain pour la prévision de ces
mouvements transmis. Une problématique importante sera ainsi la prise en compte des incertitudes
dans la prévision de la réponse de la structure soumise a des mouvements des terrains.

L’objectif de la theése est donc d’approfondir la question des incertitudes relative aux trois éléments de
I’interaction sol-structure (sol, bati, mouvement transmis). Les résultats de cette etude révélent
I’influence de la prise en compte des incertitudes sur 1’évaluation de la transmission des mouvements
du terrain. Ils montrent la différence de la réponse de la structure entre une approche déterministe et
une approche probabiliste, ce qui affecte directement la prévision des dommages structurels.

Ainsi, les résultats sont principalement basés sur la modélisation analytique et se concentrent sur les
quatre incertitudes suivantes:

- Incertitudes sur la valeur des principaux parametres géo-mécaniques: longueur du batiment,
rigidité du batiment et rigidité du sol

- Incertitudes sur le déplacement du sol en champ libre et la position du batiment

- Incertitudes sur le sol ou variabilité de la rigidité du batiment

- Incertitudes sur le comportement élastoplastique du sol

Pour évaluer I'impact de ces incertitudes et présenter un moyen pratique de prédire les déformations
du batiment induites par les mouvements du sol, différentes techniques peuvent étre utilisées. Par
exemple, en se basant sur les résultats déterministes du taux de transmission, un facteur de modification
A, a ou a (selon le chapitre correspondant) peut étre proposé pour que (A/Ao) avec incertitudes = A (A/Ao)
sans incertitudes; C€ COefficient est évalué en calculant un nombre significatif d'itérations. Il peut étre
présenté a l'aide d'un graphique ou d'une équation évaluée par des procédures statistiques comme les
réseaux de neurones artificiels. Une autre technique pour prendre en compte les incertitudes consiste
a tracer des intervalles de confiance afin de permettre une évaluation probabiliste du taux de
transmission au lieu d'une évaluation déterministe.

Dans un premier temps, cette thése étudie les incertitudes affectant la prédiction de la réponse de la
structure aux mouvements du sol en tenant compte de la variabilité des parametres ISS. Les résultats
révelent que A/Aog dépend significativement de la variabilité des paramétres ISS, de leur loi de
distribution probabiliste et de leur coefficient de variation (COV). Pour une distribution uniforme et
une distribution normale avec le méme COV pour les 3 paramétres ISS, L a la plus forte influence.

En étudiant la variabilité de EI/B, L et k selon une distribution normale avec le COV correspondant
défini dans la littérature, on constate que I'effet de chaque paramétre varie en fonction de la valeur p*
considérée. Globalement, I'effet de EI/B augmente avec l'augmentation des valeurs de la rigidité
relative; cependant, I'effet de k diminue lorsque p* augmente.

Si la variabilité de L est limitée (COV = 5%) par rapport a celle de EI/B et k (COV = 40%), pour les
faibles valeurs p*, k a la plus grande influence. Cependant, pour les grandes valeurs p*, EI/B a la plus
grande influence. Pour les valeurs intermédiaires de p*, EI/B et k ont presque le méme effet. En
revanche, en réduisant la variabilité des paramétres, COV (EI/B) = COV (k) = 20%, les résultats
révelent que I'influence des variabilités des parametres ISS est comparable.
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Les intervalles de confiance sont ensuite développés analytiquement et validés numériquement en
variant les parametres ISS. Une gamme de résultats de (A /Ao) avec incertitudes €St associée a chaque valeur
de larigidité relative en considérant un niveau de confiance qui se situe entre 70 et 95%. Ces intervalles
de confiance fournissent une évaluation probabiliste simplifiée qui peut étre directement adoptee par
les ingénieurs lors de la conception pour évaluer une valeur de A/Ao en considérant I’effet de ces
incertitudes.

Deuxiémement, en se basant sur le modéle de Winkler couplé a une poutre élastique d'Euler-Bernoulli,
une approche analytique est appliquée pour évaluer I'influence de sources importantes d'incertitudes
liees aux conditions et propriétés ISS, comme le profil de mouvement du sol en champ libre et la
position du batiment par rapport a la courbure de tassement. L'approche analytique est ensuite validée
par des modéles numériques d'élements finis qui sont appliques a I'aide de Plaxis 2D.

L'effet du profil de mouvement du sol en champ libre a été étudié en considérant plusieurs formes
continues (polynomiale, trapézoidale, sinusoidale, triangulaire et semi-triangulaire), une forme
discontinue (rectangulaire) et une forme gaussienne. Pour les cas continus, les résultats du taux de
transmission maximal sont Iégerement différents. Pour la forme discontinue, le taux de transmission
ne suit pas une courbe alignée comme pour les formes continues méme s'il respecte la courbure
globale; une différence significative est obtenue. Pour la forme gaussienne, la distance horizontale
entre le point d'inflexion de tassement et la ligne centrale du batiment a une influence significative sur
les résultats. Deux cas gaussiens sont considérés et les résultats montrent que pour une structure ayant
une longueur comparable a la longueur de courbure, A/Ao ont des valeurs globalement similaires aux
modeles ISS précédents.

La position du batiment par rapport a la courbure du tassement a été étudiée en considérant deux cas.
Le premier cas est celui d'un batiment éloigné du point d'inflexion ou la déflexion de la structure
présente une courbure entierement concave / convexe. Cependant, les formes concave et convexe
donnent exactement les mémes résultats du taux de transmission A/Ao. Le deuxieme cas est lorsque le
point d'inflexion du mouvement en champ libre est proche ou sous la structure, alors la structure peut
étre partiellement concave et convexe, et sa position affecte fortement la prédiction de A/Ao. Des
approches continues et discontinues sont considérées et les résultats révélent que le cas le plus
défavorable correspond au cas ou le centre de courbure coincide avec la ligne centrale du batiment ce
qui surestime la réponse de la structure. Pour une utilisation opérationnelle, un coefficient A est
proposeé; ce coefficient peut étre utilisé par les ingénieurs et les concepteurs pour évaluer les dommages
aux batiments induits par la transmission des mouvements du sol aux structures en tenant compte de
ces incertitudes.

Troisiemement, des approches analytiques et numériques sont également appliquées pour étudier la
réponse d'une structure existante assise sur un sol soumis a un mouvement du sol en intégrant
I'élastoplasticité du sol a travers le paramétre de capacité portante du sol. Un nouveau méta-modeéle
simplifié est proposé pour eévaluer la différence dans le taux de transmission entre la considération d'un
comportement élastique ou élastoplastique du sol. Ce méta-modele est évalué en utilisant la technique
du réseau neuronal artificiel basée sur un nombre significatif d'itérations pour diverses combinaisons
de parametres ISS.
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Quatriemement, une étude est menée pour étudier l'influence de la variabilité naturelle des propriétés
du sol et de la variabilité de la rigidité de la structure, causee par I'hétérogénéité des matériaux de
construction et des ouvertures (portes, fenétres, etc.), sur I'évaluation de la transmission de
mouvements du sol.

La variabilité du sol est considérée en utilisant un champ aléatoire pour évaluer le module de Young.
Les résultats révélent I'effet de la prise en compte de la variabilité spatiale du sol sur le taux de
transmission; pour un sol hétérogeéne, les propriétés se compensent de sorte que I'effet final devient
similaire au cas ou il n'y a pas de variabilité spatiale. Cependant, lorsque la longueur de corrélation
augmente, le sol devient homogene, mais l'influence de la variabilité spatiale est plus importante. Pour
une utilisation opérationnelle, un coefficient a est proposé; ce coefficient peut étre utilisé¢ par les
ingénieurs et les concepteurs pour évaluer les dommages aux batiments induits par la transmission des
mouvements du sol aux structures en tenant compte de ces incertitudes.

Les incertitudes liées a la rigidité du batiment sont étudiées a l'aide de deux procédures. Tout d'abord,
la variation de la rigidité de la structure est étudiée en considérant différentes partitions de rigidité de
la poutre. Les résultats indiquent que I'évaluation de la transmission du mouvement dépend de la
variation de rigidité et une différence est observée entre le cas homogéne et le cas hétérogéne ou le cas
homogéne sous-estime généralement la prédiction du taux de transmission. Deuxiémement, la
variabilité de la rigidité du batiment est étudiée en réalisant des tests expérimentaux sur les murs de
maconnerie afin d'étudier I'évolution de la variabilité de la rigidité de ces murs soumis & un tassement
du sol. Les résultats ont montré un COV comparable aux valeurs considérées de la variation de rigidité
utilisées dans I'évaluation de I'effet de la variabilité des parameétres ISS sur le taux de transmission.
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. Introduction

Managing the risks associated with the impact of ground movements on the nearby existing structures
constitutes a global challenge. This has been significantly studied and developed in urban areas that
are located near to mines and underground quarries. On one hand, in urban areas, to satisfy the needs
for further underground transportation and services, new tunnels are often excavated near existing
structures such as the Grand Paris Express project where more than 200 km of underground works take
place in urbanized areas. As part of the tunneling design project, engineers need to assess
displacements and deformations of existing surface structures resulting from soil-structure interaction
(SS1). On the other hand, ground movements may have their origin in the existence of mines and
underground quarries because of the exploitation of raw materials. These movements can produce
disturbances on nearby structures. In particular, a large number of old underground operations
containing voids abandoned at different depths exist in Lorraine. Moreover, five subsidence cases have
occurred in the Lorraine iron basin in the last 25 years, and these have damaged more than 500
buildings. Up to now, these voids constitute a serious risk because the overlying soil is eligible to
serious deformation due to any mine collapse that can occur. Thus, the behavior of structures subjected
to ground movements has been, since several years, a global topic of research that was developed at
the GeoRessources laboratory and the Ecole des Mines de Nancy.

The objective of this thesis is to consider the impact of uncertainties affecting the evaluation of the
structures behavior submitted to differential settlement in order to assess their vulnerability. The
innovation of this thesis is to apply a triple approaches methodology (analytical, numerical and
experimental) in order to consider the uncertainties, their origin, their impact, and their influence on
the transmission of the ground movements from the soil to the structure. The main expected results are
confidence intervals to evaluate the transmission of ground movements to structures considering the
uncertainties related to the most influential and significant parameters that have to be taken in the
analysis of soil-structure interaction problems, and also the development of a methodology to evaluate
the overall uncertainties of the estimation of the differential settlements that affect the structure.

As shown in Fig. 1.1, ground movements may have different "sources™ (origins) such as the shrink-
swell phenomenon of clay soils (Jahangir et al. (2013)), the influence of nearby excavations (tunnels)
(Potts & Addenbrooke (1997)) and the presence of underground voids such as mining subsidence,
sinkhole, etc. (Aissaoui (1999)). These sources will cause soil settlement. Thus, the displacement
which a ground would have in the absence of a structure, represents the "free-field ground movement"
or “greenfield movement”. However, in the presence of an existing structure, this movement may be
considerably affected. Since it is not possible to consider that these movements in the free-field are
transmitted entirely to the building (Mair (2013)), it is necessary to take into account the soil-structure
interaction phenomenon. Consequently, the soil settlement produced by the free-field ground
movements affects the structure and can cause structural damage (Basmaji et al. (2017)). Although
these phenomena of structures subjected to ground movements are now widely studied (Basmaji et al.
(2017); Saeidi (2010); Son & Cording (2007)), each study is based on a set of hypotheses that does not
allow the generalization of the results obtained. The question of uncertainties, their identification and
their influence are therefore the essential matters of this study.
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Fig. 1.1 Diagram representing the ground movement transmission to the structures due to
Soil- Structure Interaction (SSI).

Different methods (analytical, numerical, experimental, empirical field data results) have been
developed to predict the building deflection in response to the ground movements (Franza et al. (2019);
Hassoun et al. (2018); Haji et al. (2018); Basmaji et al. (2017); Farrell & Mair (2011); Goh & Mair
(2011); Deck & Singh (2010); Aissaoui (1999); Potts & Addenbrooke (1997)). In particular, the
question of uncertainties affecting the building deflection has been seldom studied before, although
the comparison of the overall results demonstrates the existence of significant uncertainties. These
uncertainties can be differently studied, based on the implemented approach: analytical, numerical and
experimental approaches. As shown in Table I-1, each approach presents its own disadvantages and
advantages to study the influence of uncertainties.

Table I-1: Advantages & disadvantages of the numerical/experimental/analytical models to study the
influence of uncertainties

Numerical model

Experimental model

Analytical model

Disadvantages

The more complex and
realistic is the model, the
greater is the number of
variables that are all source
of uncertainties.

Lack of generality and

Cost and time.

Limited results.

Scale effects when
based on reduced scale
models.

Based on very simple models of
both the ground and the structure.
It can’t be used to get precise
results and not all uncertainties
may be studied.

possible extensive
computation time.
Advantages Many sources of | The unigque real | An easy method to study some

uncertainties can be studied
(even those which cannot be
easily studied by analytical
models):

- building “real” geometry
(2D or 3D) and materials.

- Presence of openings in the
structure (windows).

- Ground geological profile.

physical result.

major  uncertainties: (Soil
deformation profile, Soil
representative model (Winkler,
Pasternak, elastic/elastoplastic
etc.), Building stiffness
variability, Building position to
the center of the basin, etc.).
Rapid  evaluation  avoiding
computation difficulties.

Except empirical methods based on observations of real existing structures, all of these methods do
not consider a specific study of a particular case but they are applied to simplified structures, such as
beams, in order to assess the global trend of ground movements induced phenomena.

Among the approaches developed to study the SSI phenomenon, only numerical methods offer great
flexibility for taking into account the complexity of the SSI conditions (Potts & Addenbrooke (1997)).
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Although it is relatively simple to consider complex soil and structures behaviors in numerical models,
their use may be criticized by the justification of the numerical values of all parameters and conditions.
In addition, numerical models present difficulties to generalize results, because of the need to
reproduce the same scenario numerous times, by varying a particular SSI parameter in each repetition
to cover the extent of the variation range of all parameters. Thus, they can be considered as time-
consuming processes (Deck & Singh (2010)).

To avoid these difficulties, it is possible to obtain results through analytical methods that develop
simple equations that represent the structural deflection. Analytical methods may be considered as a
complementary tool to the numerical ones, allowing quick calculations for a wide range of variation
of parameters, without considering complex configurations (Basmaji et al. (2017)). In these analytical
models, the soil is modelled with simple elastic stiffness elements as elastic springs and the building
by simplified structures such as beams.

On one hand, the scope of numerical methods is incomparably wider than that of analytical methods
and its use may be necessary to model complex conditions with a high degree of realism, including
nonlinear stress—strain behavior, non-homogeneous material conditions, and changes in geometry and
so on. However, care must be taken about the required time to develop such numerical models to
investigate influence of uncertainties.

On the other hand, though its importance to physically reproduce the real case, the experimental
approach presents even more disadvantages from the point of view of the required time to study the
influence of uncertainties. The choice of the analogical model respecting the scale and the building
properties constitutes by itself a major source of uncertainty that dominates all the other sources, and
that needs to be studied alone.

Consequently, the analytical approach appears to be a suitable method to study the majority of
uncertainties in this thesis. However, the numerical and experimental approaches can be significantly
important to validate some of the results obtained in the analytical approach.

At first, a bibliographical study will be devoted to the presentation of the phenomena of ground
movements, their sources and their influence on constructions, and the different approaches used to
estimate the movements of buildings following these movements. Then, the different methods used to
quantify and represent the impact of the various sources of uncertainties, which can affect the
evaluation of the transmission of ground movements to structures, are presented.

At second, a chapter that summarizes the sequence of targets set in this thesis and the main results
obtained in each paper is presented. Since the objective of every paper is unique, the target of this
chapter is to present a global vision that links these papers issued separately in order to reach the final
target of the thesis.

At third, a paper titled “Simplified probabilistic evaluation of the variability of soil-structure
interaction parameters on the transmission of ground movements” is presented to consider the
uncertainty related to the evaluation of the transmission of ground movements to structures considering
the influence of the variability of the soil-structure interaction (SSI) parameters. This probabilistic
approach aims to quantify the relative importance of the variability of the main SSI parameters on the
structure response via a sensitivity analysis (SA). The structure response is evaluated using analytical
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and numerical models. The objective is to evaluate the impact of the parameters variability which are
assumed to be of a random nature. To avoid time and computation difficulties, a simplified analytical
meta-model that reflects the structure response is proposed. Based on this meta-model, the SA is
performed using three selected procedures, one local and two global, namely, one-way analysis, Sobol
and McKay respectively. Results reveal the contribution of each input parameter on the variability of
the response using various sampling techniques, such as random Monte-Carlo Simulations (MCS) and
the Latin Hypercube Sampling (LHS). Results also reveal the influence of the variability of the main
SSI parameters on the rate of the ground movement that is transmitted to structures; confidence
intervals are set and can be used by engineers and designers when evaluating the induced building
damage in response to the transmission of ground movements taking into consideration these
uncertainties.

At forth, a paper titled “Influence of uncertainties on the evaluation of building deflections induced by
ground movements” is presented. An evaluation of the influence of important sources of uncertainties
related to the Soil-Structure Interaction (SSI) conditions and properties is applied, namely, the free-
field ground movement profile, the building position to the settlement curvature and the variability of
the structure stiffness caused by the heterogeneity of structural materials and openings (doors,
windows, etc.). Results reveal the discrepancy in the response of a structure by considering these
uncertainties in the entire domain of variation of the SSI parameters. For an operational use, a
coefficient A is proposed; this coefficient can be used by engineers and designers when evaluating the
building damage induced by the transmission of ground movements to structures taking into
consideration these uncertainties.

At fifth, a paper titled “A new simplified meta-model to evaluate the transmission of ground
movements to structures integrating the elastoplastic soil behavior” is presented. The purpose of this
paper is to compare various approaches to evaluate the structure response and to propose a new
simplified meta-model that integrates the soil elastoplasticity to evaluate the transmission of ground
movements to structures using the technique of neural networks.

At sixth, a paper titled “Influence of spatial variability of soil properties on structures response” is
presented. The target of this paper is to investigate the influence of natural variability of soil properties
on the evaluation of the transmission of ground movements. A probabilistic study is done using an
analytical approach coupled with a numerical model. In order to propagate geostatistical conditions to
represent the soil, a modified soil elastic representative model is developed where the soil is assimilated
to a juxtaposition of elastic springs characterized by a particular stiffness value for every spring
according to the SGS (Sequential Gaussian Simulation) method.

At seventh, the stiffness variability is investigated experimentally. The objective of this experimental
approach is to carry out tests on masonry walls in order to study the evolution of the stiffness variability
of these walls subjected to a ground settlement. To reproduce the settlement conditions, the
experimental study is carried out on masonry structures undergoing bending tests through a
progressively increasing vertical load. Four bending tests are carried out on identical masonry walls
simply supported at their ends, bending under the effect of vertical loads, in order to follow the
evolution of their displacement and consequently the stiffness variation. The results are compared to
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the considered values of the stiffness variation in the evaluation of the effect of the variability of SSI
parameters on the transmission ratio.

Finally, 4 annexes present some additional work done in this thesis. The results shown in these annexes
are the subject of other papers which are not presented in this manuscript, or papers that are under
preparation.

1-

Annex 1 presents a complementary part of the simplified meta-model that integrates the
elastoplastic soil behavior. This annex summarizes a part of the scientific collaboration realized
with the Polytechnic University of Madrid. In fact, a mobility grant has been associated to this
thesis from Lorraine University of Excellence to realize an exchange program for three months
(September-November, 2019). During this period spent in Madrid, a comparison has been done
between the SSI analytical models developed in the literature by: (a) Deck & Singh (2010) that
is based on Winkler model and Franza et al. (2019) that is based on Continuum model.
Comparison results reveal that Winkler model provides moderate results even if its use may be
criticized for some restrictions.

Annex 2 presents another part of the work realized with the Polytechnic University of Madrid,
considering a continuum model. In this chapter, the artificial neural network was used to
evaluate the influence of plasticity and gap formation for sagging and hogging mines, in
addition to the influence of eccentricity for the tunneling induced movements based on Franza
et al. (2019) continuum model.

Annex 3 presents an extension to the model and geometric uncertainties paper (free-field shape,
building position and stiffness variability) that shows the results that were presented in the
JFMS-2018 (10émes journées Fiabilité des Matériaux et des Structures - Bordeaux, 27-28 Mars
2018), to investigate the influence of some relevant parameters on the same free-field ground
form; for example, the influence of the gap position generated by the variation of the gap form
due to the ground displacement.

Annex 4 presents the results of the numerical study of the influence of equivalent stiffness on
the behavior of buildings subjected to soil settlements. A synthesis of this work was presented
in ESREL-2019 conference (Proceedings of the 29th European Safety and Reliability
Conference).
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Il. State of Art

Ground movements produced by subsurface cavities, tunnels or shrink-swell of clay soils may be
transmitted to buildings to cause damage. Managing the risks associated with these movements
requires an establishment of relationships between ground movements and their consequences on the
surface, particularly on buildings.

There are many bibliographical references addressing the question of the transmission of ground
movements to buildings due to SSI, and the question of structures response, in addition to the
evaluation of their damage (threshold values of movements, analytical methods, numerical, etc.) [1-
12]. However, the uncertainties related to the evaluation of the transmission of ground movements are
scarcely assessed since most of the SSI studies are based on particular conditions for particular cases,
so the results obtained cannot be generalized.

So, this chapter is divided into two parts: (a) the transmission of ground movements to structures and
(b) the uncertainties affecting the transmission phenomenon. The first part presents a review of the
sources of ground movements and their effect on the free-field, their transmission and the structures
response. The second part presents a discussion about the uncertainties affecting the estimation of the
transmission of ground movements, their impact and their evaluation.

1.1 Transmission of ground movements to structures

1. Free-field movement
a) Sources of ground movement

Ground movements include a series of displacements of the soil or subsoil, of natural or anthropogenic
origin [8, 13-14]. This study focuses more specifically on movements induced by tunnels and
underground cavities (mines, quarries, etc.). It is with respect to these movements that the phenomena
of soil-structure interaction will be studied.

1) Mining subsidence

For the mining subsidence, nowadays, the exploitation of raw materials (iron, salt, gypsum, etc.)
through underground mines and quarries leaves underground voids abandoned at different depths and
under different environmental and climatic conditions.

As shown in Figure 1.1, after the termination of operations, subsidence may occur as a result of
breakage of pillars or covering issues. The problem of mining subsidence and its impact on buildings
and above-ground structures, can be essential to manage the risks associated with these operations.
There are two main types of subsidence: the progressive subsidence and the brutal subsidence.

The mining subsidence causes the appearance of a curvature on the surface. The curvature has a three-
dimensional geometry that depends on many factors related to the geometry of the mine, the method
of exploitation, the geology of the subsoil, the mechanical properties of the land, etc. The surface
undergoes differential displacements. The vertical displacements are at the origin of a slope and a
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curvature of the ground which varies in the subsidence zone. The horizontal displacements are at the
origin of a horizontal deformation of the field that is of extension type towards the outside of the
subsidence and of compressive type towards the interior. In order to describe these movements, it is
necessary to define and investigate various “mining” parameters and to assess the methods of
describing and predicting the subsidence phenomenon: vertical displacement, curvature and horizontal
deformation [10, 15-16].

The methods of predicting the mining subsidence are many:

Empirical methods [13, 17] that are based on the observed results of mining subsidence. They
take the form of mathematical formulas or charts.

Semi-empirical methods [16-18] that are mainly functions of profile and influence. They are
based on the superposition principle which is applied to infinitesimal parts of the exploited
area. The final subsidence is obtained by considering all the infinitesimal elements of the
exploited surface of the mine.

Analytical methods [10, 15] that are based on the simplifying hypotheses that do not make it
possible to study a discontinuous zone but they make it possible to characterize the movement
of the grounds and also to study the behavior of the roof by analogy with the theory of the
beams.

Physical methods [19, 20] that use reduced models made of artificial materials such as
solidified gelatin, stratified sand, gypsum which have mechanical behaviors similar to those of
the field materials. The actual subsidence parameters are then deduced by similarity laws.
Numerical methods [21, 22] such as finite elements, finite differences and discrete elements
can also be used for the prediction of mine subsidence. They make it possible to predict
subsidence and horizontal deformations from constitutive laws such as elasticity, plasticity,
viscoplasticity or considering a discontinuous mass.

The order of magnitude of the movements induced by mining subsidence is highly variable, with radii
of curvature varying from a few hundred meters to a few kilometers. For a building of 20m in length,
these curves are then associated with structural deflections that have the order of millimeters to
centimeters [23].
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A- Presence of an underground exploitation. Degradation of the roof and pillars.

B- Rupture of a set of pillars, collapse of the exploitation and beginning of progressive subsidence of the
overlying lands, 90% of the subsidence occurs in a few hours or days. Buildings are damaged.

C- Completion of the formation of the bowl which stabilizes in a few months.

Fig. 11.1 Hlustration of the mining subsidence phenomenon (Modified from Deck (2002) [15]).

2 Tunneling

On the other hand, tunneling can induce ground movements (Fig. 11.2). These movements are not
uniform but are concentrated in line with the underground structure in the form of a curvature. In fact,
the response to the perturbation generated by the tunneling depends essentially on the nature of the
soil and the tunneling technique. For example, the problem of tunnel stability is relevant to the tunnel
heading where a portion of the soil may be unsupported, if the linings (temporary/permanent) have not
yet been placed, or partially supported. To evaluate tunnel stability in undrained conditions, Broms
and Bennermark (1967) [24] introduced the tunnel stability factor, defined as the sum of the surface
surcharge pressure, the unit weight of the overburden material by the depth to the tunnel axis and the
pressurized slurry over the undrained shear strength. The higher the stability ratio the more unstable is
the tunnel heading. On the basis of laboratory tests and field observations, a failure is associated with
the critical stability ratio of 6 [25]. According to a comprehensive review of latest findings performed
by Leca et al. (2007) [26], care is recommended in the evaluation of settlement risk when this factor
is between 3 and 6, with particular attention to possible ground loss if it is higher than 5. Centrifuge
model tests performed by Mair (1979) [27] and Kimura and Mair (1981) [28] displayed that the critical
value increases with cover to diameter ratio and decreases with the unsupported length of the tunnel
head. Theoretical solutions supporting these findings were developed by Davis et al. (1980) [29].
Ground movements caused by tunneling are mainly caused by the soil moving towards the drilling
machine due to the stress-relief, which results in a ground loss. In general, depending on the tunnel
construction method, it is possible to identify the main sources of the ground loss, listed by Mair and
Taylor (1999) [30].
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The implementation of a proper tunnel deformation shape assumes a fundamental role in the analytical
analysis where the volume loss area has been attributed to a cavity contraction, i.e. by a uniform tunnel
convergence. Nevertheless, this straightforward assumption may not describe the actual field
displacement adequately: centrifuge modelling confirmed that little ground displacement occurs at the
tunnel invert [27, 31]. The actual tunnel ground loss is distributed according to a roughly elliptical
shape in clays [32, 33], whereas the ground loss should be concentrated at the tunnel crown in sands
[34, 35].

The problem is particularly existent in cities, where these movements affect all components of the
urban structures, either buildings, roads or networks. The estimation of ground movements is the first
step to perform a reliable risk-assessment of the potential effects on building and buried infrastructure,
which is essential for the design of tunneling in urban areas. Although a certain understanding of the
free-field tunnel-induced settlements has been reached in the literature, there has been a limited
discussion about its validation [25].

The study of movements associated with tunneling and their consequences have been the subject of
several studies worldwide [6, 9, 11, 36,-44].

Numerical methods have been extensively applied to tunneling and to the induced soil deformation
patterns because of the possibility to implement various geometries, details of the construction
procedures and complex soil constitutive models. However, there are many cases, especially in the
preliminary stages of the design, in which the soil data are not adequate to characterize complex
constitutive models and the excavation method is not fully defined. Therefore, if closed-form solution
is not possible, the empirical methods present an effective instrument to carry out low computational
cost, approximate and sensible evaluation of practical study cases [9, 11, 43].

Tunneling-induced settlement troughs are generally described by tunnel engineers using simple
empirical methods. As proposed by Peck (1969) [45], in undrained conditions, the shape of transverse
settlement troughs agrees with a standard Gaussian curve.

The vertical displacement decreases with the increase in the tunnel depth (H) because the tunnel tends
to behave as in an infinite space. According to the results shown by Pinto and Whittle (2006) [46], the
ratio Auz/e (uz is the vertical settlement and ¢ the tunnel contraction parameter) is approximately
within the range of 0.2-0.4 for R/H = 0.2—0.4 (where R is the tunnel radius). Neaupane and Adhikari
(2006) [47] presented ranges between 0.92 cm and 10.5 cm for the vertical displacements of soils in
areas overlying tunnels (Mexico City 10.5 cm, USA 0.92 cm).



26

Total bowl!

1- Extrusion of the face of the waist
2- Convergence
3- Moving in the massif

Fig. 11.2 Movement induced by tunneling (Modified from Serratrice and Magnan 2002 [48])

3) Sinkholes

Sinkholes can also be considered as sources of ground movements. A sinkhole is a depression or hole
at the ground surface caused by some local collapse of the surface layer due to the presence of a cavity.
Horizontal extension of sinkholes is limited to few meters. This subsidence can have a high amplitude
which causes discontinuities on the surface. Fayad (2004) [49] studied the stability of the roof of the
underground quarries. Also, Vachat (1982) [50] studied a sinkhole that appeared on the top of a former
granular limestone quarry at Malakoff in the Paris basin. This resulted in a depression on the surface
of the ground of 2.5m diameter and 2m deep. At the bottom, an opening having a bell shape at the
surface of 8m height with an angle of 80 ° appeared at the base.

Also, the sinkholes were the subject of study of various experimental models that have been developed
to better understand the phenomenon and its influence on buildings [51-53].
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A- Rupture of roof with falls of blocks in an old exploitation.

B- Climb of vault by successive falls of blocks of the rooftop.

C- Beginning of formation of a sinkhole bell. A cone of scree begins to form.

D- The sinkhole bell continues to grow towards the surface. The cone of soil filled the
underground cavity.

E- The sinkhole opens until causing the collapse of the surface grounds.

F- Following the alteration of superficial soils, the sinkhole takes the form of a stable funnel.

Fig. 11.3 Hlustration of the Sinkhole phenomenon (Modified from Vachat 1982 [50])

(@) Shrink-swell phenomenon of clay soils

The shrink-swell phenomenon of clay soils belongs to the category of climate risks that is presented
here for information. Clay soils behavior depends on their water content; they can also undergo
significant volume variations that tend to induce settlements or swellings. Thus, when the water
content increases in a clay soil, there is an increase in the soil volume which is referred as swelling. A
water deficit will cause a reverse phenomenon called shrinkage. These shrinkage and swelling effects
can therefore cause several damages at the surface. These effects have been studied by various authors.
For example, Driscoll (1983) cited by Quoc Viet (2010) [54] noted that vertical settlements between
4.1 cm and 5.8 cm may occur for clay soils in southwestern England.

Tunneling induced movements can also be associated with the shrink-swell phenomenon of clay soils.
Mair and Taylor (1999) [30] concluded, based on a review of several research projects, that volume
losses in stiff clays, such as London Clay, are generally between 1% and 2% when the open-face
tunneling technique is adopted. Sprayed concrete linings (NATM) in London Clay could provide a
control of ground movements with volume losses between 0.5% and 1.5%.

b) Description of the free-field ground movement

Ground surface movements can be described according to various parameters such as vertical
displacement, horizontal displacement, slope, curvature and horizontal deformation of the ground.

In the following, the free field ground movement at the surface in the absence of any interaction with
a structure is presented in details in addition to the problematic of the soil-structure interaction and the
prediction of the rate of transmission of these movements to the building. This transmission of the
movement of the ground towards the building depends on the phenomena of soil-structure interaction
making it possible to identify the transmission rate. Thus, the behavior of buildings may vary according
to the nature of the movement transmitted and to the nature of the ground as well as that of the structural
properties (soil-structure interaction).
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Fig. 11.4 represents the vertical displacement as well as the slope of ground and its curvature. The free-
field shape presented in this figure typically corresponds to the movements induced by mining
subsidence and tunneling.

-~ ~N
Slope P & .\ """ *s,  Curvature
P 7 . . ..’.
—_— il "o. =~ 5.4" .

Vertical "+, o
Displacement

Fig. 1.4 Vertical displacement, curvature, and slope of grounds.

Q) The movements associated with mining subsidence and its
components

Several methods have been developed to estimate the mining subsidence and its components. Aissaouli
(1999) [10] classified these methods into 5 groups: empirical, semi empirical, analytical, physical and
numerical methods. Empirical and semi-empirical methods rely on theoretical and empirical
considerations. Numerical methods as well as experimental and empirical approaches are always used
to estimate these movements [49, 53, 55, 56].

Deck (2002) grouped the mathematical formulas for describing surface subsidence; two large families
of functions appear. The first is based on the inverse of the exponential function and the second on the
hyperbolic tangent function.

The ground curvature can be calculated from the theoretical functions of the vertical subsidence
profile. Eq. I1-1 is the exact formula of the curvature of the ground; it can be simplified as in Eq. 11-2
if the slope of the curvature is small, as per Saeidi (2010).

42V (x)
2 dx? Eq. -1
dV(x
i+ &Gy
If dV(x) <<1 9 dZV(x) Eq. 11-2

dx?

Where V(x) represents the function of the vertical subsidence profile and R the radius of curvature.

Table 11-1 presents several mathematical formulas by various researchers to estimate the minimum
value of the radius of curvature of a subsidence basin. Authors agree on expressing the radius of the
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minimum curvature as a function of the H*Am ratio (H: depth of the mine, Am: maximum
subsidence).

Table 11-1 Mathematical formulas for estimating the minimum value of the radius of curvature of a subsidence
(Deck (2002) [15]).

Prediction of the maximum subsidence

Author Formula
Rpmin = K.H?/A
Kratzsch (1 1 man m
ratzsch (1983) [19] K = 0.05 t0 0.3
Yokel, Salmone and Gray Rin = 0.172 H?/A,,, (ex-URSS)
(1982) R,in = 0.077 H?/A,,, (National Coal Board)
Proust (1964) [57] Rpin = 0.1 H2/A,,

Rmin : Minimum radius (m)
Anm : Maximum subsidence at the curvature center
H : Mine depth

(2 The movements associated with tunneling

The estimation and the prediction of the displacements induced by the digging of tunnels have been
treated by several publications. Peck (1969) suggested the well-known relationship in this domain (Fig.
I1.5). In this figure, S'v, max is the maximum settlement while Sy, max is the settlement at the inflection
point. Sy(X) is the displacement of soil in the compression zone and S'y(X) is the displacement of the
soil outside the compression zone.
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Fig. 11.5 Example of an analytical profile describing soil movement on free-field ground following tunneling
work in London.

Farrell et al. (2014) [58] measured the movement of soil in London during the excavation of the tunnel.
The displacements they measured were very close to displacements calculated from an exponential
function (Fig. 11.6).
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Fig. 11.6 Comparison between measured and calculated displacements for tunneling work in London (Farrell
et al. (2014) [58]).

This figure shows that typical analytical relationships of Peck (1969) are sufficient to estimate the
surface settlement induced by tunneling.

2. Behavior of structures submitted to ground movements

Ground movements are transmitted to structures; deformed structures follow ground movements either
partially or totally, leading to structural or functional damage. Different approaches have been used to
estimate the damage level of a structure by taking into account the various soil and structure
parameters. For example, NCB (1975) [13] and Wagner and Schumman (1991) [17] have proposed
charts to estimate the damage of buildings according to their length and the horizontal deformation of
the ground. Wagner and Schumman (1991) [17] also proposed an abacus to estimate the degradation
as a function of the horizontal deformation and the slope of the ground. There is also the Polish method
of Kwiatek (1998) [59] which uses seven criteria to estimate the degradation of a building (3 to
describe the geometry of the structure, 3 for its technical characteristics and a parameter to describe
the subsurface).

For a subsidence, for example, it is necessary to take into account mainly the effect of the horizontal
deformation and the curvature of the ground. For movements associated with tunneling or shrink-
swell, it is essentially curvature that matters.

Giardina et al. (2013) [60] conducted numerical and experimental studies to analyze the level of
damage to a masonry facade following tunneling work. They showed the important role that the
initiation of damage to a building can play on SSI phenomena and the level of final damage that the
structure may suffer. Serhal et al. (2017) [61] proposed various equations to estimate the post-damage
stiffness evolution for masonry structures using a numerical and an experimental approach. These
equations were then considered by Basmaji et al. (2017) [8] to evaluate the transmission of ground
movements to structures and showed that the impact of ground movements on damaged structures is
higher.

The various possible behaviors of a building subjected to movements of the ground have been
described and synthesized by Deck (2002) [15] and Fayad (2004) [49].
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a) Behavior of buildings versus the horizontal deformation

Several studies have been done to understand the behavior of structures located in a zone of horizontal
deformation: Shahin et al. (2004) [62], Deck (2002) [15], Arcamone (1980) [64], Geddes (1984) [66],
Burland et al. (1977) [65] and Soots (1969) [63].

Ground horizontal deformation has an effect on the structure according to two main modes of
transmission: an earth pressure (compression case) and a friction of the ground along the structure.
The rate of transmission of horizontal deformation depends on the relative stiffness of a structure
relative to that of the soil. Boscardin and Cording (1989) [67], Potts and Addenbrooke (1997) [6] tried
to quantify the transmission rate for stiff structures or for flexible structures. According to the study
conducted by Boscardin and Cording (1989) [67], the order of magnitude of this parameter is 10 to
30% for stiff buildings and 30 to 100% for flexible buildings.

Because horizontal strains may be induced in the structures by ground movements, Mair et al. (1996)
[68] suggested to account for the horizontal building strain by using an average value computed along
the building portion undergoing hogging or sagging. As reported by Mair et al. (1996) [68], the
combination of shear, bending and horizontal deformations leads to a correlation with the total
maximum bending strain and diagonal strain.

To identify the start of serviceability loss, Burland et al. (1977) [65] used the concept of “limiting
tensile strain”, which allows engineers to identify with elastic beam analysis (considering the structure
properties) the state corresponding to the onset of visible cracks. To measure the degree of damage,
Burland et al. (1977) [65], and at a later stage Boscardin and Cording (1989) [67], adopted a
classification based on “ease of repair” of the visible damage. This classification provides five
categories, ranging from negligible to severe damage, with an associated description of the cracks.
These categories were correlated to a range of limiting tensile strains by Boscardin and Cording (1989)
[67].

b) Behavior of buildings versus the Ground Curvature

The ground curvature is divided into two categories: concave or convex. The concave zone (sagging)
is located towards center of the curvature and the convex zone (hogging) towards its edges. A
procedure for preliminary risk assessment of surface structures to ground movements induced
movements was proposed by Mair et al. (1996) [68] based on the assumptions of plane-strain
conditions where the building-foundation was represented by an equivalent linear elastic beam, and
that the building is divided into two independent structures in the hogging and sagging zones.

The Mair et al. (1996) [68] procedure consists of the following steps.

1. Free-field surface movements are calculated; only if the settlement trough affecting the
building exceeds 10mm magnitude, it is necessary to proceed to step 2. The authors assumed
the empirical method based on Gaussian curves to predict horizontal and vertical movements;
however, a generic approach may be implemented.

2. The beam is constrained to displace as the free-field movements and the resulting maximum
tensile strains in the hogging and sagging zones are calculated. Subsequently, the damage
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assessment in hogging and/or sagging is performed by comparing maximum building tensile
strain with the limiting tensile strain and relating it to the expected damage level.

3. Step 2 leads to a conservative assessment because it neglects the structural stiffness (i.e. the
building exhibits a fully-flexible behavior). However, a detailed evaluation of the building
deformations (accounting for the soil-structure interaction, 3D geometries of structure and
tunnels) should be carried out, which may result in a decrease of the damage category.

On the other hand, Attewell and Yeates (1984) [67], Boscardin and Cording (1989) [69], Kratzch
(1983) [19], Arcamone (1980) [64], Soots (1969) [63], Burland et al. (1977) [65], Burland and Worth
(1974) [70], Neuhaus (1965) [71], Geddes (1984) [66], Potts and Addenbrooke (1997) [6], Franzius et
al. (2006) [40], Deck and Singh (2010) [7] and Nghiem (2015) [52] have studied the behavior of
structures in the curvature zone of the field. As shown in Fig. 11.7, the overall effect of a concave
curvature is to increase the transfer of vertical stresses due to the weight of the structure towards its
edges. For large curvatures, the load effect can even be completely null at the center. The structure
thus undergoes concave flexure and tensile stresses appear in the lower fiber.

The overall effect of a convex curvature is to increase the vertical stresses due to the weight of the
structure towards its center. For large curvatures, the structure can even be completely unloaded at its
ends. The structure takes a convex curvature and tensile stresses appear in higher fiber.

The objective is to evaluate the final curvature of the building and whether or not this curvature has
the same shape as that of the free-field ground. This evaluation depends upon the interaction between
the soil and the structure. Fig. 11.7 provides a schematic description of the behavior of the structure in
a concave or convex zone.

In the concave zone, the increase in vertical stresses under the ends of the structure is remarkable,
whereas the increase in vertical stresses in the convex zone is under the center of the structure. For
large curvatures, the structure can be detached at its ends (in the convex zone) or at its center (in the
concave zone), depending on the stiffness of the ground and the structure.

Fig. 11.7-g shows that the curvature of the ground can be the cause of a stress on the structure due to
bending and shear.

In general, a concave curvature of the ground generates inclined cracks, concentrated at the bottom of
the structure and oriented from the lower ends of the structure towards its center. A convex curvature
leads to a contrary effect, with cracks concentrated in the upper part of the structure and oriented from
the center of the structure towards its upper extremities. This result is substantially consistent with Fig.
11.7-d.

When the structure is damaged, the orientation of the cracks depends on the direction of the curvature.
Fig. 11.8 shows the cracks in masonry walls according to the direction of curvature. The experience of
Cox (1980) also shows the influence of the openings in the walls on their distribution. Burland and
Wroth (1974) [70] illustrate the orientation and location of cracks according to the curvature and the
mode of stress (bending or shear).
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Fig. 1.7 Representative illustrations of the behavior of structures versus the ground curvature according to
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Fig. 11.8 Experiments highlighting the behavior of a masonry structure and the orientation of cracking - Deck
(2002)

C) Behavior of buildings versus the ground slope

A slope causes a redistribution of stresses in the soil (Fig. 11.9), which become higher downstream and
lower upstream below a structure.

The slope also causes a change of load path in the structure. The load-bearing elements on the side of
the inclination are more compressed; it puts in tension some of these elements if the inclination is quite

strong (Fig. 11.9). On the side, the facades are not designed to support tension that can be the origin of
a risk of collapse of the structure.

< \ N
/ i ‘\ \
O o ]| we
L ’
Before Slope ~ After Slope

Fig. 11.9 Redistribution of stresses due to the slope of the soil.
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d) Global behavior of buildings

The global behavior of a building versus the accumulation of the curvature, the deformation of the
ground, and the different displacements of the ground is quite delicate to explain. Some observations
can be made!

— The tension zone (convex) is more likely to cause damage in the structure, because the tensile
strength of the structure is generally less than the compressive strength.

— The movements that cause the main redistribution of vertical stresses in the soil are the slope
and curvature of the ground.

— Most of the cracks that appear in the walls are inclined or vertical. Only compressive
deformation can cause horizontal cracks.

— The influence of the typology of the building plays an important role. A flexible building has
the tendency to follow the displacements of the ground, which limits the losses of supports at
the level of foundations, but will cause important internal deformations which can block its
use. On the other hand, if the building is stiff, it will have accumulations of stresses at the level
of hard points, which can be the origin of its damage.

[1.2  Soil-structure interaction / Transmission of the ground movement

A soil that is subjected to ground movements influences the above structures differently due to the
interdependence of the mechanical behavior between the soil under the foundations and the structure
sitting on these foundations. This interdependence is called the "Soil-Structure Interaction (SSI)"; it is
strongly dependent on the stiffness of the structure as well as that of the soil (Mair (2013) [44]).
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Fig. 11.10. Building deflection caused by ground movements: (a) Case of tunneling. (b) Case of underground
mine.

As discussed previously and shown in Fig. 11.10, the free-field ground movement represents the soil
displacement produced by the source (tunnel, mine, etc.), without taking into account the influence of
possible constructions on the surface. In the presence of an existing structure, the free-field ground
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movement is partially or totally transmitted to the building which may result in a structural or
functional damage.

By neglecting the impact of the interaction between the soil and the structure (SSI), the free-field
ground movements are integrally transmitted to the building. Under this assumption, A, represents the
maximum deflection of the building. Assuming that free-field ground motion is symmetrical and
roughly circular under the building, A, represents the maximum free-field deflection under the
building (for an integrally transmitted movement); it depends upon the ground radius of curvature R
and the building length L (Fig. 11.11).

By considering the impact of the SSI, the ground movement may be partially transmitted to the
structure which results in a building deflection characterized by its maximum value A with A < A,,.
Consequently, as shown in Fig. 11.12, if the structure is stiff, it can resist the ground movement and the
induced deformation is limited (A < A,); if it is flexible, then it perfectly follows the settlement of the
soil (A = Ay).

For a symmetrical free-field movement with respect to the structure, the deflection A corresponds to
the maximum differential settlement under the building. For a non-symmetrical free-field movement
case, A represents the maximum deflection of the building whether the structure has a concave or a
convex deformation (Fig. 11.10-a). The A/ L ratio, called the deflection rate, is frequently used to assess
the behavior of structures subject to differential settlement and to evaluate their damage [7, 8].

The objective of this thesis is to evaluate the structure response to the ground movement through the
deflection transmission ratio, defined as A/A,, that is used to quantify the rate of movement transmitted
to the building.

Ho = LEBR

Fig. 11.11. Free-field deflection Aq.

Rigid
a Displacernent b c

o

Free-Field Displacement Beam Deflection Ground Displacement |

Fig. 11.12. Behavior of structures subjected to ground movement. (a) High-stiffness structure on soft ground.
(b) Intermediate ground and structure stiffness. (c) Flexible structure on stiff ground.

Different methods (analytical, numerical, experimental, etc.) have been developed to predict the
building deflection in response to ground movements. Except empirical methods based on observations
of real existing structures, all of these methods do not consider a specific study of a particular case but
they are applied to simplified structures, such as beams, in order to assess the global trend of ground
movements induced phenomena.
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Among the approaches developed to study the SSI phenomenon, only numerical methods offer great
flexibility for taking into account the complexity of the SSI conditions [6]. Although it is relatively
simple to consider complex soil and structures behaviors in numerical models, their use may be
criticized by the justification of the numerical values of all parameters and conditions. In addition,
numerical models present difficulties to generalize results, because of the need to reproduce the same
scenario numerous times, by varying a particular SSI parameter in each repetition to cover the extent
of the variation range of all parameters. Thus, they can be considered as time-consuming processes

[7]1.

To avoid these difficulties, it is possible to obtain results through analytical methods that generate
simple equations that represent the structural deflection. Analytical methods may be considered as a
complementary tool to the numerical ones, allowing quick calculations for a wide range of variation
of parameters, without considering complex configurations [8]. In these analytical models, the soil is
modelled with simple elastic stiffness elements as elastic springs. Winkler model is the simplest soil
model and has been used by many investigators and by Deck and Singh (2010) [7] to address the
question of the building deflection induced by ground movements and the assessment of A/Ag. The
Winkler model is compared to the continuum model, as it will be shown in the next chapters, and this
comparison provides comparable results.

1. Analytical modeling

Talking about analytical modeling of soil-structure interaction, two parts have to be distinguished: the
soil and the structure.

In the various studies of the SSI, the structure is usually modeled by one or more beams (Euler-
Bernoulli or Timoshenko) or framed structures, while the ground is modeled by different models, the
simplest is the Winkler model. The widely used analytical models to represent the soil and the structure
are presented below.

a) Soil modeling
Q) Winkler model

Winkler (1867) [72] assumed that the ground reaction at each point under the foundation is
proportional to the deflection of the foundation at this point. This hypothesis amounts to modeling the
ground by a juxtaposition of elastic springs. The proportionality constant of these springs is known as
the soil reaction modulus K [N/m?].

p(x) = K w(x) Eq. 1I-3

Where p(x) and w(x) represent the ground reaction and displacement respectively.

The evaluation of the soil reaction modulus K differs in the literature from one model to another. The
proposed methods for estimating K values are based either on in-situ tests (plate test, consolidation
test, CBR test, etc.) or on empirical relationships or theoretical relationships. By considering empirical
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and theoretical relationships, laboratory and in-situ soil compression tests indicate that deformations
are proportional to applied forces, as long as the test load does not exceed a certain limit. Eq. 11-3 can
therefore be only applied when there are small charges causing small deformations.

Determining the K value of the soil under the foundation is not simple since it does not depend only
upon the nature of the soil, but also upon the dimensions of the loaded area and the foundation type.
To simplify its evaluation, the soil reaction modulus can be considered as mainly dependent upon the
mechanical parameters of soil (soil stiffness (Es), Poisson’s ratio (v)) and mechanical and geometrical
parameters of the structure (El, L and B) [8]. In fact, many expressions were developed to calculate
this parameter. However, none of these can represent precisely the soil with all its complexity.

Biot (1937) [74] proposed a theoretical expression of the K modulus based on the study of a beam of
infinite length, of known width B and subjected to a punctual force. He found the solution of this beam
for the case where it rests on a half infinite elastic space (parameters Es, v), and for the case where it
rests on an elastic ground modeled by the springs of Winkler (parameter K). Biot (1937) suggested
that the soil reaction modulus K can be expressed by the following equation:

0.108

|

0.95 Es B*Es

Eq. 11-4
[E1(1—v2)

K= B(1-v2)

The configuration considered by Biot (infinite beam over an infinite half-space) was also studied by
Vesic (1963) [73] who was looking to adjust the displacement between theoretical and analytical
solutions and suggested Eq. I1-5 for the determination of the reaction modulus. Vesic has shown that
this solution overestimates the bending moments in the beam of the order of 6% on average and
underestimates the movements and reactions by a maximum of 10%. He also observed that Winkler's
hypothesis is practically satisfied in this special case.

K = 0.65Es 12 |B4Es Eqg. 11-5
~ B(1-12) EI

Drapkin (1955) [75] proposed another formula for calculating the soil reaction modulus:

_ 065Es Eq. I1-6
~ B(1-v2)

On the other hand, Henry (1986) [77] proposed Eq. 11-7, while Klopple and Glock (1970) [76]
proposed Eq. 11-8.

= Es Eq. II-7
2B(1-v2)log(L/B)
_ 0.65Es Eq. 11-8
K= B(1-v2)

According to Houlsby et al. (2005) [78], the Winkler model is simple and combines well with
numerical and analytic methods. Despite the simplicity and efficiency of the model proposed by
Winkler, it has two major disadvantages. First, it does not take into account the interaction between
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the springs, which amounts to neglecting the vertical shear in the soil. As a result, a discontinuity of
movement is created between the loaded area and the unloaded area under the foundation. Second, it
does not take into account the plasticity that can occur in the field.

Several researchers have therefore proposed modifications of the Winkler model to make it more
efficient by adding elements to introduce interaction between springs such as flexural elements
(Hetényi (1946) [79], shear layers (Pasternak (1954) [80]), membranes under constant tension
(Filonenko-Borodich, (1940) [81]). These models have another parameter that characterizes the
interaction between the springs.

Fig. 11.13 Representation of Winkler model.

(2) Filonenko-Borodich model

Filonenko-Borodich (1940) proposed a new model based on the Winkler model to provide continuity
of movement between individual Winkler springs by connecting them to a thin membrane under
constant tension (Fig. 11.14). Taking into account the equilibrium of the membrane-spring system, then
for a 2D problem the soil compaction associated with a distributed load is given by the following
equation:

P(X)=K w(x) - T w”’(x) Eq. 11-9

Where w is the soil displacement, K is the soil reaction modulus and T is the soil modulus of Filonenko-
Borodich. So, it takes two parameters K and T to characterize this model.
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Fig. 11.14 Deformation of the Filonenko-Borodich model, (a) ground without load, (b) point load, (c) point
load on a stiff foundation and (d) distributed load Filonenko-Borodich (1940).
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3) Pasternak model

Pasternak (1954) also proposed a model based on the Winkler model. He hypothesized that there would
be a shearing interaction between the springs, which can be accomplished by connecting the springs
to a horizontal incompressible layer that deforms only in the direction of the transverse shear (Fig.
11.15). Deformations and forces maintain equilibrium in the shear layer described by a Pasternak Gp
modulus.

The relation between the contact pressure and the settlement of the ground, according to Pasternak,
can be expressed by the following equation:

P(X)=Kp W(x) — Gp w”’(x) Eq. 1I-10

It should be noted that the value of the Pasternak Gp shear modulus is not the same as the soil shear
modulus Gs which is defined by the following equation:

Gs=Es/(2(1 — v)) Eq. I1-11

If Gp is different from 0, then Kp is necessarily different from Winkler modulus K; if Gp = 0, the
Pasternak model is the same as the Winkler model and Kp = K.
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Fig. 11.15 Pasternak Model

Pasternak proposed a test to find the shear modulus Gp. In the absence of experimental measurement,
there are very few formulas for estimating this parameter. A new approach to estimate this parameter
has been proposed by Basmaji et al. (2017) [8].

The proposed methodology depends on the adjustment of the ground displacement calculated by two
models: the first one is based on the theory of elasticity, and the second one is based on the equations
of the considered model (Pasternak).

The results were synthesized in the form of charts to facilitate their use. These parameters depend on
the Young's soil modulus, the deformable soil thickness and the length of the loaded zone.

These results were validated by comparing several analytical theoretical cases with numerical models.
The results showed an acceptable consistency between the results.

4) Model of Hetényi

In the model proposed by Hetényi (1946), the interaction between the independent springs of the
Winkler model is done by means of an elastic plate. The response function for this model is given by
the following equation:

p(X)=K w(x) — [(Eh®)/(12(1-v?))] w(x) Eq. 11-12
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With E the modulus of elasticity of the plate, h the height of the plate and v the Poisson's ratio of the
material constituting the plate.

(5) Kerr foundation

A shear layer is introduced in the Winkler foundation and the spring constants above and below this
layer is assumed to be different as per this formulation (Kerr (1964) [82]). Fig. 11.16 Kerr foundation.
shows the physical representation of this mechanical model where k1 is the spring constant of the first

layer; k2 is the spring constant of the second layer and G the shear modulus of the shear layer.

Foundation
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Fig. 11.16 Kerr foundation.

(6) Interactive/coupled springs

As shown in Fig. 11.17, Klar et al. (2008) [83] proposed the homogeneous continuum to represent the
soil through sliders which are rigid-perfectly plastic elements with upper and lower limit forces that
introduce plasticity. The homogeneous continuum is modelled with coupled vertical and horizontal
springs that interact with each other. Slippage and gap formation are modelled by decoupled sliders in
the horizontal and vertical directions, respectively. The displacement vector of the foundation, u, is
given by:

where u® is the soil continuum displacement and u'™® the plastic interface displacement.
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Fig. 11.17 Interactive/coupled springs.
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b) Structure modeling
1) Euler-Bernoulli elastic beam

As shown in Fig. 11.18, the analytical approaches developed to study soil-structure interaction
phenomena generally model the building by an Euler-Bernoulli elastic beam of length "L", height "H",
width "B" and Young's modulus "E". The beam is solicited by a uniform vertical load "g" and an
unknown variable distribution "p (x)" which is the ground reaction. The deflection equation of the
beam (without taking into account the effect of shear in the beam) is a second-order differential
equation:

y"(x) = —M(x)/EI Eq. 11-14

where y (x) is the vertical displacement (positive downwards) (Fig. 11.19: Sign conventions adopted for
the soil-structure interaction model.
), M (x) the bending moment and EI the stiffness of the beam.

L . . . T T ¥ ¥
: El

L L

Fig. 11.18: Building modeled by an elastic Euler-Bernoulli beam.

The differential equation characteristic of the frame is described by the following equation:

y®(x) = (q — p(x))/El Eq. II-15
q
U111
V(x V(x)+d V(x)
il M(x)+d M(x)

[TTTT e

dx

F m—

Fig. 11.19: Sign conventions adopted for the soil-structure interaction model.

2 Multi-stage framework

The multi-stage solution framework proposed by Klar et al. (2008) [83] is also used to model the
structure in the literature where two-dimensional structures composed of Euler-Bernoulli elastic beams
can be implemented, while self-weight and service loads are modelled by uniform loads distributed at
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the beam axes of the superstructure. The structure is assumed orthogonal to the longitudinal tunnel
axis as shown in the below figure.

U BRI A

Superstmicture

" [ )Foundation N

Soul

Timnel

Fig. 11.20: Multi-stage frame superstructure model.

3) Timoshenko beam

One of the analytical approaches developed to study soil-structure interaction phenomena is to model
the building by a Timoshenko beam in order to consider the shear deformation and rotational bending
effects. As for the Euler-Bernoulli beam, a forth differential equation characterizes the beam
deflection, as per the following equation:
El
Ely®(x) = (q(x) — 7=

KAG

Eq. 11-16
q@ (x)) |

where A is the cross section area, E is the elastic modulus, G is the shear modulus, | is the second
moment of area, K is the Timoshenko shear coefficient that depends on the beam geometry and q(x)
is a distributed load.

Franza & Delong (2017) presented a simplified elastic method to assess tunneling-induced
deformation of simple beams, frame structures and bridges on shallow foundations (either continuous
foundation or individual footings), as shown in the below figure:
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and forces ¢t :tunnel g :groundlevel ¢ :column
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Individual Footings

Case STR: Simple Beam on Case BEA: Simple Beam on
Continuous Foundation Individual Footings
|4| B b-| |-1 B b-|
| ]
X, Uy __| Bfl - X, U |‘_ I_J
Z, U Zu
3 | 5 I
L@ L@
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Fig. 11.21: Studied configurations and used notations
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According to them, the following conclusions were made:

— The foundation response to tunneling of framed structures involves a complex rotational and
translational displacements.

— Simple beam structures on both continuous foundations or individual footings are sensitive to
tunneling in terms of flexural deformations.

— However, modeling the structure with equivalent beam elements represent a useful preliminary
assessment tool for the structural response. In particular, this tool could be used as an
intermediate step prior to 3D coupled numerical modelling, when design charts based on the
modification factor (which is the transmission ratio) approach are not available.

Consequently, to provide a simplified probabilistic preliminary evaluation that could be used by
engineers and designers, to have a reliable assessment of the rate of the ground movement that is
transmitted to structures (transmission ratio), modeling the structure by an equivalent beam can be
considered as a useful tool.

2. Numerical modeling

Finite element method and finite difference method have proven to be powerful tools in modelling
soil-structure interaction problems. Burland et al. (1977) [65] assessed the risk of damage to buildings
due to tunneling and excavation and argued that neglecting the effect of the SSI would lead to an
overestimate of the structural damage. Potts and Addenbrooke (1997) [6] studied numerically the
influence of a circular tunnel with a diameter d = 4.146 m, located at two depths of H = 20 and 34 m,
on different structures. They used a 2D numerical modeling, considering a nonlinear elastic behavior
perfectly plastic for the soil, where the structure was modeled by a beam with bending stiffness El and
axial stiffness EA. Due to the fact that the transmission rate of free-field deflection A/Aq is calculated
for different values of ground and structure properties, in order to cover a large extent of relative
stiffness, Potts and Addenbrooke defined the relative stiffness between the ground and the structure in
bending p* and the axial stiffness o* as follows:

16E1 Eq. 11-17
Protts = Esl*
EA Eq. I1-18

* T EsL/2)
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Fig. 11.22 Geometry of the problem of the numerical analysis of Potts and Addenbrooke (1997)[6].

With e the distance between the tunnel and the building centerlines and Es the Young's modulus of the
ground, it can be seen that o* is dimensionless (EA [N.m?m]) whereas the unit for ppots™ is M2, since
the unit of EI is KN.m?/m.

For each analysis, a slump profile and a horizontal displacement profile are generated.

Typical range of p* for 1-10 storeys building and
tunnel depth H = 20m -34m based on PJ model
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Fig. 11.23 M fa’;deﬂection transmission rate (equivalent to A/ Ag) versus the relative stiffness p* (Potts and
Addenbrooke (1997))[6].

MPRq,q is the transmission rate of the deflection, it is equivalent to A/Ao. One could expect to observe
a deflection rate strictly less than or equal to 1, which is not the case of the results shown in
Fig. 11.23.

Franzius et al. (2004) [41] studied the influence of building weight (Fig. 11.24). They found that this
influence is relatively slight compared to the results of Potts and Addenbrooke (1997) [6]. They proved
that the building stiffness controls the reduction of soil movement transmitted to the building (Figure
1-25).



46

1.5
s Lipp@r Biownd
14 B . ®  nowaight
1.2 Y A waight
“ s
o 1.0 ‘-u\ black symbols:
= &, 20 m funnel
" 08 a B hollow symbols:
|:|= B3 Yo 34mtunnel
0.4
0.2
o0 Evul vl sl ol ol ool o il i
1E-08 1E-06 1E-04 1E-02 1E+00

p= [1/m]

Fig. 11.24 Results of Franzius et al. (2004)[41], showing the influence of building weight and building
stiffness in comparison with the Potts and Addenbrooke curve (1997)[6].

On the other hand, Franzius et al. (2006) [40], found that the relative stiffness relation of Potts and
Addenbrooke (1997) [6] overestimates the influence of the length of the building L, and that the depth
of the tunnel is not taken into account in the relation of the relative stiffness of Potts and Addenbrooke.
He proposed a new relationship of relative stiffness that takes into account the depth of the tunnel:
. _ EI Eq. 1119
PFranzius = EsHBIL?

Where El is the building stiffness (KN.m?), L is the length of the building, B is its width (which is
parallel to the tunnel axis), and H (or Z) is the depth of the tunnel. The new Franzius results, based on
this definition of relative stiffness are shown in Fig. 11.25. The expression of the relative stiffness in
this equation is without unit.

In this figure, the depth of tunnel is involved in the calculation of the deflection transmission, which
was neglected by Potts and Addenbrooke (1997) [6].

16 T 1 T o A . 4 ey T rrrrr
| new design curve: e/B = 0.0 —— |||
| ‘ new design curve: /B =02 e
=L T new design curve: /B = 0.4 -----
4 T | new design curve: e/B = 0.6 seessen
1 M ‘
ke | LI |
N |
4 ;1.\\ N
£ 08 e e-HH DN | |
= * I |
(1] . ) W N:'n { ' I
| * N 3
0.4 ——HH! L1 ! ekl IR b \.. ! |
| %, T \\
1 [T s ke .\‘
1 |
I || o o ...'::_-..,_‘“ j : L | |
00 LI TN L1 1 g
107 10 109 10 10’ 107 107 10° 10’ 10°
. El
Pmod =
- E.HBL?

Fig. 11.25 Deflection transmission rate in relation to the relative stiffness defined by Franzius et al. (2006)[40].
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This relative stiffness was redefined by Goh and Mair (2011) [9] who proposed the following
relationship. This relationship looks like the relationship defined by Eurocode 7 to estimate relative
stiffness:

El

EsL3

Eq. 11-20

*
PMair =

Mair's relation is one of the most used relationships in the field; however it gives values of the
transmission ratio that are higher than 1 which is contradictory to its definition. This relation is without
unit since the unit of El is kKN.m?/m and the building stiffness is calculated per meter.

Mair (2013) [44] retraced the numerical results of Potts and Addenbrooke (1997) and Franzius et al.
according to his equation and compared them to experimental results. He found that the results can be
grouped together as shown in Fig. 11.26. Mair (2013) [44] observed that the transmission of deflection
will be 1 when the relative stiffness defined by this equation is less than 104, and 0 when this parameter
is greater than 1.

On the other hand, Goh (2010) [43] has exploited results from several publications describing actual
measurements for several buildings that have suffered ground movements as a result of underground
work such as Mair and Taylor (2001) [36], Standing et al. (2002) [38], Viggiani and Standing (2002)
[39], Withers (2001) [37], Dimmock and Mair (2008) [42] and Goh and Mair (2011) [9]. He was able
to calculate the deflection transmission rate for these real cases based on the new relative stiffness
relationships proposed by Goh and Mair (2011) [9].

The upper and lower limits of the actual results are shown in Fig. 11.27. A comparison with Fig. 11.26
shows that the results are close. Although consistent, these two results show that there is a great deal
of uncertainty in the value of the transmission rate. As an example, it can be observed that for a relative
stiffness of 0.01, it is found that the transmission rate of the deflection is between 0.2 and 0.8, which
corresponds to a very large interval that is related to the presence of various sources of uncertainties.
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Fig. 11.26 Numerical and experimental results showing the transmission rate of deflection in relation to
relative stiffness according to Mair (2013) [44].
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Fig. 11.27 Empirical results showing the transmission rate of deflection in relation to relative stiffness
according to Goh (2010)[43] and Goh and Mair (2011)[9].

3. Experimental modeling

Several physical models have been developed to analyze the effect of ground movements of different
origins (tunnels, mines, excavations and mine collapses). Laefer (2001) [84], Caudron (2007) [53],
Farrell et al. (2014) [58], Hor (2012) [51] and Nghiem (2015) [52] and others conducted research to
develop physical models for the purpose of observing the influence of tunnel digging or surface mine
subsidence, especially when there are buildings.

Hor (2012) [51] realized a study in INSA-Lyon and INERIS with the objective to predict the building
deformations by taking the influence of the soil-structure interaction into consideration. This was
achieved by performing parametric studies using an experimental approach by means of a 3D small-
scale physical model under earth gravity condition. In particular the effect of building position,
building weight, and relative stiffness of building and underlying soil were investigated in the soil-
structure interaction study.

A Fontainebleau sand was used to represent the soil and a model in polycarbonate was used to represent
a two-story masonry house (prototype). The prototype walls were masonry and the foundations were
strip reinforced concrete footings embedded to the depth of 0.9 m. It contained bags of lead balls to
represent the loads on the foundations (Fig. 11.28).
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Fig. 11.28 The model polycarbonate tray tybe with overloading of lead balls placed in small bags to ensure
good load distribution during testing.

Ngheim (2015) [52] from Grenoble University and INERIS considered the same case studied by Hor
in 2012 with the objective of improving the building modeling. A second model was made of silicone
since silicone shows more flexural stiffness (+ 17%) and less axial stiffness (-95%) than polycarbonate
structures. The model is elastic and flexible and the results obtained were more consistent with reality.
The silicone model thus appears to be a good solution for the study of soil-structure interaction but it
IS not representative of the initial prototype, a masonry house.

A third model combining silicone foundation and sugar block structural element is done (Fig. 11.29).
When applying the similarity conditions, it is noted that the height of the part of the silicone foundation
is large (4 cm) in comparison to that of the walls (6 cm) which does not respect the proportion of the
prototype. In addition, the dimensions of the sugar blocks are large compared to those of the actual
bricks. Also, this model represents masonry with sharp joints which corresponds to a lack of cohesion
between the joints. The cohesion has not been introduced and this appears difficult to achieve for the
sugar blocks.

_ TS i b s
Fig. 11.29 Model combining silicone foundation and sugar block structural element.

This experiment highlights the importance of the soil-structure interaction to evaluate the vulnerability
of structures subjected to ground movements. The presence of the structure has modified the ground
surface movements which confirmed the significant role of the relative stiffness between the structure
and the soil. Also, the soil-structure interaction is variable depending on the position of the structure;
the ground movements are mostly influenced by a structure centered on the axis of the tunnel (at the
center of the ground curvature).



Fig. 11.30 Ngheim (2015) model.
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Ngheim (2015) [52] modelled the ground by the sand of Fontainebleu; for the building, the foundations
are made of silicone and the walls are constructed in blocks of wood (Fig. 11.30). He compared three
materials to be used for walls (sugar, magnet, and wood) and presented the advantages and
disadvantages as shown in the below table:

Table 11-2. Advantages and disadvantages of the 3 considered materials by Ngheim (2015) [52].

Ferrite magnetic blocks

Wooden blocks

Sugar blocks
- Easy to find
» |- Economical
% - Sufficient
€ |stiffness  for  the
5 | reduced scale
<
- Cohesion
between the joints
o |- The  minimum
S | dimensions  of  the
% available sugar pieces
5 | that are still too large
(48]
2 | compared to the
Q| . .. .
similarity conditions

- Easy to manufacture
according to the desired
dimensions
- Magnetic forces can be
used to represent the cohesion
of the joints

- Specific weight is 5
times higher than that of a
clay brick whereas the
similarity imposes a factor of
1

- Magnetic forces are
much greater than the
cohesion of the joints and the
model of the structure
becomes extremely rigid

- The most massive
wood found is the Azobe
wood, having a weight
close to a real brick

- The blocks can be
manufactured according to
the desired dimensions

- Their disadvantages
are limited compared to
other materials.

Farrell et al. (2014) [58] carried out centrifuge tests at Cambridge University to investigate the
response of surface structures to tunneling in sands. As shown in Fig. 11.31, the ground was modelled
by sand and the building by aluminum beams of varying stiffness. These tests were carried out under
plane strain conditions at 75 g with 6.15m diameter tunnel and 8.25m sand cover. The sand was poured
using an automatic sand pourer, allowing a uniform distribution of sand. The model tunnel was formed
using a brass mandrill with an outer latex rubber lining. The resulting annulus between the two is filled
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with water until an 82 mm diameter cylinder is obtained. So, plane strain conditions are obtained.
During the test, volume losses are imposed by withdrawing the fluid from the tunnel using a piston
and a motor driven actuator system. Volume losses are imposed in 0.1% increments and are determined
from the ratio of the volume of fluid withdrawn to the volume of the tunnel. Digital photos were taken
at each 0.1% increment, so the displacement can be measured to be related to a specific volume loss.
Model structures were constructed from aluminum beams of varying thickness with a constant width
(B=400mm). Each structure was placed symmetrically about the tunnel axis. A rough interface was
modelled by gluing fraction E sand to the base of the structure [58].
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Fig. 11.31 Building representation by the physical model (Farrell et al. (2014) [58]).

They found that the modification to settlement distortions is a function of both the building and the
soil stiffness, in addition to the geometric parameters.
The results of the experimental studies show that estimating modification factors (transmission ratio),
were found to provide moderate results to the calculated values using design charts proposed by
analytical and numerical models. This shows that the design charts can be reasonably applied to
practical tunneling and ground movements’ projects.

4. Comparison of various SSI field data, analytical, numerical and experimental
studies

A comparison is made between Mair (2013) [44] envelope and the results of various SSI studies

(analytical, numerical, etc.) that also evaluate the transmission of ground movements to structures

(Deck & Singh (2010) [7]; Basmaji et al. (2017) [8] and Franza et al., (2019) [5] (Fig. 11.32). However,

each study is based on a set of hypotheses that does not allow the generalization of the obtained results:

1. Mair (2013) [44] envelope is based on physical centrifuge modelling of building response to

tunneling and his results are compared with both, the finite element analyses reported by Potts

and Addenbrooke (1997) [6] and Franzius et al. (2006) [40], and the field data of building
performance done by Goh (2010) [43].

2. Deck & Singh (2010) [7] analytical model is based on Euler—Bernoulli beam sitting on vertical

springs as per the Winkler model. They plotted their results using their own definition of the
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relative stiffness that is based on the Winkler coefficient of subgrade reaction (Winkler
parameter k).
In fact, they defined the relative stiffness ratio p* by Eq. 11-21 characterized by the Winkler
parameter k and the structure width B. This equation is comparable to other relative stiffness
ratios defined in the literature; it presents the advantage of being a non-dimensional parameter
(E1[N.m?], K [N/m?]) and suitable to have a synthetic representation of A/A, based on Winkler
model.
. EI Eq. 11-21

~ kBIL*

p

In order to make the comparison between Deck & Singh (2010) model, based on their own
relative stiffness ratio, and other models, Vesic (1963) formula (Eq. 11-5) is used to define
values for k in the case of a foundation with length L, width B (with L>B) and a ground
characterized by a Young’s modulus Es and a Poisson’s ratio v. In this case B is taken equal
to 1m, which approximatively corresponds to the width of a building foundation. Noting that
various formulas link the Winkler modulus to the soil Young modulus (as discussed
previously), Vesic’s formula is chosen since it takes into account the presence of a beam
(through the “EI” term) contrary to other formulas.

Basmaji et al. (2017) [8] developed a new approach to assess the transmission ratio and the
building response to differential settlements, considering the influence of shear deformation.
Their model is based on both, Pasternak and Winkler soil models. For both soil models, a
methodology has been implemented to justify the parameters values, k (Winkler parameter)
and Kp and Gp (Pasternak parameters), as a function of the elastic properties of the soil, the
thickness of the compressive ground layer and the building length. Their methodology
considered Flamant’s theoretical solution of induced vertical settlement to adjust the
displacement for Pasternak and Winkler methods in order to justify the parameters values for
both methods.

Franza et al. (2019) [5] methodology is based on elastic and elastoplastic continuum solutions
that consider the structure as an equivalent simple beam, assuming that the free-field settlement
is given by a standard Gaussian curve (contrary to other models that give elastic solutions based
on a polynomial free-field settlement). They proposed a formulation that accounts for the
change in settlement trough shape and compared it with numerical, experimental and field data
from previous research.
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Fig. 11.32 Comparison between various SSI models.

As shown in the picture above, even-tough the results of SSI studies are globally consistent in the
literature, the comparison shows a large margin of discrepancy in the estimation of the transmission
of the ground movements to structures. An important portion of this discrepancy may be explained by
the influence of uncertainties [8, 14]. In fact, Deck & Singh (2010) [7]; Pasternak-Basmaji et al. (2017)
[8]; and Franza et al. (2019) [5] analytical models present comparable results. Thus, these three models
can be reasonably used to evaluate the transmission ratio; however, in comparison with numerical and
experimental results and with empirical observations, the margin of discrepancy may reach + 0.3 in
the estimation of A/A,. Consequently, this thesis aims to investigate the influence of uncertainties
affecting the estimation of A/A, and propose a coefficient that considers their influence on the
prediction of the structure response.

1.3 Uncertainties affecting the transmission of ground movements

1. Uncertainties Categories

The evaluation of the transmission ratio A/A, shows a significant margin of discrepancy that may be
interpreted as the consequence of the uncertainties that affect its estimation. Various studies have
focused on the treatment of uncertainty in geotechnical structures [85, 86]. Uncertainties that are
related to SSI properties can fall into three major categories [87]:

1. Natural variability that is associated with the “inherent” randomness of natural processes,
manifesting the variability over time (temporal variability), over space (spatial variability), or
over both time and space. For example, the spatial variability of the soil stiffness under the
building falls under this category.
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2. Knowledge uncertainty that is attributed to lack of data or of information about events and
processes, or lack of understanding of physical laws that limit the ability to model the real case.
It is just a more common description of epistemic uncertainty.

3. Model uncertainty that corresponds to the degree to which a chosen mathematical model
accurately reproduces reality. For example, the uncertainty related to the structure modeled by
an Euler-Bernoulli beam characterized by one homogeneous value of its stiffness falls under
this category.

2. Uncertainties Modeling

On the other hand, the majority of studies represent uncertainty by a probability theory, thus assuming
that ignorance of soil-structure properties is of a random nature [88]. It is important to note that a useful
tool is to develop a meta-model in order to quantify the influence of uncertainties relating the
variability of these parameters to the transmission of the ground movement. In fact, since a
probabilistic study requires a significant number of simulations, and the analytical approaches are
based on a set of complex equations with the corresponding complex conditions to be solved involving
time and computation constraints, meta-modeling is considered as an effective technigue to evaluate
the variability of parameters

The “basic random variables theory” may be used to model the uncertainty of the SSI properties
through the Monte-Carlo simulations. This method compels the effect of the uncertainties on the input
data of a model to determine the effect of a certain uncertainty on the result obtained by this model.
To use the Monte-Carlo method, it is necessary to have probability distribution functions with
corresponding characteristics (normal, lognormal distribution, etc.) for the input data [89]. Therefore,
the developed approach for approximating the SSI parameters uncertainties is done by using estimates
based on published values which are conveniently expressed in terms of the coefficient of variation
(Cov).

3. Confidence Intervals

Confidence intervals contain the true values of the unknown output considering the variability of the
input parameters. EI Kahi et al. [90] took the SSI parameters variability into consideration and they
developed confidence intervals that contain the true values of the unknown transmission ratio versus
the relative stiffness. The desired level of confidence is set between 70 and 95% and practicing
engineers can directly refer to these intervals in their design considering these uncertainties affecting
the SSI. A level of confidence of 70% corresponds to considering = ¢ which may be risky; however,
a 95% level of confidence corresponds to + 2¢.

On the other hand, model uncertainties (model and knowledge uncertainties such as the settlement
shape, the building position, etc.) were also evaluated by EI Kahi et al. [90] using a coefficient A that
is correlated to the deterministic approach. For practical purposes, this coefficient can be used by
engineers and designers when evaluating the transmission of ground movements to structures taking
into consideration these uncertainties.
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4. Sensitivity Analyses

To quantify the relative importance of each input parameter of a model on the variability and
uncertainty of responses, a sensitivity analysis (SA) method is selected. In order to compare the results
according to various sensitivity analysis approaches, various methods can be evaluated that correspond
to local or global methods (Table 11-3).

Table 11-3 Comparison between local and global methods.
Global methods

Local methods

- Evaluate the change | - Quantify the contribution of each input parameter on the
in  output as each | variability of the response in the entire domain of variation

parameter is individually
varying by fixing all other

parameters
One-Way Sensitivity Sobol Indices McKay Method
Analysis

- Monte-Carlo - Sampling is based on |- Sampling is based on

simulations Monte-Carlo simulations Replicated-Latin Hypercube

- Evaluate the mean | - Not valid if there is a | Sampling

and the standard deviation | dependence  between input | - Valid even if there is a

o of the output variables  (various  studies | dependence between input variables
developed Sobol method to | - Characterized by the first order
consider the parameters | sensitivity index estimating the
dependence [25]) variance of the output produced by

- Consider the interaction
between the input parameters
through first, intermediate and

the influence and the variation of an
input parameter
- Relatively

rapid results

total indices

compared to Sobol

1. One-way sensitivity analysis using probabilistic distributions which examines the effect of the
variability of the input on the output. Consequently, this local sensitivity test examines the
change in output as each parameter is individually varying according to its mean u (Eq. 11-22),
standard deviation o (Eq. 11-23), and distribution function, so it can take into account the

parameter variability and the associated influence on model output [91].
n

1 E
_2 , q. 11-22
=3
i=1
_ o (x = p)? Eq. 11-23
n—1

2. Sobol method which is a common SA technique based on variance. It is characterized by its
indices such as the first order and the total indices: the first-order sensitivity Si represents the
variance of the output Y, as a function of the input parameter Xi (var (E [Y|Xi])). The total
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order index STi measures the contribution to the output variance of Xi (var(X; [Y|X_;]) is the
variance of model outputs that results from all except the ith parameter), including all variances
caused by its interactions with other input variables. If the differences between the first order
indices and the total indices are significant, it means that the effect of the interactions between
the variables is not negligible and it can then be useful to estimate the indices of intermediate
orders [89].

_var(E [Y]X;]) Eq. 11-24
ET var (V)

o = Ex_var(X; [Y|X_;]) Eq. 11-25
¢ var (Y)

McKay's (1995) method for estimating first order sensitivity indices which is based on
replicated-Latin Hypercube Sampling (r-LHS). This technique consists of creating r
replications of each sample of size N obtained by the LHS method and for each random input
parameter Xi. If the input parameters are considered as independent, the replications can be
obtained by randomly and independently switching the N values of each variable [89]. The
first-order sensitivity index associated with each variable Xi is obtained by fixing the values

xl’fj for all the replications k = 1 ... r (r is the total number of replications) such that x}

2
xl,]
given by the conditional law of Y|Xi = x;; can thus be evaluated. The conditional and non-

conditional averages can respectively be estimated by:

(Y|X _xu = 5, = zyu Eq. 11-26

n
Z Eq. 11-27
j=1

The sensitivity index of the variable Xi can be estimated by:
¢ r 213 — ¥)? Eq. 11-28
l —
7:1 2£=1()’i’,{j - ¥)?

ij =
= =x]; = x; forall 1 <j < N. The samples y; = f(x{, ...}, ... xp; = x;})

E(y) =

SI'—‘

In the following, a demonstrative example is presented to show the procedure of local and global
sensitivity analysis methods [93]. The selected trial function is Eq. 11-29

Steps for the one-way sensitivity analysis implementation [91]:

1. Select the total number of simulations to be performed.
2. Select the parameters for sensitivity analysis. In this case these are x;, x, and x5
3. Assume ranges for test variables: x; = [0,1000]; x, =[0,100]; and x3=[0,10]
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Choose a distribution for each of the parameters. In this case a normal distribution is chosen
for all three parameters with u, = 500, u,, =50, w,, =5 and a similar coefficient of
variation, COV=10%.

For each parameter (x;, x, and x3), evaluate the mean p and the standard deviation ¢ of f(x)
as per Eq. 11-22 and Eq. 11-23 by fixing the values of all except that parameter.

Compare the standard deviation ¢ of f(x) for each evaluation

Steps for Sobol implementation [89]:

1. Repeat the first 4 steps of the the one-way sensitivity analysis
2. Compute the variance of the first order index for each parameter by fixing the values of that

parameter and varying the remaining parameters as per Eq. 11-24.

Compute total sensitivity effects for the every parameter using Eq. 11-25 by evaluating the
variance of the mean of the output conditionally to all variables except that parameter. It is then
estimated as per the first index, except that instead of varying all the variables except the
evaluated parameter, this parameter is the only one varying.

Steps for McKay implementation [89]:

Repeat the first 4 steps of the the one-way sensitivity analysis

From an N-sample created according to the Latin hypercube sampling plan, create r replications
by independently and randomly permuting the N values of each variable. The combination of
these r replications will give N x r samples for each variable.

Compute the variance of the McKay index for each parameter as per Eq. 11-28.

The trial function was calculated for 10,000 iterations and the effects of the parameters are shown in
Table 11-4.

Table 11-4. Sensitivity analysis results.

One-Way Method One-Way Method  Sobol Method Sobol Method McKay Method

n(f () o(f (%)) Si(sobol) STi(sobol) Si(mckay)
x, 1750.77 49.9181 0.028 0.029 0.0304
x, 1753.05 126.971 0.187 0.193 0.187
x3 1761.28 247.629 0.774 0.782 0.757

It was found that parameter x;was the least sensitive parameter and x; was found to be the most
sensitive parameter. x5 has around 5 times higher effect than x; and around 2 times higher effect than
X,. This is clearly revealed by comparing the standard deviation ¢ of the one-way method. Also, for
Sobol and McKay methods, since they are based on the variance o2, it is found that Si(xs) =

2,/S

i(xz

i(xq)

In terms of Sobol total effects, it is also shown that the total indices of are quite close to first order
indices, then there is not much interaction going on between parameters.
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I1.4 Conclusion

Based on the literature, taking the soil structure interaction into account is fundamental to evaluate the
transmission of ground movements to structures. This chapter has presented a synthesis of the
knowledge on various elements establishing the basis of this thesis: the free-field ground movements,
their sources and their effects on buildings, the structure response, behavior and damage, the different
approaches used to evaluate this phenomenon and the uncertainties affecting the transmission process
and their evaluation.

In the next sections, an exhaustive study is presented of the identification and the evaluation of
uncertainties through five papers. As shown in Fig. 11.33, the transmission of ground movements to
structures is a process full of uncertainties that can affect:

- The first step, between the source (mining, tunneling, etc.) and the free-field response: These
uncertainties may be related to the source by itself (considering tunneling for example, the
construction procedure and multiple stages duration, rate of deconfinement, evaluation of
volume loss) or to the soil geology and mechanical properties, etc.

- The second step, the transmission of movement between the soil and the structure due to the
SSI: Various uncertainties may be presented that are related either to the approach (analytical
(equations, simplified hypotheses, SSI representative model, etc.), experimental (scale factor,
material choice, etc.)), either to the model conditions (building position, soil profile, etc.),
either to the knowledge (spatial variability of soil and building stiffness, etc.) either to the
variability of parameters (probabilistic distribution of SSI parameters).

- The third step, the structure response and damage: These uncertainties are mainly related to the
damage evaluation methods and post-damage variation of SSI properties.

Since the level of damage depends mainly on the transmission of ground movements due to the SSI,
this study focuses on the second step, shown in Fig. 11.33.

To evaluate the structural response to ground movements, the determination of the deflection
transmission ratio is the key parameter used in this study. In particular, an exceptional concern is given
to the cases of masonry structures subjected to mining subsidence settlement, since the risks due to
mining subsidence extend over large regions of the Lorraine iron basin, where two thousand hectares
of urbanized areas and twelve thousand hectares of non-urbanized areas were affected by this risk in
the year 2000 [61]. This ratio strongly depends on SSI characteristics and modeling [92]. The
uncertainties related to these parameters affect the estimation of the transmission ratio. Consequently,
different sources of uncertainties that need to be considered are evaluated in the next chapters.
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Fig. 11.33: Uncertainties affecting the transmission of ground movements due to SSI.
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I11. Thesis overview

The target of this chapter is to present a detailed abstract of the thesis that summarizes the sequence of
targets set and the main results obtained in each paper. Since the objective of every paper is unique,
the target of this chapter is to present a global vision that links these papers issued separately in order
to reach the final target of the thesis.

The objective of this thesis is to consider the impact of uncertainties affecting the evaluation of the
transmission of ground movements to structures. Based on the literature, an effective way to evaluate
the transmission is by evaluating the transmission ratio, A/A,, that depends upon the relative stiffness.

Since an uncertainties study requires a significant number of simulations, the analytical approach may
be considered as the fundamental approach used is this study, allowing quick calculations for a wide
range of variation of parameters. Then, a numerical and an experimental approach is evaluated as a
complementary tool to validate some of the analytical results. As presented in the previous chapter,
since the Deck & Singh (2010) simplified analytical approach (Euler-Bernoulli beam sitting on vertical
springs) provides moderate results of the transmission ratio A/Ao compared to others, and the results
vary between 0 and 1 which fits well with the definition of the maximum free-field deflection (A<Ao),
this thesis has proceeded by considering Deck & Singh (2010) analytical model. Furthermore, this
analytical model has been completed with a numerical model, using Plaxis 2D, to validate its use, as
it will be shown in the next chapters.

[11.1 Thesis plan

Based on the literature, the evaluation of the transmission ratio A/A, shows a significant margin of
discrepancy between the various developed models that may be interpreted as the consequence of the
uncertainties that affect its estimation. Various studies have focused on the treatment of uncertainty in
geotechnical structures. Uncertainties that are related to SSI properties can fall into three major
categories:
1. Natural variability that is associated with the “inherent” randomness of natural processes.
2. Knowledge uncertainty that is attributed to lack of data or of information about events and
processes.
3. Model uncertainty that corresponds to the degree to which a chosen mathematical model
accurately reproduces reality.

This thesis has identified and investigated the influence of significant sources of uncertainties. Results
reveal the effect of considering these uncertainties, and specify their influence on the parameters that
are used to evaluate the transmission of ground movements to structures associated with the SSI. Five
papers are presented; every paper investigates the influence of a particular uncertainty, as shown in
Table 111-1.
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Chapter Title Type Status
Simplified probabilistic evaluation of the variability of .
. . . . Journal Under review
v soil-structure interaction parameters on the elastic . .
. paper (Engineering Structures)
transmission of ground movements
Under review
v Influence of uncertainties on the evaluation of building Journal (European Journal of
deflections induced by ground movements paper Environmental and Civil
Engineering)
A new simplified meta-model to evaluate the
. Journal Accepted
VI transmission of ground movements to structures
. . L . paper (Structures)
integrating the elastoplastic soil behavior
Published
Vil Influence of Spatial Variability of Soil Properties on Conference (Proceedings of the 29"
Structures Response paper European Safety and
Reliability Conference)
. . . S Under Submission
Experimental evaluation of the stiffness variability of smes s )
. . Conference (11 journées  de
VIl masonry structures affecting the transmission of R L.
paper fiabilité des matériaux et

ground movements

structures, JFMS 2020)

I11.2 Presentation of Chapter IV. Simplified probabilistic evaluation of the variability of soil-
structure interaction parameters on the elastic transmission of ground movements

The impact of the variability of the main SSI parameters on the prediction of the structure response is
evaluated in this paper through a probabilistic approach. The “basic random variables theory” is used
to model the uncertainty of the SSI properties using the Monte-Carlo simulations. This method imposes
the uncertainties on the input data of the model to determine the effect of each parameter on the result
obtained by this model. To use the Monte-Carlo method, it is necessary to have probability distribution
functions (normal, lognormal distribution, etc.) with their corresponding characteristics for the input
data. The developed approach, for approximating the SSI parameters uncertainties, is based on using
estimates obtained from published values that are conveniently expressed in terms of the coefficient
of variation (COV).
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Fig. I11.1: Graphical abstract of Chapter 1V.

A meta-model is developed that represents the deterministic results of the transmission of the ground
movement versus the relative stiffness and more precisely versus the SSI parameters EI/B, L and K
(Fig. 111.1: Graphical abstract of Chapter I1V.

). This meta-model, based on Deck & Singh (2010) model, is validated by an elastic finite element

model (FEM) presented in this paper that intends to fully reproduce the elastic conditions of Deck &
Singh (2010) analytical approach.

Then, a sensitivity analysis (SA) is performed using local and global methods: (a) One local method
(One-way sensitivity analysis) is performed to evaluate the impact of variability on the output around
a particular value of each input parameter. (b) Two global methods (Sobol and McKay) are applied to
evaluate the contribution of each input parameter on the response in the entire domain of variation.
These two global methods present differences with respect to the sampling techniques and the
evaluation of the dependence between the input variables. In addition, Sobol method evaluates the
existence of a possible interaction between input variables.

SA results reveal that A/A, highly depends upon the variability of the SSI parameters, upon their
probability distribution function and their COV.

- Afirst approach is performed by considering a uniform distribution of each parameter over its
entire distribution range. The target is to get a global overview of the influence of parameters
in the considered distribution range of parameters. Results show that L has the highest
influence, but its influence is comparable to the influence of EI/B and K (approximately 1.5
times higher effect). In addition, in this approach, the effect of EI/B is higher than K, since its
range of variation is higher.

- Asecond approach is performed by considering a normal distribution of each parameter with
the same COV. The target is to assess the parameter having the highest influence from a
mathematical point of view. Results show that L has the highest influence, which is 4 times
higher than the influence of EI/B and K.

- A third approach is performed by considering a normal distribution of each parameter with
realistic COV defined in the literature. The target is to evaluate the parameter that has the
highest influence considering both, mathematical influence and realistic variability. This
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approach is performed in the perspective of an operational use of the deterministic results of
AJA,.

According to the third approach, it was found that the effect of every parameter varies according to the
considered p* value. Globally, the effect of EI/B increases with the increasing values of the relative
stiffness p*; however, the effect of K increases when p* decreases.

The variability of L is limited (COV=5%) compared to the one of EI/B and K (COV=40%) according
to the literature. Thus, L has the lowest influence of L for the entire variation range of p*. On the other
hand, for low p* values, K has the highest influence, while for high p* values EI/B has the highest
influence. For intermediate p* values, EI/B and K have nearly the same effect.

Finally, confidence intervals are developed analytically and validated numerically by considering the
variability of the SSI parameters. A range of results of A/A,is associated with every value of the
relative stiffness by considering a level of confidence that is set between 70 and 95%. These confidence
intervals provide a simplified probabilistic evaluation that can be directly adopted by engineers for
design purposes during preliminary stages to assume a A/A, value, to have an efficient assessment of
the rate of the ground movement that is transmitted to structures when considering the uncertainties
related to the estimation of SSI parameters.

I11.3 Presentation of Chapter V. Influence of uncertainties on the evaluation of building
deflections induced by ground movements

Based on Deck & Singh model, an accurate prediction of the structure response to the ground
movements requires a well-characterization of uncertainties related to the SSI conditions and
parameters. Fig. 111.2 summarizes the main hypotheses considered in the Deck & Singh model that can
be considered as significant sources of uncertainties based on the literature. This paper aims to evaluate
the effect of these uncertainties using a deterministic approach. Then, a coefficient A will be proposed
to consider the influence of these uncertainties while evaluating the transmission of ground movements
to structures (A/Ao) by defining a variation interval.

Length of the building L

q (uniform load)
(LTI Tl
Building assimilated to a homogeneous

beam characterized by E, l'and L

Free-Field displacement
defined by a polynomial
function characterized by A\,

Mingled centerline for building

and settlement curvature
(Symmetrical Case)

Fig. 111.2: Main hypotheses considered in the Deck & Singh methodology (2010).
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Consequently, a paper is presented, based on Deck & Singh A/Ao analytical curve, to investigate the
effect of various significant uncertain factors on A/Ao related to the model and geometrical conditions
and properties:
- The free-field ground movement profile
- The building position to the soil curvature
- The longitudinal variability of the structure stiffness caused by the heterogeneity of structural
materials and openings (doors, windows, etc.).

These uncertainties are evaluated in the literature, and a significant discrepancy is shown indicating
their influence. However, these studies considered particular SSI cases and parameters, and their
results cannot be generalized for a wide range of SSI parameters. This paper aims to propose a
modification factor A for operational use, to evaluate the influence of these uncertainties on the
transmission ratio (A/Ao)uncertainties = A(A/Ao)peckasingh. This coefficient covers the whole range of SSI
parameters and varies between Amin and Amax. When these values are close to 1, the effect of
uncertainties is negligible; however, when Amin and Amax are distant from 1, these uncertainties have a
significant influence.

Soil profile shape:

New coefficient to evaluate the
uncertainties effect:

Table V-4

Regular geometrical shapes

Al
’:>i 2 shapes types investigated:

Variant coefficient a: 40, 30, 20, 10%

As shown in Fig. 111.3: Graphical abstract of Chapter V.
, the work done in this paper can be summarized as follows:

a- The effect of the free-field ground movement form was studied by taking several continuous
shapes (polynomial, trapezoidal, sinusoidal, triangular and side triangular), one discontinuous
shape (rectangular) and a Gaussian form of the free-field ground movement. Their results are
plotted together for comparison purposes.

I. First, for the continuous cases, all curves have globally similar results with the usual
analytical models curves. For an equivalent stiffness ratio, the results of maximum
transmission ratio are slightly different.

ii. Second, the discontinuous shape does not follow a one-line curve as the continuous shapes
even-though it respects the overall curvature, and the transmission ratio associated with

A A Gaussian shapes
Aﬂl.u"lcert'aim:ies IA'3’Dec:l-("3c5mgh A,
Building position to the settlement A
B curvature: Ny’ max
Ain .
2 shapes types investigated: Fig. V.20 min- A\ Deck & Singh results
) A=1
Comparing SSI .
studies in the 3 Uncertainties Fully concave/convex curvature N
literature = Evaluated: Partially concave/convex curvature p*
Presence of ] - Sail profile shape
Uncertainties Building pOS.ItIOI'I C Homogeneity of building stiffness:
Heterogeneity of
. building stiffness -
(Fig. v.4) 8 [> - Beamdivided into 2, 3 and 4 parts Table V-5

Fig. 111.3: Graphical abstract of Chapter V.
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the relative stiffness values presents a significant difference.

iii. Third, for the Gaussian shape, the comparison of the structure and the curvature lengths
shows a significant influence of this uncertainty, consequently, the horizontal distance
between the settlement inflection point and the building centerline has an important
influence on the results. Four cases are considered (L building << L curvature ; L building >> L
curvature ; L building = L curvature ; X buildingend = X inflection point) aNd results show that for a structure
having a comparable length with the curvature, A/A¢ have globally similar values to the
Deck & Singh polynomial model.

b- The building position to the settlement curvature was studied by considering two cases:

i. A building distant from the inflection point: the structure deflection presents a fully
concave/convex curvature. The effect of the concavity and convexity of the free-field
ground movement is examined according to the several deformation shapes. Results
show that, with respect to the condition of no interpenetration and continuous contact
between the soil and the structure, the concave and convex shapes give exactly the
same results of the deflection transmission ratio A/Ag versus the relative stiffness p*.

ii. An inflection point of the free-field movement that is close or under the structure: the
structure may be partially concave and convex, and its position highly affects the
prediction of A/Ao. Continuous and discontinuous approaches are considered and
results reveal that the worst case corresponds to the case where the curvature center
coincides with the building centerline which overestimates the structure response.

c- The influence of openings, heterogeneity of structural material, etc. manifested by the stiffness
variation in the structure is investigated. VVarious beam stiffness partitions are applied to the
model; each partition is characterized by its own stiffness obtained by increasing or decreasing
the stiffness value by certain percentage. All of these partitions and variations are compared to
the homogeneous case where the whole building has one stiffness value. Results indicate that
the evaluation of the movement transmission depends upon the stiffness variation and a
difference is shown between the homogeneous and the heterogeneous case.

d- Finally, a new equation that considers the influence of every uncertainty is proposed using
tables and figures (Table V-4 and 5 and Fig V.20 of this paper) based on the Deck & Singh
deflection transmission ratio. This equation can be directly adopted by engineers for design
purposes to assume a A/Ao value when considering these uncertainties.

[11.4 Presentation of Chapter VI. A new simplified meta-model to evaluate the transmission
of ground movements to structures integrating the elastoplastic soil behavior

After evaluating the uncertainties affecting the evaluation of A/A, considering elastic conditions, a
new paper is presented whose purpose is to integrate the soil elastoplasticity while investigating the
response of a structure sitting on a soil subjected to a ground movement. Analytical and numerical
approaches are applied to examine the effect of the non-linear soil behavior. The analytical approach
is based on modified Winkler and Pasternak elastic models under the assumption of limiting the soil
reaction by its bearing capacity ; the numerical approach is based on finite element models, using
Plaxis 2D that consider an elastoplastic soil behavior.
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Fig. 111.4: Graphical abstract of Chapter VI.

As shown in Fig. 111.4: Graphical abstract of Chapter VI.

, simplified equations are initially proposed to evaluate the elastic transmission ratio (A/Ao) Elastic for
(a) Deck & Singh (2010) Winkler model coupled with Vesic formula and (b) Basmaji et al. (2017)
Pasternak approaches. These two approaches are validated by elastic numerical finite element models
and numerical, experimental and field data results from previous research. Then, the influence of soil
plasticity on the transmission ratio A/Ao is investigated by integrating the soil bearing capacity pui that
corresponds to a limited value for the ground reaction p (x). Results show a significant difference in
the transmission ratio between the elastic and the elastoplastic soil behavior. The elastic behavior
results create an envelope that engulfs the elastoplastic results.

Considering plasticity with the Pasternak model involves difficulties because this model implies the
presence of a punctual reaction at the building edge. To overcome these difficulties, a coefficient a is
imposed to locally modify the shear modulus Gp and limit the maximum admissible punctual forces.
To find the value of a, it is required to check the statistical balance and the equivalence between the
sum of the reactions and loads applied to the beam for every combination. Thus, the proposed
procedure applied for Pasternak model is time consuming and presents difficulties to be generalized.
On the other hand, the proposed procedure applied for Winkler model (Deck & Singh model coupled
with Vesic formula) does not show constraints and is validated by finite element-models.

Based on Deck & Singh Winkler model, a new meta-model is proposed that associates the elastic with
the elastoplastic results of the transmission of the ground movement ((A/Ao) elastoplastic); the statistical
meta-model is realized using artificial neural networks based on 18,900 combinations of SSI
parameters and soil bearing capacities put. A reduction coefficient “a” is computed so that (A/Ao)
Elastoplastic = @ (A/A0) Elastic.

In conclusion, to improve the investigation of the structure response to ground movements and the
evaluation of its damage, the effect of a significant SSI factor, the soil elastoplastic behavior, can be
directly evaluated via the proposed simplified meta-model that is based on the elastic values of (A/Ao)
Elstic. 10 reduce time and calculation difficulties, this paper proposes simple equations that are
sufficient and can be directly used by geotechnical engineers and designers to consider the elastoplastic
soil behavior and evaluate transmission of ground movements to structures.
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I11.5 Presentation of Chapter VII. Influence of Spatial Variability of Soil Properties on
Structures Response

The variability of SSI parameters is investigated in the previous study without considering
geostatistical conditions. Another paper is presented to evaluate the influence of spatial variability
(SV) of soil properties on structures response. As shown in figure below, this paper develops a
probabilistic study through an analytical approach developed by Mathematica coupled with random
field of the ground Young’s modulus to evaluate the uncertainties related to the soil spatial variability
affecting the transmission of movements caused by various sources (tunneling, mines, sinkholes, etc.)
to nearby structures. The random field is computed with the Sequential Gaussian Simulation (SGS)
procedure (using GOCAD software), based on given variograms with specific correlation length and
variance of the soil modulus. In fact, the soil is assimilated to a juxtaposition of elastic springs,
characterized by a different stiffness value for every spring. 108 combinations of the soil modulus
mean value, structure stiffness, length and correlation length are considered; for every combination, a
flexible, intermediate and stiff structures are assessed. Results reveal the effect of considering the soil
spatial variability on the transmission ratio that specifies the building behavior in response to the
ground movement. They revealed that, for a heterogeneous soil (small correlation length), the
properties compensate each other so that the final effect becomes similar to the case where there is no
SV. However, when the correlation length increases, the soil becomes homogeneous and the SV
influence is more important.

A coefficient o is proposed to characterize the SV effect, so that (A/Ao) with sv = o (A/Ao) without SV-
The influence of the beam stiffness, the beam length and the mean value of the soil modulus is
separately investigated. At last, for most of the cases, this study indicates that the spatial variability of
soil properties has a moderate influence on the buildings response to excavation-induced ground
movements.
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Fig. 111.5: Graphical abstract of Chapter VII.
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[11.6 Presentation of Chapter VIII. Experimental evaluation of the stiffness variability of
masonry structures affecting the transmission of ground movements

Finally, a fifth paper is presented whose target is to realize experimental tests to investigate the stiffness
variability of masonry structures. In fact, the variability of stiffness highly impacts the evaluation of
the buildings response to ground movements due to the soil-structure interaction as shown in the results
of the sensitivity analyses of the second paper. In fact, the building stiffness has a crucial and decisive
influence that impact also the confidence intervals that were set to be used by engineers and designers
when evaluating the transmission of ground movements.

In this paper, the variability of the behavior of masonry structures and particularly their stiffness is
investigated experimentally by evaluating stress-strain curves. As shown in the figure below, four
walls are considered presenting the same relation between brick, mortar, and masonry strengths and
conditions.

Results show a significant variability between the evaluated stiffness, while theoretically the same
value is expected. The standard deviation and the mean value are evaluated, resulting a COV of 37.7%,
which validated the value considered analytically in the previous studies of 40%.

A/JA, is highly affected Experimental tests on 4 bending tests COV ~ 40%
by the variability of El masonry walls
Vertical load
Based on the Beam distributing | 0 Off plan
literature load T support 5"
P Off plan 1 3®
COV (EI) - 40% sup:on 1 .»',"( Support 3,
Support ",’ Vertical Sensor

Beam supporting the wall

Fig. I11.6: Graphical abstract of Chapter VII.

I11.7 Presentation of Annex 1-4

In addition to these 5 papers, 4 annexes are presented to introduce some additional work done in this
thesis and submitted in other papers not added to this manuscript, or papers that are under preparation.
For example, a complementary part of the plasticity paper is mentioned in Annex 1 that summarizes a
part of the scientific collaboration realized with the Polytechnic University of Madrid. A mobility grant
has been associated to this thesis from Lorraine University of Excellence to realize this collaboration
for three months (September-November, 2019). During this period spent in Madrid, a comparison has
been done between the SSI analytical models developed in the literature by:

1- Deck & Singh that is based on Winkler model.

2- Franzaet al. (2019) that is based on Continuum model.

Comparison results reveal that Winkler model provides moderate results even if its use may be
criticized for some restrictions.



72

In addition, an extension to the paper is realized with the Polytechnic University of Madrid,
considering a continuum model. An artificial neural network is done to evaluate the influence of
plasticity and gap formation for sagging and hogging mines, in addition to the influence of eccentricity
for the tunneling induced movements. Results reveal that, for the continuum model, a high number of
parameters are needed which leads to a high number of neurons to evaluate the structure response.

Furthermore, an extension to the model and geometric uncertainties paper is mentioned in Annex 3
that shows the results presented in the JFMS-2018 (10émes journées Fiabilité des Matériaux et des
Structures - Bordeaux, 27-28 Mars 2018), to investigate the influence of some relevant parameters on
the same free-field ground form; for example, the influence of the gap position generated by the
variation of the gap form due to the ground displacement. Results reveal the effect of the gap position
and shape (rectangular or trapezoidal approach) on the beam deflection.

Lastly, the influence of equivalent stiffness on the behavior of buildings subjected to soil settlements
is evaluated numerically and a paper whose results are shown in Annex 4 was presented in the ESREL-
2019 conference (Proceedings of the 29th European Safety and Reliability Conference). In order to
separately investigate the effect of every parameter (beam length, beam stiffness, partition type and
variant coefficient) on the stiffness ratio, and consequently on the equivalent stiffness, error bars are
evaluated; these represent one standard deviation of uncertainty around the mean value of Eleg/Elref
(stiffness ratio) for the considered sets of parameters (Eleq and Elrer are the equivalent and the reference
stiffness values respectively).



IVV. Simplified probabilistic evaluation of the variability of soil-structure
interaction parameters on the elastic transmission of ground movements

This paper is currently under review in the Engineering Structures journal.
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Simplified probabilistic evaluation of the variability of soil-structure interaction
parameters on the elastic transmission of ground movements

Elio EL KAHI'2*, Olivier DECK?, Michel KHOURI?, Rasool MEHDIZADEH?, Pierre RAHME?

1 Lorraine University, CNRS, CREGU, GeoRessources laboratory, Ecole des Mines de Nancy, Campus Artem,
CS14234, 54042 Nancy Cedex, France
2 Faculty of Engineering, Lebanese University, Roumieh, Mount-Lebanon, Lebanon

V.1 Abstract

An efficient probabilistic approach is presented to consider the uncertainty related to the evaluation of
the transmission of ground movements to structures considering the influence of the variability of the
soil-structure interaction (SSI) parameters (namely the building stiffness EI/B, the soil modulus k and
the structure length L). These movements can be produced by tunnels excavation, sinkholes, mining
subsidence, etc. This probabilistic approach aims to quantify the relative importance of the variability
of the main SSI parameters on the structure response via a sensitivity analysis (SA). The structure
response is evaluated using analytical and numerical models. The analytical model is applied using
Mathematica where the structure is modeled by an elastic Euler-Bernoulli beam and the soil by a
combination of elastic springs as per the Winkler model. The numerical model is developed using
Plaxis 2D coupled with the programming tool Python for a significant number of numerical
simulations to validate the analytical results obtained. The objective is to evaluate the impact of the
parameters variability which are assumed to be of a random nature. To avoid time and computation
difficulties, a simplified analytical meta-model that reflects the structure response is proposed. Based
on this meta-model, the SA is performed using three selected procedures, one local and two global,
namely, one-way analysis, Sobol and McKay respectively. Results reveal the contribution of each
input parameter on the variability of the response using various sampling techniques, such as random
Monte-Carlo Simulations (MCS) and Latin Hypercube Sampling (LHS). Accordingly, the effect of
EI/B increases with the increasing values of the relative stiffness (p*); however, the effect of k
increases when p* decreases. Results also reveal the influence of the variability of the main SSI
parameters on the rate of the ground movement that is transmitted to structures; confidence intervals
are set and can be used by engineers and designers when evaluating the induced building damage in
response to the transmission of ground movements taking into consideration these uncertainties.

IV.2 Keywords

Confidence intervals, sensitivity analysis, uncertainties, soil-structure interaction, meta-model,
analytical, numerical approach.
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V.3 Introduction

1. Background

Ground movements may have different sources such as the influence of nearby excavations (tunnels)
and the presence of underground voids such as mining subsidence, sinkhole, etc. As shown in Figure
1, these movements are characterized by vertical and horizontal displacements with other effects
(ground curvature, slope, etc.) that cause differential soil settlement under the building and may lead
to major damage [1, 2]. However, the transmission of ground movements to structures may be
considerably affected by the soil-structure interaction phenomenon which is strongly dependent upon
the stiffness of the structure as well as that of the soil [3].

Free-Field Ground
Movement

Free-Field Ground
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. e .
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Mine
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(a) (b)
Fig. IV.1. Building deflection caused by ground movements: (a) Case of tunneling. (b) case of underground
mine.

About 10
t0 50 m

As shown in Figure 1, considering a quasi-static framework, the free-field ground movement
represents the soil displacement produced by the source (tunnel, mine, etc.), without taking into
account the influence of possible constructions on the surface. In the presence of an existing structure,
the free-field ground movement is partially or totally transmitted to the building which may result in a
structural or functional damage.

By neglecting the impact of the interaction between the soil and the structure (SSI), the free-field
ground movements are integrally transmitted to the building. Under this assumption, A, indicates the
maximum deflection of the building. It represents the maximum free-field deflection under the
building that is totally transmitted to it. A, depends upon the ground radius of curvature R and the
building length L (Figure 2). The estimation of R or A, is not the object of this paper. For movements
of mining origin, Deck (2002) [44] has grouped empirical formulas for describing surface subsidence.
For movements induced by tunnels excavation, the formula of Peck (1969) [45] is commonly used. In
both cases, the order of magnitude of the free-field movements is variable, with radii of curvature
varying from hundreds of meters to a few kilometers. For a building of 20m of length, these curves are
then associated with building deflections of millimetric to centimeter order [14].
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Ao =L12%/8R

Fig. IV.2 Free-field deflection Ao.

By considering the impact of the SSI, the ground movement may be partially transmitted to the
structure which results in a building deflection characterized by its maximum value A with A < A,
Consequently, as shown in Figure 3, if the structure is stiff, it can resist the ground movement and the
induced deformation is limited (A < A,); if it is flexible, then it perfectly follows the soil settlement
(A= Ap).

For a symmetrical free-field movement with respect to the structure, the deflection A corresponds to
the maximum differential settlement under the building. For the non-symmetrical free-field movement
case, A represents the maximum deflection of the building whether the structure has a concave or a
convex deformation (Figure 1-a). The A/ L ratio, called the deflection rate, is frequently used to assess
the behavior of structures subjected to differential settlement and evaluate their damage [4, 5].

The objective of this paper is to evaluate the structure response to the ground movement through the
deflection transmission ratio, defined as A/A,, which is used to quantify the rate of movement
transmitted to the building.

Rigid
d Displacement b C

[ Free-Field Displacement Beam Deflection ‘ Ground Displacement ‘

Fig. 1V.3. Behavior of structures subjected to ground movement. (a) High-stiffness structure on soft ground.
(b) Intermediate ground and structure stiffness. (c) Flexible structure on stiff ground.

2. Literature review

Different methods (analytical, numerical, experimental, etc.) have been developed to predict the
building deflection in response to the ground movements [4-14, 49-52]. With the exception of
empirical methods that are based on observations of real existing structures, these methods do not
consider a specific study of a particular case but they are generally applied to simplified structures,
such as elastic 2D beams, in order to assess the global trend of ground movements induced phenomena.
The response of particular cases, presenting complex structural configurations, remains hardly
predictable and thus, engineers need to carry out their 3D numerical modelling, which is time-
consuming, during preliminary design stages [2].
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Previous research on the SSI subject addresses the question of building stiffness compared to ground
stiffness, which is known as "relative stiffness". It suggests to assess the transmission ratio A/A, as a
function of a relative stiffness parameter p* between the soil and the structure [5-7].

Most of this research relies on Eq. (1) to evaluate the relative stiffness parameter p*. Their definition
depends upon the structure length L, inertia | (per linear meter), Young’s modulus E and the soil
Young’s modulus Es. Eq. (1) has the advantage of being non-dimensional and of being well adapted
to the synthetic representation of A/A,.

. EI )
p _ESL3 ( )
a) Comparison of analytical, numerical, experimental and field data

results from previous research

Mair (2013) [15] compared the transmission ratio versus the relative stiffness results, derived from the
finite-element analyses of Potts and Addenbrook (1997) [7] and Franzius et al. (2006) [16]. He also
considered the results of finite element parametric analyses done by Goh (2010) [17], of deep
excavations in soft clay on adjacent buildings, using the Modified Cam Clay soil model. The
comparison of these studies shows that the obtained results fall into a relatively narrow envelope
known as Mair envelope (Figure 4).
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Fig. IV.4. Comparison between Mair (2013); Deck & Singh (2010); Pasternak-Basmaji et al. (2017); Winkler-
Basmaji et al. (2017), Franza et al. (2019) results and numerical (Plaxis 2D) results.

This paper compares Mair (2013) envelope to the results of various SSI studies (analytical, numerical,
etc.) that also evaluate the transmission of ground movements to structures (Deck & Singh (2010);
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Basmaji et al. (2017) and Franza et al. (2019)) (Figure 4). However, each study is based on a set of
hypotheses that does not allow the generalization of the obtained results:

a. Mair (2013) [15] envelope is based on physical centrifuge modelling of building response to
tunneling and their results are compared with both, (a) the finite element analyses reported by
Potts and Addenbrooke (1997) and Franzius et al. (2006), and (b) the field data of building
performance reported by Goh (2010).

b. Deck & Singh (2010) [5] analytical model is based on Euler—Bernoulli beam sitting on vertical
springs as per the Winkler model. They plotted their results using their own definition of the
relative stiffness that is based on the Winkler reaction modulus (Winkler parameter k).

In fact, they defined the relative stiffness ratio p* by Eq. (2) characterized by the Winkler
parameter k and the structure width B. This equation is comparable to other relative stiffness
ratios defined in the literature. It also presents the advantage of being non-dimensional and

suitable to have a synthetic representation of A/A, based on Winkler model.

_E
P = kBL* @

In order to make the comparison between Deck & Singh (2010) model, based on their own
relative stiffness ratio, and other models, Vesic (1963) [28] formula (Eqg. (3)) is used. Eq. (3)
defines k values as a function of the beam length L, width B (with L>B) and the ground
characterized by a Young’s modulus Es and a Poisson’s ratio v. In this case, B is taken equal
to 1m. Noting that various formulas link the Winkler modulus to the soil Young’s modulus
[28-32], Vesic’s formula is chosen since it takes into account the presence of a beam (through
the “EI” term) contrary to other formulas.

k_0.6512 EsB* Es 3
B (EI)(l—vz) ®

c. Basmaji et al. (2017) [4] developed a new approach to assess the transmission ratio and the
building response to differential settlement, considering the influence of shear deformation.
Their model is based on both, Pasternak and Winkler soil models. For both soil models, a
methodology has been implemented to justify the parameters values, k (Winkler parameter)
and Kp and Gp (Pasternak parameters), as a function of the elastic properties of the soil, the
thickness of the compressive ground layer and the building length. Their methodology
considered Flamant’s theoretical solution of induced vertical settlement, to adjust the
displacement for Pasternak and Winkler methods and justify the parameters values for both
methods.

d. Franzaetal. (2019) [2] methodology is based on elastic and elastoplastic continuum solutions
that consider the structure as an equivalent simple beam, assuming that the free-field settlement
is given by a standard Gaussian curve, contrary to other models that give elastic solutions based
on a polynomial free-field settlement. In addition, the structure is connected to vertical and
horizontal coupled springs that model the elastic homogeneous half-space continuum, the soil,
while other models assimilate the soil to a juxtaposition of elastic vertical springs. Also, Franza
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et al. (2019) proposed a formulation that accounts for the change in settlement trough shape
and compared it with numerical, experimental and field data from previous research.

b) Comparison with a finite-element model

This paper develops an elastic finite element model (FEM) to compare the results of previous studies
in the literature with a set of numerical simulations. The objective of the FEM is to model the ground
curvature induced by ground movements and calculate the elastic transmission ratio of the free-field
deflection. In fact, Basmaji et al. (2017) [6] and Deck & Singh (2010) [7] validated their analytical
elastic results with numerical models; however, they considered an elastoplastic ground behavior in
their numerical studies, and they modeled the subsidence by a uniformly distributed load imposed on
the lower boundary. On the contrary, the numerical model presented in this paper intends to fully
reproduce the elastic conditions in order to well verify the effectiveness of the previous elastic
analytical results. Subsequently, this FEM model considers a linear elastic ground behavior. By
considering a linear behavior, a generalized rupture of the ground at the level of the lower boundary is
avoided [47]. A ground curvature is obtained that allows a suitable comparison between the FEM
calculations and the analytical ones. Note that the FEM generates a horizontal deformation; however,
this deformation does not have a significant influence on the deflection transmission ratio.

The numerical model is performed with a finite element software (Plaxis 2D) under the plane strain
hypothesis. The model consists of an elastic soil layer, 125 m thick and 800 m long, with a building
located at the center (Figure 5). A fine mesh is used for soil elements and the subsidence is imposed
without adding a uniform load on the lower boundary. For the boundary conditions, the horizontal
displacement is fixed on the right and left boundaries and the vertical displacement is fixed only at the
bottom boundary right and left sides (L1) while the central region of the bottom boundary is free.
The soil Poisson’s ratio v is 0.3 and the unit weight is 20 KN/m3. The structure is modeled by a beam
that is loaded with a vertical uniformly distributed load g.

= L=

(a) Soil weight separately (b) Free-field displacement A,

)

25m
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L1 T = L1
800 m

(c) Building deflection A

Fig. IV.5. Description of the finite element model used to compare analytical results of the deflection
transmission ratio with numerical results.

Three computations are performed as follows:
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(@) A first computation is performed by fixing the vertical displacement on all the lower boundary
in order to generate the initial ground situation under the soil weight. All the evaluated
displacements are then set to zero.

(b) A second computation is performed by fixing the vertical displacement on L1 (on both sides),
without considering the structure, in order to assess the free-field displacement A, of the
subsidence. A, is evaluated and the displacements are set to zero.

(c) A third computation is performed with the precense of both the structure (with the vertical
uniformly distributed load) and the subsidence in order to assess the final building deflection
A considering the soil-structure interaction.

The equivalence between the FEM and the analytical solution is maintained as follows:
- Alinear elastic soil behavior is considered that is equivalent to the elastic analytical approaches
(Winkler, etc.).
- Avvalue of L1 is selected in order to reach a value of A, in the FEM that is equivalent to the
one of the analytical model (Figure 5).
- Mechanical properties and buildings dimensions are chosen so that values are identical with
the ones considered in the analytical approach (g, El and L).

As shown in Figure 4, a set of 10 simulations are performed that cover the distribution range of the
relative stiffness p*, for different values of EI/B, Es, L, q and A,. Globally, numerical results presented
in Figure 4 are superimposed with the curve of the transmission ratio calculated with the models of (a)
Deck & Singh (2010) using Winkler model combined with Vesic (1963) formula, (b) Basmaji et al.
(2017) using Pasternak model and (c) Franza et al. (2019) continuum model. Therefore, these three
models can be reasonably used to evaluate the transmission ratio.

3. Presence of uncertainties

As shown in Figure 4, even-tough the results of SSI studies are globally consistent in the literature, the
comparison shows a large margin of discrepancy in the estimation of the transmission of the ground
movements to structures. An important portion of this discrepancy may be explained by the influence
of uncertainties [1, 4, 18]. In fact, Deck & Singh (2010); Pasternak-Basmaji et al. (2017); and Franza
et al. (2019) analytical models present comparable results that were validated by the FEM (Figure 4)
and can be reasonably used to evaluate the transmission ratio. However, in comparison with numerical
and experimental results and with empirical observations of Mair (2013), the margin of discrepancy
may reach + 0.3 in the estimation of A/A,. Consequently, this paper aims to investigate the influence
of uncertainties affecting the estimation of A/A,, define confidence intervals identifying the
discrepancy of results and identify the factors presenting the highest influence on the prediction of the
structure response.
Various studies have focused on the treatment of uncertainties in geotechnical structures and SSI
phenomenon [20-22], these can fall into three major categories [23]:

a. Natural variability that is associated with the “inherent” randomness of natural processes.

b. Knowledge uncertainty that is attributed to lack of data or information.
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c. Model uncertainty that corresponds to the degree to which a chosen mathematical model
accurately reproduces reality.

By considering the variability of the main SSI parameters, this paper combines the three categories.
The “basic random variables theory” is used to model the uncertainty of the SSI properties through the
Monte-Carlo simulations. This method imposes the uncertainties on the input data of the model to
determine the effect of each parameter on the result obtained by this model. To use the Monte-Carlo
method, it is necessary to have probability distribution functions (normal, lognormal distribution, etc.)
with their corresponding characteristics for the input data [24, 25]. The developed approach for
approximating the SSI parameters uncertainties is based on using estimates obtained from published
values that are appropriately expressed in terms of the coefficient of variation (COV).

4. Simplified probabilistic approach

Since the Deck & Singh (2010) analytical model (Euler-Bernoulli beam sitting on elastic vertical
springs) is a simplified approach that provides moderate results of the transmission ratio A/A,
compared to others (Figure 4), and the results vary between 0 and 1 which fits well with the definition
of the maximum free-field deflection (A< A,), this study will proceed by considering this approach.
However, Deck & Singh (2010) simplified approach presents numerous model uncertainties and their
results may be affected by various uncertain factors. These factors include the structure equivalent
stiffness, particularly for structures with significant wall openings, the geometric and the geological
characteristics and the mechanical properties of the soil in addition to the characteristics related to the
source by itself that may affect the free-field deflection shape [48].

For example, Franza & DeJong (2017) [10] presented a simplified elastic method to assess tunneling-
induced deformation by investigating simple beams, frame structures and bridges on shallow
foundations (either continuous foundation or individual footings). They revealed the effect of this
uncertainty, however, results indicated that modeling the structure with equivalent beam elements
represent a useful preliminary assessment tool for the structural response since the maximum
transmission ratio difference does not exceed 0.05 [10].

On the other hand, EIKahi et al. (2018) [19] studied the influence of the free-field deflection shape
based on the Deck & Singh analytical model; they considered different geometrical profiles (Gaussian,
Trapezoidal, Sinusoidal, Triangular, Polynomial, etc.). All of these shapes are characterized by the
same value of the maximum free-field deflection A except for the dissymmetrical side triangular case
where it goes to 2Ao , to be compared to a convex symmetrical triangular case characterized by Ao at
the two ends. Also, since the Gaussian curve depends upon the curvature length and the horizontal
position of the inflection point, a configuration that considers L building = L curvature and an inflection
point located at 0.3 L is evaluated.

As shown in Figure 6, results vary slightly from one shape to another and the influence of this
uncertainty on the prediction of the deflection transmission ratio A/Aois limited, the relative difference
between A/Ao (Deck & singh) polynomial shape and A/Ao for other shapes does not exceed 10%.
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Fig. IV.6. Deflection transmission ratio A/Ag versus the relative stiffness p* for different forms of
free-field ground movements.

Consequently, a polynomial shape may be used to represent the free-field profile. On the other hand,
this “model” uncertainty may partially explain the discrepancy in the results shown in Figure 4, but it
has to be added to other uncertainties in order to improve the prediction of the transmission ratio.
Other model uncertainties may also affect the prediction of the transmission ratio. However, these
uncertainties correspond to particular cases, presenting complex configurations where a 3D numerical
modelling has to be carried out. However, this paper aims to provide a simplified probabilistic
evaluation that can be used by engineers and designers during preliminary design stages, to have an
efficient assessment of the rate of the ground movement that is transmitted to structures. This requires
a comprehensive analysis of the variability of the main SSI parameters and their impact on the structure
response which constitutes a useful tool to evaluate risks associated with the impact of ground
movements on nearby existing structures [13, 14].

Since a probabilistic study requires a significant number of simulations, and the Deck & Singh
analytical approach is based on a set of forth differential equations with the corresponding boundary
conditions (Eg. (5) and Eq. (6) defined in the next sections) involving time and computation
constraints, meta-modeling is considered as an effective technique to evaluate the variability of
parameters [24-26]. A simplified meta-model representing the transmission of the ground movement
as a function of the relative stiffness is evaluated. Analytical and numerical confidence intervals are
then set and sensitivity analysis are evaluated to quantify the effect of the variability of SSI parameters
on the transmission of ground movements.

IV.4 Procedure and modeling

Various approaches have been used to study the behavior of structures subjected to differential
settlement. These can be gathered into five main groups [27]: numerical, empirical, semi-empirical,
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physical and analytical. Since the objective of this paper is to develop an uncertainties study, an
analytical approach, based on Deck & Singh (2010) model, is used first, due to the fact that analytical
modeling allows rapid results to be obtained for a large variation range of model parameters and
sensitivity studies. A numerical model is then applied to compare the analytical results to a set of
numerical simulations.

1. Analytical modeling

The Deck & Singh (2010) analytical approach models the building sitting on an elastic soil, by an
elastic Euler-Bernoulli beam of length L, width B, inertia I and Young’s modulus E (Figure 7). The
work is developed in linear meter considering that B=1 m. In both research and practice, it is common
to simplify the structures to equivalent linear elastic beams to decrease computational costs during
initial assessment. Generally equivalent beams are identified by matching the bending stiffness EI [4-
6, 10, 14-16].

By assessing the transmission ratio, Deck & Singh (2010) approach aims to evaluate the movement
that the building must resist before suffering significant damage. Thus, the choice of an elastic building
behavior corresponds to the objective of ensuring building safety because if the building does not
suffer significant damage, its behavior may be assumed elastic [5]. Ground is thus modelled with an
elastic behavior; this choice is consistent with ensuring building safety, because an elastoplastic soil
behavior would lead to a decrease in the apparent ground stiffness and a decrease in the estimated
transmission ratio [4]. Thus, a simplified correlation is proposed by ElIKahi et al. (2018) [14], based
on Deck & Singh elastic model, to evaluate the transmission ratio (A/A,) for an elastoplastic soil (Eq.

(4)).

A A
™ (Elastoplastic) = o (Elastic) with(0<a<1) 4)
0 0

Where a is a coefficient that depends upon the SSI parameters and the soil bearing capacity.
The beam is loaded by a uniform vertical load g. The differential equation of the building displacement
y(x) can be written as follows:

y(‘l')(x) = d _EI:I)(X) (5)

Where p(x) is the soil reaction. The soil is modeled by a juxtaposition of elastic springs characterized
by their modulus k as per the Winkler model. Considering w(x) the ground displacement, p(x) can be
written as follows:

p(x) = k. w(x) (6)
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Fig. IV.7. Presentation of the SSI parameters.
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If v(x) represents the free-field ground displacement, y(x) and d represent the building deflection and
rigid vertical displacement respectively, the condition of no interpenetration is given by:

y(x) +d =v(x) + w(x) (7)

The characteristic differential equation of the beam deflection of Eg. (5) can then be written as follows:

y(4) (X) — q- k. (Y(X)E;I_ d— V(X)) (8)

To solve the problem, six boundary conditions are used; the building deflection, the bending moment

and the shear force at the beam extremities (from both sides) are equal to zero.

According to the considered cases, the equilibrium of the system may lead to a tension zone under the
building having no physical meaning and which can be interpreted as the occurrence of a detachment
between the ground and the building. This particular case is not considered in this paper. Therefore, it
is verified that the solutions obtained are all characterized by values of p (x) > 0 over the entire length
of the building. To represent the free-field ground movement, the polynomial function v(x) is used:

12
For —L/2<x<L/2

4x?
v(x) = Ay (1 — —) 9

2. Development of the meta-model

An analytical model is developed by investigating 2700 cases by considering the combinations of all
possible values mentioned in Table 1, for the considered model parameters.

Table IV-1. Model parameters.

Symbol (Unit) Description Values

L(m) Beam Length 10, 20, 30

g (KN/m) Beam Load 100, 200, 300, 400

E1/B(GN.m?/m) Beam Stiffness 20, 50, 100, 250, 500

k (MPa/m) Ground Stiffness 20, 50, 100, 250, 500

R(M) Free-Field Ground Radius of 250, 500, 750, 1000, 1500, 2000,
Curvature 3000, 4000, 5000

The building length is taken between 10 and 30 m to model small and intermediate buildings [5]. The
beam loading represents the building self-weight and service loading. 100 kN/m is approximately the
weight of a 5 m high wall with a thickness of 0.5 m with service loading, 200 kN/m is approximately
the weight of a 10 m high wall with a thickness of 0.5 m and 400 kN/m is roughly the weight of a
whole building with three 5 m tall walls with a thickness of 0.5 m including service loading.

The beam bending stiffness El is between 20 and 500 GN.m2. The smallest value represents the
stiffness of a 0.5 m masonry wall thickness with 5 m height and a 3000 MPa equivalent Young’s
modulus for the masonry. The largest value represents the stiffness of a 0.2 m thick concrete wall, 12
m tall with a 20000 MPa equivalent Young’s modulus.
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The ground stiffness values vary between 20 and 500 MPa according to Eq. (3), for values of soil
Young modulus between 40 MPa (soft ground) and 500 MPa (stiff ground) and a Poisson’s ratio of
0.3. The free-field ground radius of curvature is set between 250 and 5000m to represent a wide range
of scenarios. Results of the analytical model are shown in Figure 8.
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Fig. IV.8. Development of an analytical meta-model for the deflection transmission ratio A/A, versus the
relative stiffness ratio p*.

To avoid time and computation difficulties while investigating the influence of the variability of the
main SSI parameters on the transmission of the ground movement, an analytical meta-model is
developed based on the analytical results. According to this meta-model, the deflection transmission
ratio curve is assumed to respect Eq. (10) that fits the analytical results of Figure 8.

AA (p *) = 0.5[1 — Tanh[2.98 + 0.47Log(p )]] (10)
0

3. Sensitivity analysis methods

To quantify the relative importance of each input parameter of a model, on the variability and
uncertainty of responses, sensitivity analysis (SA) methods have to be developed. Three SA methods
are evaluated: one local method that evaluates the impact of variability on the output around a
particular value of each input parameter (other inputs are fixed); two global methods that quantify the
contribution of each input parameter on the variability of the response in the entire domain of variation
(Sobol and McKay) (Table 2).
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Table 1VV-2. Comparison between local and global methods.

Local methods Global methods

- Evaluate the change | - Evaluate the influence of every input parameter on the variability of the

in output as each parameter | response in the entire domain of variation (all parameters varying together)

is individually varying by

fixing all other parameters

One-Way Sensitivity Sobol Indices McKay Method
Analysis

- Monte-Carlo - Sampling based on Monte- | - Sampling based on

simulations Carlo simulations Replicated-Latin Hypercube

- Evaluate the mean p | - Not valid if there is a Sampling

and the standard deviation ¢ | dependence between input | _ Valid even if there is a

of the output variables  (various  studies | genendence between input variables
developed ~ Sobol ~method to | _ Characterized by the first order
consider the parameters | sensitivity index estimating the variance
dependence [25]) of the output produced by the influence
- Consider the interaction | 54 the variation of an input parameter
between the input parameters | _ Relatively rapid results compared
through first, intermediate and total | {4 5opol
indices

One-way sensitivity analysis (Local method): This test examines the change in output as each
parameter is individually varying, while other input parameters are fixed, according to its mean
and standard deviation ¢ values, in addition to the associated distribution function. Thus, this
method considers the input parameter variability and the associated influence on model output
[33].

Sobol and McKay (Global methods): The difference between these two global methods used
in this paper is that Sobol is not valid when there is a dependence between input variables
contrary to McKay's method. Another difference between these two global methods is related
to the sampling techniques. The first method (Sobol) is based on the random Monte-Carlo
simulations (MCS) that generates, by random and arbitrary draws, a large number of values
respecting the distributions of the associated random variables. The second method (McKay)
is based on the replicated Latin Hypercube Sampling (r-LHS) that consists on subdividing the
variation domain of each random variable into N equal-probability sub-intervals. A uniform
random sampling is then performed within each sub-interval [24, 25]. Furthermore, McKay is
generally characterized by the first order sensitivity indices S; that estimate the variance of the
output (A/A,) produced by both, the influence and the variation of a given “independent” input
parameter (SSI parameter). However, Sobol’s method is characterized by different indices such
as the first order and the total indices: the first-order sensitivity index S; is also based on the
variance of the output for every input parameter. However, the total order index ST; assesses
the sensitivity of the variance of the output with respect to the standalone (independent) and
every interaction of the considered factor with other input factors. If the differences between
the first order indices and the total indices are significant, it means that the effect of the
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interactions between the variables is not negligible and it can then be useful to estimate the
indices of intermediate orders [25].

Consequently, this paper investigates the impact of the variability of the SSI parameters on predicting
the structure response (A/A,) in the entire domain of variation of p*. Local SA are evaluated to assess
the influence of the variability of each input parameter separately, for specific values of p*, for
particular combinations of EI/B, L and k, based on Eq. (10). Global SA are evaluated in order to
quantify the variability of all parameters in the entire domain of variation, and to check the absence of
interaction and/or dependence between the SSI parameters (based on the considered equation (Eq.
(10))), using different sampling techniques.

IV.5 Results and discussion
1. Sensitivity analysis results

To conduct a sensitivity analysis (SA), numerous iterations should be developed according to a
particular sampling method. The three considered SA (local and global) are based on the MCS
sampling method (random MCS and r-LHS) that requires a minimum number of iterations.
According to the random MCS sampling method, the evaluation of results becomes better as the
number of iterations increases [34]. This number is selected based on an acceptable approximation
with an admissible potential error. Thus, the number of iterations is steadily increased until getting a
mean value of the output result that is relatively stable (COV<107 %). In this paper, 50,000 iterations
are studied using the MCS method while evaluating the SA.

On the other hand, the number of replications has to be more than 20 while applying the r-LHS
sampling method [24]. The number of replication applied in this study is 50, and the considered number
of LHS segments is 100.

The influence of the variability of the main SSI parameters (EI/B, L and k) on A/A, is investigated
according to three approaches shown in Figure 9, with the range of variation described in Table 1.

Uniform distribution 1 [ Normal distribution 1 Normal distribution
Considered range of SSI Same variability for various Realistic variability for
parameters combinations of SSI various combinations of SSI
parameters parameters
20 < EI/B <500 GN.m?/m EI/B = 20, 250, 500 GN.m?/m EI/B = 20, 250, 500 GN.m?/m
10< L <30m L=10,20,30m L=10,20,30m
20 < k < 500 MPa/m k = 20, 250, 500 MPa/m k =20, 250, 500 MPa/m
Global overview in the considered Relative influence from a mathematical Reasonable variability for an operational
distribution range point of view use for the probabilistic evaluation

Fig. IV.9. Three approaches to evaluate the influence of the variability of SSI parameters on A/A,

To highlight the relative influence of each parameter in comparison with others, a coefficient A is
introduced to normalize the influence of every parameter according to the influence of L. For Sobol
and McKay methods, since they are based on the variance o2, the square root of the indices are
compared, and A is defined as follows:
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Where j is an SSI parameter (EI/B, k or L).

The three considered approaches are the following:

a) First approach: Uniform distribution and global parameters range

In this approach, the entire range of variation is considered to get a general overview of the variability
of the SSI parameters. To consider the global parameters range, the local one-way sensitivity method
cannot be applied since all parameters are varying simultaneously in the entire domain of variation.
Thus, SA are evaluated according to the global methods for a uniform distribution, according to the
chosen variation range of the SSI parameters (Table 1): 20 < EI/B < 500 GN.m?/m, 10 <L < 30 m and
20 <k <500 MPa/m.

Results presented in Table 3 reveal that EI/B gives higher effect than k, but the effect of L is higher
than both in the considered range of variation of the SSI parameters. Sobol and McKay methods give
comparable results with S; i) < S;g1/8) < Si(1)- Results also reveal that the difference between the Sobol
first and total indices is not significant; consequently, the effect of the interaction between the SSI
parameters can be neglected.

Table 1V-3. Model parameters Effect of the SSI parameters on A/AQ (First approach with a uniform
distribution for all SSI parameters).

Si(sobol) A(Si(SObol)) STi(sobol) A(STi(Sobol)) SiMcKay) A(Si(MCKay))
EI/B 0.244 0.69 0.272 0.69 0.227 0.68
k 0.184 0.60 0.228 0.63 0.165 0.58
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L 0.511 1.00 0.572 1.00 0.491 1.00

Consequently, as shown in Table 3, since there is no dependence and no interaction between the input
parameters, the results of these two global methods are comparable; therefore, this paper will proceed
next by evaluating the McKay indices that provide relatively rapid results compared to Sobol.

b) Second approach: Normal distribution and particular local values of
parameters with same COV

In this approach, a given value is fixed for every SSI parameter (EI/B, L and k) making the use of local
SA methods appropriate. Normal distributions are considered with the same COV of 10%. Sensitivity
analysis are evaluated for 27 combinations of EI/B, L and k using the mid, maximum and minimum
values of the considered range of parameters: EI/B = 20, 250, 500 GN.m?/m; L = 10, 20, 30 m; k = 20,
250, 500 MPa/m. Table 4 presents the results corresponding to one of the combinations presented in
Figure 9, the combination of the mid-values of the considered range of variations (Table 1.

Table 4 shows that all the local and the global methods give relatively the same result since local
combinations are considered around particular values of the relative stiffness. EI/B and k have nearly
the same effect, while L has a 4 times higher effect.

Having the same probability distribution function and the same COV for all the variables, the obtained
results can be justified by Eq. (2) where L has the power 4. Thus, by considering the same variability
for the three SSI parameters, L has the highest influence in the meta-model equation (Eg. (10)),
consequently, from a mathematical point of view, L is the parameter presenting the highest influence.
This approach is equivalent to the evaluation of the first differential equation Eq. (10), according the
EI/B, L and k.

Table 1V-4. Effect of the SST parameters on A/Aq (Second approach with a normal distribution having COV =
10% for each parameter) — Combination of EI/B=250 GN.m?/m, L=20 m and k=250 MPa/m.

Local Local  A(6) Simekay  A(Simckay))

hG) o)

EI/B 0234 0017 0.26  0.052 0.24
k 0233 0.016 0.25 0.055 0.25
L 0236 0.065 1.00 0.871 1.00

It is important to note that the other combinations of EI/B, k and L were evaluated and gave similar
results to those obtained for the combination shown in Table 4. Results indicate that the variability of
L has the highest effect on A/A, in the entire domain of variation of p*, with considering the same
COV for all the variables.

Consequently, in absolute terms and from a mathematical point of view, L is the parameter having the
highest influence on the variability of A/A,.
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C) Third approach: Normal distribution with realistic variability of
parameters for various local values

This approach considers a normal distribution of each parameter with different but realistic coefficient
of variation (COV) noting that the probabilistic distribution type may be different [23] which may
affect the results. This approach aims to evaluate the parameter that has the highest influence
considering both, mathematical influence and realistic uncertainty, corresponding to a suitable
variability for every parameter. This last analysis is performed in the perspective of an operational use
of Figure 8. Sensitivity analysis are evaluated for the 27 combinations considered in the first approach.
The realistic COV for each parameter, which are considered for the third approach in this paper, are
the following:

a. For L: from the perspective of evaluating its value, L can be determined from plans, aerial
photos, or in situ measurements. A descriptive investigation done by Kimathi (2016) [35],
shows a 5% COV on the structure length. Based on engineering judgment, this value seems to
be logical to adopt in this study when considering the uncertainty of the equivalent length of
L, particularly for geometrically irregular structures.

b. For EI/B: considering a 1m width beam, only the uncertainty of El is investigated. First, the
variability of the inertia | is investigated. The structure is simplified by an equivalent linear
elastic beam. However, this approach results in equivalent regular beams presenting numerous
uncertainties related to the bending and the shear deformability with respect to the target
building. These uncertainties are associated with the difference in the evaluation of various
factors like the inertia between regular and irregular structures. Various studies suggest a
procedure to identify an equivalent beam stiffness for structures with openings aiming to match
the total structure stiffness. This might effectively capture the effect of openings in a simplified
manner, but presents a significant uncertainty that needs more thorough understanding of the
effect of the non-regularity of the structure geometrical and mechanical properties, particularly
its inertia [2]. Second, this uncertainty must be combined with the evaluation of the Young’s
modulus E that presents its own variability. A developed experimental investigation of the
variability of concrete durability properties [36] found that the elastic modulus E can follow a
normal distribution with a COV that does not exceed 10%. Knowing that this study is more
focused on masonry structures, it was observed from data collection of published experimental
work on masonry structures that the COV of E is around 20% [37-39]. Thus, by combining the
variability of E and I, a final COV(EI)=40% was assumed to be realistic.

c. For k: since Winkler assumes that all springs under the structure are characterized by the same
soil modulus (k), this paper considers the variability of k without propagating geostatistical
conditions. However, a preliminary study was realized by EIl Kahi et al. (2019) [46] to evaluate
the influence of the soil spatial variability on the transmission ratio. A modified Winkler model
is considered, with a juxtaposition of elastic springs characterized by a particular modulus
value (k) for every spring, according to the SGS (Sequential Gaussian Simulation) method.
Results revealed that various factors affect the transmission ratio while considering the
geostatistical conditions, such as the soil homogeneity (correlation length), the building length,
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etc. However, they revealed that the margin of discrepancy does not exceed = 0.05 in the
estimation of A/A, by considering the spatial variability.
Besides the soil spatial variability, the variability in the evaluation of the k value is investigated.
In addition to the expression suggested by Vesic (1963) (Eq. (3)), many others were developed
as well [28-32, 40-42]. However, none of these can represent precisely the soil with all its
complexity and its variability [43]. Vesic (1963) expression, considered in this study (Eqg. (3))
depends upon four parameters (Es, El, B and v). In order to determine the variability of k, the
corresponding COV and probability distribution function are assigned to these four parameters:

e The variability of the structure width B is not considered (B=1m).

e Based on the above, EI follows a normal distribution with COV/(EI) = 40%.

e Based on the literature [23, 26, 34, 43], a normal distribution can be assigned to Es and

v with COV(Es)=40% and COV/(v)=5%.

Nine combinations of these parameters, with the corresponding COV and probability
distribution function, are considered, as presented in Table 5, with 50,000 iterations for each
combination as per the Monte Carlo Simulation (the variability of the structure width B will
not be considered).

Table 1V-5. Various combinations considered for the calculation of the variability of k.

k = f(El,Es,v,B)
El (GN.m?) Es (MPa) v B (m)
20 20
Possible Values 100 100 0.3 1
500 500
Distribution Function Normal Normal Normal NA
cov 40% 40% 5% NA

9 Combinations of f(El,Es,v,B) are considered - 50,000 Iterations for each (normal
distribution for each parameter)

Results show a COV of the Winkler parameter k of around 40% for all of the combinations,
which validates the fact the k depends mainly upon the soil Young’s modulus Es [43], as shown
in Vesic (1963) formula (Eqg. (3)), and its variability follows the variability of Es.

A first analysis is done with mean values of EI/B=250 GN.m?/m, L=20 m and k=250 MPa/m that
correspond to the mid-values of the studied range of variations (Table 1). Since McKay method
provides a good assessment of the results, only McKay indices are shown in Table 6.

Table IV-6. Effect of the SSI parameters on A/Aq (Third approach with a normal distribution for all SSI
parameters and COV = 40% for EI/B and k; COV = 5% for L) — Combination of EI/B=250 GN.m?/m, L=20 m

and k=250 MPa/m.

SiMcKay) A(Si(McKay))
EI/B  0.584 3.4
K 0.253 2.2
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L 0.050 1.0

Results show that EI/B is the parameter that has the highest effect and k has more influence than L for all the
considered SA methods. The relative influence for EI/B is around 3.4 while it is around 2.2 for k.

In order to have a global overview, the 27 combinations for SSI parameters (EI/B, L and k) mentioned in Figure
9 are considered and the effect of their variability on A/A, is evaluated. Figure 10 shows the relative influence
according to McKay indices (A(Si(McKay))) for different relative stiffness values obtained by different
combinations of the SSI parameters.
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Fig. IV.10. Relative influence A(Si(McKay)) of each parameter on A/Ao for various relative stiffness values.

Even-though the overall effect is nearly the same, results differ according to the relative stiffness and
the mean values of the SSI parameters. Globally, the effect of EI/B increases with the increasing values
of the relative stiffness p* (Figure 10). However, the effect of k decreases when p* increases. This is
attributed to the fact that the variability of L (5%) is limited compared to the one of EI/B and k (40%).
Consequently, since p* (EQ. (2)) is proportional to EI/B and inversely proportional to k, these results
are justified. For low relative stiffness values (p* < 0.001), k has the highest influence (A>5.0), while
for high p* values (p* > 0.01), EI/B has the highest influence (A>5.0). For intermediate p* values
(0.001<p*<0.01), EI/B and k have nearly the same effect 2.0<A<3.0. Therefore, the influence of EI/B
and k are inversely proportional with varying the value of p*.

According to the considered distribution range of SSI parameters, p* is reaching high values
corresponding to low values of A/Ag that are highly sensitive to the variability of parameters allowing

the high values of A(Si(MCKay))EI/B (A(Si(MCKaY))EI/B > 10 for p*>1).
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On the other hand, seeking to have a more accurate estimation of the transmission of the ground
movement, the COV of EI/B and k can be reduced to 20%. The corresponding results are presented in
Figure 10.

It is observed that by decreasing the COV, the relative influence for both EI/B and k decreases.
A(Sitmckay)) for COV(EI/B,k)=20% is lower than A(S;imckay)) for COV(EI/B,k)=40%, for EI/B and
k. As shown in Figure 10, the results of the relative influence of the three parameters are nearly the
same in the second case (close to 1). These results are associated to Eq. (2) where L has the power 4.
Even-though its variability is limited to a COV of 5% while it is 20% for EI/B and k, but they (EI/B
and k) have the power 1.

Thus, by considering a 40% COV for EI/B and k, the influence of their variability dominates that of
the length L, while by considering a COV of 20% for EI/B and k, the influence of the 3 SSI parameters
variabilities is comparable.

2. Confidence intervals of A/Ag versus p*

By considering SSI parameters variability, a confidence interval is plotted in order to allow a
probabilistic assessment of A/A, instead of the deterministic one shown in Figure 8. For different
combinations of the parameters, corresponding to their mean values with realistic COV, a MCS with
50,000 iterations is developed. Results allow to plot the confidence interval of A/A, versus p*.

Nine curves are plotted in Figure 11, the middle one corresponds to the mean value of A/A, and is
strictly equal to the deterministic curve of Figure 8. Four of the curves correspond to the results for a
COV(EI/B)=COV/(k)=40% and COV(L)=5%, by considering one standard-deviation (30% probability
of exceeding the value), or 2 standard-deviations (5% probability of exceeding the value). Similarly,
four curves of Figure 11 that correspond to the results for a COV(EI/B)=COV(k)=20% and
COV(L)=5% are presented in order to show the influence of a reduction of the parameters variability
if additional investigations are done.
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Fig. IV.11. Confidence intervals of the transmission ratio A/Ao versus the relative stiffness p*.

Thus, to consider the uncertainties related to the estimation of SSI parameters and their variability,
Figure 11 shows a simplified evaluation of A/A,though the evaluated confidence intervals.

3. Comparison with Finite Element Models

One of the objectives of this paper is to numerically evaluate the confidence intervals of A/A,. A
significant number of simulations has to be evaluated. To do so, a remote scripting interface is added
to Plaxis, this interface that is based on the Python language, allows to control both the input and output
of Plaxis program via an external Python handler.

Consequently, three particular cases are chosen that cover the distribution range of the relative stiffness
corresponding numerically to A/A, of 0.102, 0.467 and 0.768 (Figure 4). For every case 1,000
simulations are evaluated according normal distributions of L (COV=5%) and EI/B and k
(COV=40%). In this particular process, serious computational difficulties are involved, which proves
the advantage of using an analytical approach to evaluate the parameters variability.

The mean value and standard-deviation are calculated for every case, and results are shown in Figure
12. Globally, numerical confidence intervals evaluated with 1,000 iterations for each of the 3 particular
cases fit-well with the analytical confidence intervals results. Consequently, the analytical approach
seems to be sufficient to predict the confidence intervals of the transmission ratio taking the SSI
parameters variability into consideration.
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Fig. IV.12. Comparison between the analytical confidence intervals and the numerical confidence intervals
evaluated for the 3 particular cases, 1,000 numerical simulations for each case.

V.6 Conclusions

A large margin of discrepancy is shown between different SSI methods presented in the literature to
evaluate the transmission of the ground movements to structures. This discrepancy may be explained
by the influence of uncertainties. This paper aims to investigate the uncertainties affecting the
prediction of the structure response to ground movements, through an analytical approach, taking into
account the variability of the SSI parameters.

This paper suggests a simplified meta-model (Eg. (10)) to evaluate the transmission of the ground
movement to structures. This equation depends upon the relative stiffness, upon the SSI parameters
(EI/B, k and L). This meta-model corresponds to Deck & Singh (2010) analytical approach that is
based on elastic Euler—Bernoulli beam sitting on elastic vertical springs as per the Winkler model. This
approach presents moderate results in comparison with other analytical, numerical, experimental and
field data results. In addition, this approach is validated by an elastic finite element model (FEM)
presented in this paper that intends to fully reproduce the elastic conditions of Deck & Singh (2010)
analytical approach.

Then, a sensitivity analysis (SA) is performed using local and global methods: (a) One local method
(One-way sensitivity analysis) is performed to evaluate the impact of variability on the output around
a particular value of each input parameter. (b) Two global methods (Sobol and McKay) are applied to
evaluate the contribution of each input parameter on the response in the entire domain of variation.
These two global methods present differences with respect to the sampling techniques and the
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evaluation of the dependence between the input variables. In addition, Sobol method evaluates the
existence of a possible interaction between input variables.

SA results reveal that A/A, highly depends upon the variability of the SSI parameters, upon their
probability distribution function and their COV.

- Afirst approach is performed by considering a uniform distribution of each parameter over its
entire distribution range. The target is to get a global overview of the influence of the
parameters in the considered distribution range. Results show that L has the highest influence;
its influence is comparable to the influence of EI/B and k (approximately 1.5 times higher
effect). In addition, in this approach, the effect of EI/B is higher than k, since its range of
variation is higher (Table 3).

- A second approach is performed by considering a normal distribution of each parameter with
the same COV. The target is to assess the parameter having the highest influence from a
mathematical point of view. Results show that L has the highest influence, which is 4 times
higher than the influence of EI/B and k (Table 4).

- A third approach is performed by considering a normal distribution of each parameter with
realistic COV defined in the literature. The target is to evaluate the parameter that has the
highest influence considering both, mathematical influence and realistic variability. This
approach is performed in the perspective of an operational use of the deterministic results of
A/Aq shown in Figure 8.

According to the third approach, it was found that the effect of every parameter varies according to the
considered p* value. Globally, the effect of EI/B increases with the increasing values of the relative
stiffness p*; however, the effect of k increases when p* decreases.

The variability of L is limited (COV=5%) compared to the one of EI/B and k (COV=40%) according
to the literature. Thus, L has the lowest influence of L for the entire variation range of p* (Figure 10).
On the other hand, for low p* values, k has the highest influence, while for high p* values EI/B has
the highest influence. For intermediate p* values, EI/B and k have nearly the same effect.

Finally, confidence intervals are developed analytically and validated numerically by considering the
variability of the SSI parameters. A range of results of A/A,is associated with every value of the
relative stiffness by considering a level of confidence that is set between 70 and 95% (Figure 11).
These confidence intervals provide a simplified probabilistic evaluation that can be directly adopted
by engineers for design purposes during preliminary stages to assume a A/A,value, to have an
efficient assessment of the rate of the ground movement that is transmitted to structures when
considering the uncertainties related to the estimation of SSI parameters.
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V.1 Abstract

The objective of this paper is to investigate the influence of uncertainties affecting the evaluation of
building-relevant deflections induced by tunneling or mining subsidence. Based on a Winkler model
coupled with an elastic Euler-Bernoulli beam, an analytical approach is applied to evaluate the
influence of important sources of uncertainties related to the Soil-Structure Interaction (SSI) conditions
and properties, namely, the free-field ground movement profile, the building position to the settlement
curvature and the variability of the structure stiffness caused by the heterogeneity of structural materials
and openings (doors, windows, etc.). The analytical approach is then validated by numerical finite
element models that are applied using Plaxis 2D. Results reveal the discrepancy in the structure
response by considering these uncertainties in the entire domain of variation of the SSI parameters. For
an operational use, a coefficient A is proposed; this coefficient can be used by engineers and designers
when evaluating the building damage induced by the transmission of ground movements to structures
taking into consideration these uncertainties.

V.2 Keywords:
Soil-Structure Interaction; Uncertainties; Ground movements; Building deflection; Analytical
approach; Numerical models.

V.3 Introduction

1. Background

Ground movements may have different sources such as the influence of nearby excavations (tunnels)
[1, 2] and the presence of underground voids such as mining subsidence, sinkhole, etc. [3, 4]. Mining
subsidence and tunneling-induced ground movements are characterized by vertical and horizontal
displacements with other effects (ground curvature, slope, etc.) that cause differential soil settlement
under the building and may lead to major damage [5, 6]. As shown in Fig. 1, the free-field ground
movement represents the soil displacement produced by the source (tunnel, mine, etc.), without taking
into account the influence of possible constructions on the surface. In the presence of an existing
structure, the free-field ground movement is partially or totally transmitted to the building which may
result in a structural or functional damage [7].
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Fig. V.1: Building deflection caused by ground movements.

By neglecting the impact of the interaction between the soil and the structure (SSI), the free-field
ground movements are integrally transmitted to the building. Under this assumption, Ao represents the
maximum deflection of the building. Assuming that free-field ground motion is symmetrical and
roughly circular under the building, Ao represents the maximum free-field deflection under the building
(for an integrally transmitted movement); it depends upon the ground radius of curvature R and the
building length L (Fig. 2). By considering the impact of the SSI, the ground movement may be partially
transmitted to the structure which results a building deflection characterized by its maximum value A
with A<Ao. Consequently, as shown in Fig. 3, if the structure is stiff, it can resist the ground movement
and the induced deformation is limited (A<Ao); if it is flexible, then it perfectly follows the settlement
of the soil (A =Ao) [8, 9]. The soil settlement produced by the free-field ground movements affects the
structure behavior, the induced loads in the structural members may change and can cause structural
damage [9]. The amount of redistribution of loads depends upon the stiffness of the structure and the
load-settlement characteristics of the soil. The A/L ratio, called the deflection rate, is frequently used
to assess the behavior of structures subject to differential settlement and evaluate their damage [10].
The objective of this paper is to evaluate the uncertainties affecting the structure response to the ground
movement through the deflection transmission ratio, defined as A/Ao that is used to quantify the rate
of movement transmitted to the building.

Rigid
K a Displacement b c

_____ A=0 N~
Zo0- 12/8R Free-Field Displacement | Beam Deflection Ground Displacement
Fig. V.2: Free-field Fig. V.3: Behavior of structures subjected to ground movement.
deflection Ao. (a) High-stiffness structure on soft ground. (b) Intermediate
ground and structure stiffness. (c) Flexible structure on stiff

ground.

2. Literature review

Different methods (analytical, numerical, experimental, etc.) have been developed to predict the
building deflection in response to the ground movements [1, 9, 11-13]. Except empirical methods
based on observations of real existing structures, all of these methods do not consider a specific study
of a particular case but they are applied to simplified structures, such as beams, in order to assess the
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global trend of ground movements induced phenomena. Consequently, previous research on this
subject addresses the question of building stiffness compared to ground stiffness, which is known as
"relative stiffness", and suggests to assess the transmission ratio A/A¢ as a function of a relative
stiffness parameter p* between the soil and the structure [1, 9, 12]. Most of these studies rely on Eq. 1
to evaluate the relative stiffness parameter p* based on the structure length L, inertia I* (per linear
meter), Young’s modulus E and soil Young’s modulus Es. Eq. 1 has the advantage of being non-

dimensional and of being well adapted to the synthetic representation of A/Aq.
. EI' Eq. V-1
P = s

a) Comparison of analytical, numerical, experimental and field data
results from previous research

Mair (2013) [7] compared the transmission ratio, derived from the finite-element analyses of Potts and
Addenbrook (1997) [1] and Franzius et al. (2006) [14], against the relative stiffness. Also, he
considered the results of finite element parametric analyses, of deep excavations in soft clay on
adjacent buildings, using the modified cam clay soil model done by Goh (2010) [15]. The comparison
of these studies shows that the obtained results fall into a relatively narrow envelope known as Mair
(2013) [7] envelope (Fig. 4).

This paper compares Mair (2013) [7] envelope to the results of various SSI studies (analytical,

numerical, etc.) that also evaluate the transmission of ground movements to structures (Deck & Singh

(2010) [9]; Basmaji et al. (2017) [11] and Franza et al. (2019) [5]) (Fig. 4). However, each study is

based on a set of hypotheses that does not allow the generalization of the obtained results:

a- Mair (2013) [7] envelope is based on physical centrifuge modelling of building response to
tunneling and their results are compared with both, the finite element analyses reported by Potts
and Addenbrooke (1997) [1] and Franzius et al (2006) [14], and the field data of building
performance Goh (2010) [15].

b- Deck & Singh (2010) [9] analytical model is based on Euler—Bernoulli beam sitting on vertical
springs as per the Winkler model. They plotted their results using their own definition of the
relative stiffness that is based on the Winkler coefficient of subgrade reaction (Winkler parameter
k).

In fact, they defined the relative stiffness ratio p* by Eq. 2 characterized by the Winkler parameter k
and the structure width B. This equation is comparable to other relative stiffness ratios defined in the
literature; it presents the advantage of being a non-dimensional parameter and suitable to have a

synthetic representation of A/A¢ based on Winkler model.
__E Eq. V-2
~ kBL*

p*

In order to make the comparison between Deck & Singh (2010) model, based on their own relative
stiffness ratio, and other models, Vesic (1963) [16] formula (Eg. 3) is used to define values for k in the
case of a foundation with length L, width B (with L>B) and a ground characterized by a Young’s
modulus Es and a Poisson’s ratio v. In this case B is taken equal to 1m, which approximatively
corresponds to the width of a building foundation. Noting that various formulas link the Winkler
modulus to the soil Young modulus [16-20], Vesic’s formula is chosen since it takes into account the
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presence of a beam (through the “EI” term) contrary to other formulas.

C_

L _ 065 EsBt Es Eq. V-3
=5 |Cm )(1—v2)

Basmaji et al. (2017) [11] developed a new approach to assess the transmission ratio and the
building response to differential settlement, considering the influence of shear deformation. Their
model is based on both, Pasternak and Winkler soil models. For both soil models, a methodology
has been implemented to justify the parameters values, k (Winkler parameter) and Kp and Gp
(Pasternak parameters), as a function of the elastic properties of the soil, the thickness of the
compressive ground layer and the building length. Their methodology considered Flamant’s
theoretical solution of induced vertical settlement, to adjust the displacement for Pasternak and
Winkler methods and justify the parameters values for both methods.

Franza et al. (2019) [5] methodology is based on elastic and elastoplastic continuum solutions that
consider the structure as an equivalent simple beam, assuming that the free-field settlement is given
by a standard Gaussian curve, contrary to other models that give elastic solutions based on a
polynomial free-field settlement. In addition, the structure is connected to vertical and horizontal
coupled springs that model the elastic homogeneous half-space continuum, the soil, while other
models assimilate the soil to a juxtaposition of elastic vertical springs. Also, Franza et al. (2019)
proposed a formulation that accounts for the change in settlement trough shape and compared it

with numerical, experimental and field data from previous research.
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Fig. V.4: Comparison between Mair (2013); Deck & Singh (2010); Pasternak-Basmaji et al. (2017); Winkler-

Basmaji et al. (2017), Franza et al. (2019) results and numerical (Plaxis 2D) results.

b) Comparison with a finite-element model

This paper develops an elastic finite element model (FEM) to compare the results of previous studies
in the literature with a set of numerical simulations. The objective of the FEM is to model the ground
curvature induced by ground movements and calculate the elastic transmission ratio of the free-field
deflection. In fact, Basmaji et al. (2017) [11] and Deck & Singh (2010) [9] validated their analytical
elastic results with numerical models; however, they considered an elastoplastic ground behavior in
their numerical studies, and they modeled the subsidence by a uniformly distributed load imposed on



104

the lower boundary. On the contrary, the numerical model presented in this paper intends to fully
reproduce the elastic conditions in order to well verify the effectiveness of the previous elastic
analytical results. Subsequently, this FEM model considers a linear elastic ground behavior. By
considering a linear behavior, large deformations and large mass losses that occur near the lower limit
are avoided which allows the convergence of calculations and the accuracy of results.

(a) Soil weight separately (b) Free-field displacement A,

l =D e L1
(c) Building deflection A

Fig. V.5: Description of the finite element model used to compare analytical results of the deflection
transmission ratio with numerical results.
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The numerical model is performed with a finite element software (Plaxis 2D) under the plane strain
hypothesis. The model consists of an elastic soil layer, 125 m thick and 800 m long, with a building
located at the center (Fig. 5). A fine mesh is used for soil elements and the subsidence is imposed
without adding a uniform load on the lower boundary. For the boundary conditions, the horizontal
displacement is fixed on the right and left boundaries and the vertical displacement is fixed only at the
bottom boundary right and left sides (L1) while the central region of the bottom boundary is free. The
soil Poisson’s ratio v is 0.3 and the unit weight is 20 KN/m3. The structure is modeled by a beam that
is loaded with a vertical uniformly distributed load g.

Three computations are performed as follows:

a- A first computation is performed by fixing the vertical displacement on all the lower boundary in
order to generate the initial ground situation under the soil weight. All the evaluated displacements
are then set to zero.

b- A second computation is performed by fixing the vertical displacement on L1 (on both sides),
without considering the structure, in order to assess the free-field displacement A, of the
subsidence. A, is evaluated and the displacements are set to zero.

c- A third computation is performed with the presence of both the structure (with the vertical
uniformly distributed load) and the subsidence in order to assess the final building deflection A
considering the soil-structure interaction.

The equivalence between the FEM and the analytical solution is maintained as follows:
a- A linear elastic soil behavior is considered equivalent to the elastic analytical approaches (Winkler,
etc.).
b- A value of L1 is selected in order to reach a value of A, in the FEM that is equivalent to the one of
the analytical model (Fig. 5).
c- Mechanical properties and buildings dimensions are chosen so that values are identical with the
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ones considered in the analytical approach (g, EI and L).

As shown in Fig. 4, a set of 10 simulations are performed that cover the distribution range of the
relative stiffness p*, for different values of EI/B, Es, L, q and A,. Globally, numerical results presented
in Figure 4 are superimposed with the curve of the transmission ratio calculated with the models of (a)
Deck & Singh (2010) using Winkler model combined with Vesic (1963) formula, (b) Basmaji et al.
(2017) using Pasternak model and (c) Franza et al. (2019) continuum model. Therefore, these three
models can be reasonably used to evaluate the transmission ratio.

3. Presence of uncertainties

As shown in Fig. 4, even-tough the results of SSI studies are globally consistent in the literature, the
comparison shows a large margin of discrepancy in the estimation of the transmission of the ground
movements to structures. An important portion of this discrepancy may be explained by the influence
of uncertainties [11, 18]. In fact, Deck & Singh (2010); Pasternak-Basmaji et al. (2017); and Franza et
al. (2019) analytical models present comparable results that were validated by the FEM (Fig. 4) and
can be reasonably used to evaluate the transmission ratio. However, in comparison with numerical and
experimental results and with empirical observations of Mair (2013), the margin of discrepancy may
reach = 0.3 in the estimation of A/Ao.Consequently, this paper aims to investigate the influence of
uncertainties affecting the estimation of A/Ao and propose a coefficient that considers their influence
on the prediction of the structure response. In fact, the transmission ratio may be affected by various
uncertain factors, namely the structure equivalent stiffness, particularly for structures with significant
wall openings, the geometric and the geological characteristics and the mechanical properties of the
soil, in addition to the characteristics related to the source by itself that may affect the free-field
deflection shape.

a- In both research and practice, it is common to simplify the structure to equivalent linear elastic
beams to decrease computational costs during initial assessment. Generally equivalent beams are
identified by matching the bending stiffness EI [14, 22]. However, this approach results in
equivalent beams with a lower building deformation. Son & Cording (2007) [12] investigated the
equivalent bending and shear stiffness of masonry structures, taking into account the anisotropy of
the masonry units and the percentage of window openings, while evaluating the building response
to induced ground movements. Pickhaver et al. (2010) [23] suggested a procedure to identify an
equivalent Timoshenko beam for bearing wall structures with openings aiming to match the total
structure stiffness (both bending and shear contributions). Comparing the results of these studies, a
discrepancy is shown revealing the influence of the uncertainty related to the heterogeneity of
structure properties on the transmission ratio. This paper aims to investigate and characterize
through a coefficient A the influence of this uncertainty on A/Ao.

b- Structural response is affected by the shape of the settlement curve under the builidng [24]. This
curve depends upon the building position to the source of ground movement. Based on numerical
calculations in 2D, Potts & Addenbrooke (1997) [1] investigated the effect of the tunnel excavation
position and their results revealed an important difference in the structural response by varying this
parameter. In addition, Franza et al. (2018) [24] investigated the impact of the tunneling free-field
inflection point location on the structure response and their results showed that the interaction
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mechanism varied for low and high values of tunnel-structure eccentricity and the difference of the
building deflection may reach 50% for various horizontal positions of the inflection point. The
impact of the uncertainty of the soil settlement profile and its location compared to the structure
position is evaluated in this paper for various settlement shapes and building positions.

4. Choice of an analytical approach

Among the approaches developed to study the SSI phenomenon, only numerical methods offer great
flexibility for taking into account the complexity of the SSI conditions [1]. Although it is relatively
simple to consider complex soil behavior and structure configuration (heterogeneity of properties, non-
symmetrical settlement profile, etc.) in numerical models, their use may be criticized by the
justification of the numerical values of all parameters and conditions. In addition, numerical models
present difficulties to generalize results, because of the need to reproduce the same scenario numerous
times, by varying a particular SSI parameter in each repetition to cover the extent of the variation range
of all parameters. Thus, they can be considered as time-consuming processes for uncertainties
analyses, considering the elevated number of iterations required [9]. To avoid these difficulties, it is
possible to obtain results through analytical methods that develop simple equations to represent the
structural deflection. Analytical methods may be considered as a complementary tool to the numerical
ones, allowing quick calculations for a wide range of variation of parameters.

Since the Deck & Singh (2010) [9] simplified analytical approach (Euler-Bernoulli beam sitting on
vertical springs) provides moderate results of the transmission ratio A/Ao compared to others (Fig. 4),
and the results vary between 0 and 1 which fits well with the definition of the maximum free-field
deflection (A<Ao), this paper will proceed by considering Deck & Singh (2010) analytical approach.
Based on Deck & Singh A/Ao analytical curve, the effect of various significant uncertain factors on
A/Ag related to the model and geometrical conditions and properties is investigated, in particular, the
free-field ground movement profile, the building position to the soil curvature and the variability of
the structure stiffness caused by the heterogeneity of structural materials and openings (doors,
windows, etc.). These uncertainties are evaluated in the literature [1, 12, 14, 22-44], and a significant
discrepancy is shown indicating the influence of these uncertainties. However, these studies considered
particular SSI cases and parameters, and their results cannot be generalized for a wide range of SSI
parameters. This paper aims to propose a coefficient A for operational use, this coefficient that covers
the whole range of SSI parameters, evaluates the influence of these uncertainties on the transmission
ratio (A/Ao).

On the other hand, to validate the analytical results, numerical finite element models are applied for
particular cases of SSI conditions and parameters, to investigate the influence of uncertainties affecting
the structure response to ground movements, particularly the transmission ratio (A/Ao).

V.4 Procedure and modeling

Analytically, to characterize the transmission of ground movements to structures, the “elastic springs”
approach applied under the diaphragm walls domain can be used to represent the SSI conditions [11,
21]. An illustrative case is the analytical approach developed by Deck and Singh (2010) [9]. This study
combines the Winkler model that represents the soil by a juxtaposition of elastic springs characterized
by their parameter K (soil reaction modulus) with an elastic Euler-Bernoulli beam to study the
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transmission ratio of free-field movement to structures.
Winkler model assumes that the reaction of the soil at each point under the foundation is proportional
to the deflection of the foundation at this point. Considering that p(x) and w(x) represent the ground

reaction and displacement respectively, Winkler model is evaluated using Eq. V-4 (Fig. 5):
p(x) = Kw(x) Eq. V-4

On the other hand, the building is assimilated to an elastic Euler-Bernoulli beam of length L, width B,
inertia [ and Young’s modulus E. This beam is loaded by an external uniform vertical load q and by
the ground reaction p(x) producing a bending moment M(x) (Fig. 8). The deflection of the beam y(x)
is determined using Eq. V-5:

q—pXx) Eq. V-5
W(y) = 1P
y () I

Considering that the displacements of the ground and the building are in static equilibrium, it follows
that there is a continuous contact between the ground and the beam. As illustrated in Fig. 8, the building
undergoes a rigid vertical displacement d with a deflection y(x). If v(x) represents the free-field ground
displacement, the condition of no interpenetration is given by Eq. 6. Consequently, the characteristic
differential equation of the beam deflection is given by Eq. 7.

y(x) +d= v(x)+ w(k) Eg. V-6
o 4~ Ky(&) +d—-v(x)) Eq. V-7
y®P(x) = o

To solve the problem, six boundary conditions are used [9]. The building deflection (y), bending
moment (y’’) and shear force (y’’’) are equal to zero at the extremities of the beam (-L/2 and L/2).

I I vvvvvvvvv
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Fig. V.6: Winkler model. Fig. V.7: Building modeled by an elastic Euler-Bernoulli beam.
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Fig. V.8: Displacements of the ground and the building under conditions of static equilibrium

V.5 Results & Discussion

Length of the building L

q (uniform load)
(LTI TITTT]]
Building assimilated to a homogeneous

beam characterized by E, l and L

Free-Field displacement
defined by a polynomial
function characterized by 2\,

Mingled centerline for building
and settlement curvature
(Symmetrical Case)

Fig. V.9: Main hypotheses considered in the Deck & Singh methodology (2010).
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Based on Deck & Singh model, an accurate prediction of the structure response to the ground
movements requires a well-characterization of uncertainties related to the SSI conditions and
parameters. Fig .9 summarizes the main hypotheses considered in the Deck & Singh model that can
be considered as significant sources of uncertainties based on the literature. The present paper aims to
evaluate the effect of these uncertainties and then, a coefficient A will be proposed to consider the
influence of these uncertainties while evaluating the transmission of ground movements to structures
(A/Ao).

1. Free-field shape

a) Regular geometrical shapes

Deck & Singh (2010) used a polynomial equation (Eg. V-8) to represent the free-field ground
movements shape.
v(x) = Ao (1-4x2 /L2) for —L/2<x<L/2 Eq. V-8

However, geotechnical models are associated with considerable uncertainty of settlement estimation
[25]. To check this uncertainty, 5 continuous forms (polynomial, triangular, side triangular, trapezoidal
and sinusoidal) and 1 discontinuous form (rectangular) are considered analytically with the same free-
field maximal deflection AO (Fig. 10, Fig. 11 and Table 1). Also, a comparison with a Gaussian shape
(that is detailed in the next section), for a configuration of L building = L curvature 2nd an inflection point
located at 0.3 L is evaluated. It is worth to note that the maximum free-field deflection Ao is the same
for all these shapes except for the dissymmetrical side triangular case where it goes to 2Ao to be
compared to a convex symmetrical triangular case characterized by Ao at the two ends. Since all except
the side triangular case presented in Fig. 10 are symmetrical, solving the problem for these cases,
involves exactly the same variables and equations as the second-order polynomial function presented
in Eq. V-8. However, the side triangular case (Fig. 10) is different because of its dissymmetry; it
involves another variable, and a condition of no interpenetration different from Eq. V-8. In fact, the
rigid displacement for this case is not the same all along the beam. It is important however to consider
two different rigid displacements in each of the two beam extremities, d1 for the left extremity and d2
for the right one. The condition of no interpenetration in this case is given by Eq. V-9.
d1+d2)/2+x(d2—-d1)/L +y(x)=v(x)+w(x) Eqg. V-9

Table V-1: Regular geometrical free-field movement shapes functions.

Polynomial (Deck & Singh model)
Sinusoidal v(x)= Ao cos(x = /L) for-L/2 <x < L/2 Eq. V-10
Triangular v(x) = 4o (1- 22 for L/2<x<L/2 Eq. V-11
. v(x) = 4o for |x| < 3L/10
Trapezoidal V(%) = 5.40 (- |x|L+L/2) for 3L/10 < |x| Eq. V-12
. . v(x)=0 forx <0
Side Triangular V(%) = (4.2.40) /L for 0< x Eq. V-13
Rectangular v(x) = 4o forfx| < 2L/10 Eq. V-14

v(x)=0 for 2L/10 < |x|
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To cover a wide range of SSI parameters for various values of the relative stiffness p*, an analytical
model is developed by investigating 2700 cases for each shape (by considering the combination of all
possible values for the considered parameters), as mentioned in Table 2.

Table V-2: Model parameters

Symbol Description Values
(Unit)
L(m) Beam Length 10, 20, 30
g (KN/m) Beam Load 100, 200, 300, 400
EI(GN.m?) Beam Stiffness 20, 50, 100, 250, 500
KB(MPa) Ground Stiffness 20, 50, 100, 250, 500
Free-Field Ground Radius of 250,500, 750, 1000, 1500, 2000, 3000, 4000,
R(m)
Curvature 5000

The building length was taken between 10 and 30 m to model small and intermediate buildings [9].
The beam loading represents the building self-weight and service loading. Therefore, 100 kN/m is
approximately the weight of a 5 m high wall, with a thickness of 0.5 m with service loading; 200 kN/m
is approximately the weight of a 10 m high wall with a thickness of 0.5 m and 400 kN/m is about the
weight of a whole building with three 5 m tall walls with a thickness of 0.5 m including service loading.
The beam bending stiffness El is between 20 and 500 GN.m?. The smallest value represents the
stiffness of a 0.5 m masonry wall thickness with 5 m height and a 3000 MPa equivalent Young’s
modulus for the masonry. The largest value represents the stiffness of a 0.2 m thick concrete wall, 12
m tall with a 20000 MPa equivalent Young’s modulus. Vesic (1963) formula (Eq. 3) is used to define
values for K. The ground stiffness values Es vary between 20 and 500 MPa for values of soil Young
modulus between 40 MPa (soft ground) and 500 MPa (stiff ground) and a Poisson’s ratio of 0.3. The
free-field ground radius of curvature is set between 250 and 5000m to represent a wide range of
scenarios.
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Fig. V.10: Deflection transmission ratio A/Ag versus the relative stiffness p* for different continuous regular
geometrical shapes of free-field ground movements.
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Fig. 10 and Fig. 11 show the results of the investigated deformation shapes for the free-field ground
movement using Mathematica given the values of parameters defined in Table 2. The global trend of
the transmission ratio is approximately the same for all the shapes and reach their maximum values as
the relative stiffness ratio p* decreases (flexible structures on stiff ground). As shown in Fig. 10, for
each continuous regular geometrical shape, the curve of the deflection transmission ratio versus the
relative stiffness curve is similar to the curve corresponding to the Deck & Singh polynomial function
of Eq. V-8 for the free field ground movement. However, for an equivalent stiffness ratio, the results
of the maximum transmission ratio vary slightly from one shape to another. The highest values are
obtained for the sinusoidal form, while the lowest values are for the triangular form. Nevertheless, the
difference between the results of these curves is always less than 15% with a maximal absolute
difference of A/Aoequal or less than 0.1 which is not very significant for flexible structures on stiff
ground (low values of p*). It is worth to note that the triangular and the side triangular shapes give
very close results with the variation of p*. The trapezoidal form gives close results to the polynomial
function for small values of p*, but it joins the curve of the triangular and the side triangular forms
above p* =0.0002.
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Fig. V.11: A/Ao versus p* for the discontinuous shape in comparison with the polynomial shape.

As shown in Fig. 11, for the discontinuous shape, the results do not show a “one-line curve” such as
the continuous regular geometrical shapes, but they show a range of points that respects the overall
curvature of the continuous cases. Thus, for nearly the same value of the relative stiffness p*, 2 results
of A/Ao are presented. This can be associated to the ultimate discontinuity between 0 and Ao in the
rectangular free-field shape which may lead to a significant difference in the behavior between a
flexible and a stiff building even if the relative stiffness p* is nearly the same. Practically, an accurate
evaluation of the discontinuous shape requires the approach of framed structures with columns/piers
on separated footings in order to consider the significant differential horizontal displacements they
undergo because of tunneling, which are associated with a bending deformation of first level of
columns/piers rather than an overall axial deformation of the structure [26]. Additionally, for a
discontinuous shape, a complex combination of rotational and translational displacements (consisting
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of both vertical and horizontal movements) can occur for separated footings of framed structures which
is not illustrated in the beam approach [27]. In comparison with the continuous shape, the difference
between the continuous and discontinuous shapes can reach 40% for low values of relative stiffness.

b) Gaussian shape with other configuration

Various researches have considered the free-field shape induces by ground movements through a

standard Gaussian curve (particularly for tunneling) displayed in Eq. V-15 [24, 28-29].
v(x) = Uzmax €XP(-Xx2 /2i2) for -L/2<x<L/2 Eq. V-15

Where x is the horizontal spatial coordinate, uzmax IS the maximum settlement that depends upon the
tunnel radius and volume loss and i is the horizontal distance of the settlement trough inflection point
to the tunnel centerline.

Since the Gaussian curve depends upon the horizontal position of the inflection point, 2 configurations
are considered in this paper (Fig. 12): (a) Case 1: i = 0.6 (L/2) and (b) Case 2: i = 0.2 (L/2).
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Fig. V.12: A/Ag versus p* for the Gaussian shape, for various configurations of the Gaussian shape in
comparison with the polynomial shape.

As shown in Fig. 12, for the Gaussian shape, the overall form of A/Ao curve is similar to the Deck &

Singh curve, however, the structure length compared to the curvature length has an important role.

a- For the case 1, L vuilding = L curvature the results are very close to Deck & Singh model with the variation
of p*. This case is presented in Fig. 10.
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b- For the case 2, L puilding >>L curvature, @ Significant portion of the building is subjected to a relatively
“flat” soil settlement; consequently, A/Ag results are significantly lower than the Deck & Singh
results.

2. Building position to the settlement curvature

Previous discussed shapes (Fig. 10, Fig. 11 and Fig. 12) consider the building centerline mingled with
the one of the free-field curvature (even the dissymmetrical side triangular case subjected to 2Ao
indirectly represents a symmetrical convex triangular case characterized by Ao at the two ends).
However, as shown in Fig. 1, for real cases, the building may be distant from the curvature center and
inflection point which affects the structure response. Two cases are distinguished:
a- Fully concave/convex curvature, where the building is distant from the inflection point (Case of
mines) as shown in Fig. 1(b).
b- Partially concave/convex curvature, where the inflection point of the free-field settlement is close
or under the structure (Case of tunnels) as shown in Fig. 1(a).

a) Fully concave/convex curvature

Considering an important curvature length and a building that is distant from the inflection point,
induce a fully concave or convex curvature under the building. Thus, all cases considered in Fig. 10,
Fig. 11 and Fig. 12 are concave. On the other hand, to investigate the difference with the convex
curvatures, sinusoidal, triangular, trapezoidal, side triangular, rectangular and Gaussian for convex
shape deformation profiles are compared with concave shape profiles. Following the hypothesis of the
continuous contact between the ground and the beam, the results of the concave form coincide with
that of the convex form for all considered forms (sinusoidal, triangular, trapezoidal, side triangular,
rectangular and Gaussian).

Numerical finite element models are applied to validate the concavity/convexity analytical results. As
shown in Fig. 13, a vertical uniform load is applied on the bottom boundary to impose a convex
curvature; its value is fixed depending on Ao value. The target is to get a comparable Ao in both cases,
concave and convex soil curvatures. Fig. 13 shows the results in comparison with the same concave
investigated cases; results reveal that having a comparable value of Ao, the transmission ratio A/Ao of
the concave form coincide with that of the convex form.
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Fig. V.13: Results of the numerical comparison between concave and convex soil curvatures for the deflection
transmission ratio.

b) Partially concave/convex curvature.

For ground movements caused by tunneling in particular, the horizontal dimension of the building is
typically similar to that of the ground subsidence (L curvature = L building). The building may straddle the
concave and convex curvatures. It is important to note that the deformation A represents the maximum
deflection of the building whether the beam has a concave or a convex deformation. As shown in Fig.
1, if one part of the building has concave curvature and the other part is convex, then A represents the
maximum between these two values. This paper considers this uncertainty by applying a continuous
and a discontinuous approach, as shown in Fig. 14 and Fig. 15, where “a” is the length of the gap
located underneath the structure. A non-dimensional parameter, X0 = a/L, is considered to plot the
results (L curvature =~ L building)-

Considering the Case 3 of Fig. 12, Fig. 16 shows the results for different values of x0 between 0 and
1 and different values of p* between 0.0005 and 0.1. It is important to note that A is not always located
under the center of the building; it depends upon the value of x0. Results for a continuous shape (Fig.
16) show two maximums for a value of x0=0.4 and x0=1 and two minimums for x0=0 and x0~0.65.
This behavior corresponds to a change in the building curvature. At first, for small values of x0, the
whole building takes a convex curvature. It reaches a maximum value for x0~0.4, then the building
undergoes simultaneously a concave and convex curvature on two distinct parts. For a value of
x0~0.65, both curvatures (concave and convex) are comparable and counterbalance. For a greater
value, the building is mainly of fully concave curvature when the building center is mingled with the
curvature center. For a discontinuous shape (Fig. 16), a quite symmetrical behavior is obtained with
two maximums for x0~0.25 and x0~0.8 and 3 minimums for x0=0, 0.5 and 1. Explanation of this
evolution is comparable to the evolution of the continuous shape. In contrast with the continuous shape,
the two extreme positions (x0=0 and 1) are here similar and correspond to a building lying on a flat
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ground.
x0=0 x0=1 x0=01] , D=x0<1 x0=1
I D O
a= a< a=L
Fig. V.14: Influence of building position — Fig. V.15: Influence of building position —
Continuous shape. Discontinuous shape.
N (a) ) (b)

ﬁ': 0.1 =6.25603 —4.00E-03 31.096-03 1.236-03 4.94E-04 D'= +0.1 -6.25€-03 —4.00€-03 3.09€-03 1.23e03  4.94E-04
Fig. V.16: Transmission ratio A/A0 versus the building position: (a)-Continuous approach,
(b) Discontinuous Approach.

3. Homogeneity of building stiffness

As Son & Cording (2007) [12] revealed the effect of the anisotropy of the masonry units and the
percentage of window openings on the building response, the variability of the building stiffness is
considered as an additional source of uncertainty in this study. The presence of openings (windows,
doors, etc.), the existence of interior walls, and the heterogeneity of structural materials in addition to
the effect of the third dimension are the cause of a stiffness variation along the building. Since the
building is assimilated to a beam characterized by one unique stiffness value in the original model, this
variation is a source of uncertainty that has to be assessed. Considering a stiffness value El, this
uncertainty is considered by subdividing the building into different portions with a local stiffness value
Eli = (1 + a/100) EI, where the variant coefficient a is a percentage of variation. Four values are
considered for a: 40%, 30%, 20% and 10%, and the building is divided into 2, 3 or 4 portions so that

the weighted arithmetic mean value Elmean (EQ. V-16) remains constant and equal to EI.

1w Eg. V-16
Elnean = ZZ(EIiLi) =EI
i=1

Where n is the number of portions.

Eli+a% Eli- a%
0.5L 0.5L

Eli + a% Eli-a% Eli+a%
0.25L 0.5L 0.25L

Eli+a% Eli-a% Eli + a% Eli-a%
0.25L 0.25L 0.25L 0.25L

Fig. V.17: Beam divided into 2, 3 or 4 parts.

The transmission ratio A/Ao is computed for all the cases (Fig. 17) and compared with the one
homogeneous case that is computed with a uniform value El= Elmean. Preliminary results reveal that
both the number of portions and the value of the variant coefficient have a significant influence on the
prediction of the transmission ratio. The difference, between the homogenous and the heterogeneous
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case, is higher for a=40% than for a=10%, consequently, the increase of the variant coefficient
increases the impact of this uncertainty. Consequently, the variability of the building stiffness related
to the presence of openings, existence of interior walls, heterogeneity of structural materials, etc.,
affects the analytical prediction of the transmission of the ground movement. A discrepancy is shown
between the values of A/Ao for the heterogeneous and the homogeneous case that is based on one
equivalent stiffness value. A possible way to minimize the discrepancy is to define a more efficient
equivalent stiffness. Three formulas are tested: the geometric mean, the minimal value, and the last
one the maximal value (Table 3).

Table V-3: Different possible homogeneous stiffness definitions for the building

Geometric mean Maximum Value Minimum Value
Elgeo = MEL.EIL ..EL, Elpay = Max[ElL ...El,] Elpin = Min[EL ...EL,]
Eq. V-17 Eq. V-18 Eq. V-19

As shown in Fig. 18, for a beam divided into two parts, the homogeneous case underestimates the
exact solution of the transmitted deflection based on Elmean, Elmax and Elgeo definitions and
overestimates the results compared to the Elmin definition. However, the Elmin and Elmax definitions
present a large difference with the homogeneous case since they present an extreme case where the
transmission ratio is evaluated for a relative stiffness that corresponds to the one of an entirely flexible
or stiff structure. Referring to the homogeneous case curve, an accurate estimation is to consider the
A/Ag value of this curve that corresponds to the Elmean since the value of the relative stiffness p* for
the heterogeneous case based on Elmean iS the same the one of the homogeneous case.

On the other hand, comparing the results to a beam divided into three and four parts, a=40%, a slight
difference in the transmitted deflection is observed between the two, three and four parts cases based
on Elmean definition; the highest results are for a three parts beam, since the middle portion of this beam,
that is less stiff, is subjected to the highest soil settlement. The lowest results are for the four parts
beam, since the stiffness is compensated between two short portions of the beam which makes it
comparable to the homogeneous case. Consequently, for a beam divided into two, three and four parts,
the homogeneous case underestimates the exact solution of the transmitted deflection based on the
Elmean definition. The effect of heterogeneity of building stiffness is also investigated numerically. As
shown in Fig. 19, the 10 simulations evaluated in Fig.4 are compared to heterogeneous beams
evaluated numerically. Globally, numerical results fit well with the analytical ones and the
homogeneous case underestimates the exact solution of the transmitted deflection; in addition, the
highest results of A/Ao are for a three parts beam, the intermediate ones are for a two parts beam and
the lowest are for the four parts beam.
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4, A new coefficient to evaluate the influence of uncertainties on the transmission
ratio

To assess the influence of the considered uncertainties (free-field shape, building position and
homogeneity of building stiffness) on the evaluation of the structure response, a new equation that
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quantifies the effect of every uncertainty can be proposed, based on the Deck & Singh deflection

transmission ratio, using a coefficient A as follows:

A—AA(D k & Singh)
nAa ec ing

Eq. V-20

Thus, a practical way of evaluating uncertainties affecting building deflections induced by ground
movements is to consider the Deck & Singh analytical curve of Fig.4 coupled with Eg. V-20.

a) Free-field shape

As shown in Fig. 10, Fig. 11 and Fig. 12, the free-field shape uncertainty affects the Deck & Singh
A/Ao curve that is based on the polynomial model (Eq. V-9).

a- For the continuous regular geometrical shapes, results vary slightly from one shape to another. The
relative difference between A/Ao (Deck & Singh) and A/Ao for other shapes does not exceed 10%;
the highest negative and positive relative differences are obtained with the triangular and sinusoidal
forms respectively (= -10% and +5% respectively). For the discontinuous shape, a significant
influence is obtained in the structure response. The relative difference can reach 40% for low values
of relative stiffness, so the prediction of the building defection based on Deck & Singh model
presents a large margin of uncertainty which makes this model less-adapted for the evaluation of
these shapes. Framed structures with columns/piers on separated footings are more-adapted since
they can undergo significant differential horizontal displacements, which are associated with a
bending deformation of first level of columns/piers rather than an overall axial deformation of the
structure [26]. Additionally, a discontinuous shape may lead to a complex combination of rotational
and translational displacements (consisting of both vertical and horizontal movements) which can
occur for separated footings [27]. However, based on the literature, ground movements, like
tunneling and mining subsidence, usually induce continuous settlements; an ultimate discontinuity
is rarely presented but can be revealed instead by an important inflection according to the Gaussian
shape.

b- For the Gaussian shape, the inflection point position with respect to the curvature centerline is one
of the significant sources of uncertainties that affects the evaluation of building deflections induced
by ground movements. FOr L building << L curvature OF L buitding = L curvature, A/Ao results are very close
to Deck & Singh model with the variation of p*. The relative difference does not exceed 5%.
However, for L wuilding >> L curvature OF @ position that corresponds to an inflection point located at the
building end, the relative difference may exceed the 40%.

Based on Eq. VV-20, Table 4 shows the proposed values of the coefficient A, considering the free-field

shape uncertainty.

Table V-4: Proposed values of the coefficient A, considering the free-field shape uncertainty.

Regular Regular Gaussian Shape
CO;;II’]UOUS DlscS(:]ntlnuous L building <<L curvature L building >> L curvature
apes apes L buitding = L curvature X building end =~ X inflection point
A 09<A<1.05 0.6<A<14 I1<A<I1.05 0.6<A<07
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b) Building position to the settlement curvature

When the building is far distant from the inflection point, the structure deflection presents a fully
concave/convex curvature. As shown in Fig. 13, there is no difference between the concave and convex
curvatures having the same maximum free-field deflection Ao. On the other hand, if the inflection point
is close or under the structure, the structure may be partially concave and convex, as shown in Fig. 1.
For this case, the building position to the settlement curvature uncertainty highly affects the Deck &
Singh A/Ao curve. Fig. 16 shows the effect of this uncertainty considering a continuous and a
discontinuous approach for particular values of the relative stiffness.

To normalize the results, an abacus is presented in Fig. 20. Based on Eq. V-20, the coefficient A can
be evaluated using Fig. 20 to consider the relative influence of the building position for continuous
and discontinuous approaches.

C) Homogeneity of building stiffness

By assimilating the structure to a homogeneous beam, the effect of the heterogeneity of the building
stiffness is neglected. As shown in Fig. 18, Deck & Singh A/Aq curve that is based on a homogeneous
beam, underestimates the heterogeneous building response. The response depends upon various
factors, such as the distribution of the non-equivalent stiffness portions within the building, the
proportion of stiffness variation, etc. Table 5 shows the relative difference (RD) and the proposed
values of the coefficient A, considering the heterogeneity of building stiffness.
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Fig. V.20: Abacus of the coefficient A to evaluate the relative influence of the building position for
continuous and discontinuous approaches.
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Table V-5: Maximum relative difference and proposed values of the coefficient A considering the
heterogeneity of building stiffness.

Beam divided into 2 parts Beam divided into 3 parts Beam divided into 4 parts
a (%) 40 30 20 10 40 30 20 10 40 30 20 10
RD (%)* 1060 9.62 759 443 | 11.77 10.12 7.75 446 | 10.08 932 7.49 4.43
A 1.04<A<1.11 1.04<A<1.12 1.04<A<1.10

* RD (%) = Relative Difference (%) = Max [ ( A/Do (p*i) - /Do (p*mean) )/ B/Do (p*i) ]

V.6 Conclusions & Perspectives

This paper investigates the influence of significant sources of uncertainties (free-field deformation
profile, building position to the settlement curvature and homogeneity of building stiffness) on the
evaluation of the transmission of the ground movements affecting the soil-structure interaction through
an analytical approach coupled with numerical finite element models. The work done in this paper can
be summarized as follows:

a- By comparing various studies in the literature, the prediction of structures response to ground
movements shows a margin of discrepancy that is associated to the influence of uncertainties. Based
on the Deck & Singh analytical model, three significant sources of uncertainties are considered:
a-1. The free-field shape: Deck & Singh defined the free-field profile by a polynomial function
characterized by Ao.
a-2. The building position to the curvature center: previous models used to consider symmetrical
cases where the building centerline is mingled with the one of the soil settlement.
a-3. The homogeneity of building properties: The building is usually assimilated to a
homogeneous beam, while modeling the SSI parameters, which neglects the influence of
openings (doors, windows), the existence of interior walls, the heterogeneity of structural
materials in addition to the effect of the third dimension.

b- The effect of the free-field ground movement form was studied by taking several continuous shapes
(polynomial, trapezoidal, sinusoidal, triangular and side triangular), one discontinuous shape
(rectangular) and a Gaussian form of the free-field ground movement. Their results are plotted together
for comparison purposes.
b-1. First, for the continuous cases, all curves have globally similar results with the usual
analytical models curves. For an equivalent stiffness ratio, the results of maximum transmission
ratio are slightly different.
b-2. Second, the discontinuous shape does not follow a one-line curve as the continuous shapes
even-though it respects the overall curvature, and the transmission ratio associated with the
relative stiffness values presents a significant difference.
b-3. Third, for the Gaussian shape, the comparison of the structure and the curvature lengths
shows a significant influence of this uncertainty. Results show that for a structure having a
comparable length with the curvature, A/Ao have globally similar values to the Deck & Singh
polynomial model.
c- The building position to the settlement curvature was studied by considering two cases:
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c-1. A building distant from the inflection point: the structure deflection presents a fully
concave/convex curvature. The effect of the concavity and convexity of the free-field ground
movement is examined according to the several deformation shapes. Results show that, with
respect to the condition of no interpenetration and continuous contact between the soil and the
structure, the concave and convex shapes give exactly the same results of the deflection
transmission ratio A/Ao versus the relative stiffness p*.

c-2. An inflection point of the free-field movement that is close or under the structure: the
structure may be partially concave and convex, and its position highly affects the prediction of
A/Ao. Continuous and discontinuous approaches are considered and results reveal that the worst
case corresponds to the case where the curvature centre coincides with the building centreline
which overestimates the structure response.

d- The influence of openings, heterogeneity of structural material, etc. manifested by the stiffness
variation in the structure is investigated. VVarious beam stiffness partitions are applied to the model;
each partition is characterized by its own stiffness obtained by increasing or decreasing the stiffness
value by certain percentage. All of these partitions and variations are compared to the homogeneous
case where the whole building has one stiffness value. Results indicate that the evaluation of the
movement transmission depends upon the stiffness variation and a difference is shown between the
homogeneous and the heterogeneous case.

e- Finally, a new equation that considers the influence of every uncertainty is proposed using tables
and figures based on the Deck & Singh deflection transmission ratio. This equation can be directly
adopted by engineers for design purposes to assume a A/Ag value when considering these uncertainties.
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V1.1 Abstract

Many buildings may suffer damage due to ground movements associated to underground excavations
like tunneling, mines or urban excavations. The level of damage depends upon the rate of ground
movements transmitted to structures that is affected by the Soil-Structure Interaction (SSI) conditions
and parameters such as the soil elastoplastic behavior. The purpose of this paper is to integrate the soil
elastoplasticity while investigating the response of a structure sitting on a soil subjected to a ground
movement. Analytical and numerical approaches are applied to examine the effect of the non-linear
soil behavior. The analytical approach is based on modified Winkler and Pasternak elastic models
under the assumption of limiting the soil reaction by its bearing capacity ; the numerical approach is
based on finite element models, using Plaxis 2D that consider an elastoplastic soil behavior. Results
display the discrepancy in the structural response between considering an elastic or an elastoplastic
soil behavior. Based on a significant number of iterations, the artificial neural network technique is
used to propose a new simplified meta-model that integrates the soil elastoplasticity to evaluate the
transmission of ground movements to structures. In addition, a procedure, which can be used by
engineers and designers, is developed to evaluate the transmission ratio for any structure sitting on any
type of soil.

V1.2 Keywords

Meta-model, elastoplastic soil behavior, Pasternak model, Winkler model, soil-structure interaction,
ground movements, artificial neural network.

V1.3 Introduction

Ground movements designate a sequence of soil displacements, of natural or anthropogenic origin
such as shrink-swell phenomenon of clayey soils, influence of nearby excavations (tunnels) and
presence of underground voids such as mining subsidence and sinkholes. These ground movements
are responsible of the soil settlements and displacements. The soil displacement may occur even in the
absence of any structure on top of it; this case represents the free-field ground movement. Conversely,
if the soil is underneath an existing structure, the ground movement is transmitted to the building
foundations (Figure 1). An important parameter is the stiffness and the building stiffness could be
underestimated if it is only based on the foundation geometry. Consequently, the building with its
foundation is assimilated to a beam with an equivalent stiffness. The computed deflection represents
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the deflection transmitted to both the building and its foundation which may cause a structural damage
[1, 2]. It is not proper to consider that these movements in the free-field are transmitted entirely to the
building since the transmission may be considerably affected by the soil-structure interaction (SSI)
phenomenon which is strongly dependent upon the structure and the soil conditions and the associated
parameters [3-5].
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Fig. VI.1. Building deflection caused by ground movements: (a) Case of tunneling. (b) Case of underground
mine.

By neglecting the impact of the interaction between the soil and the structure, the free-field ground
movements are integrally transmitted to the building. Under this assumption, Ao represents the
maximum deflection of the building. Assuming that the free-field ground movement is symmetrical
and roughly circular under the building, Ao represents the maximum free-field deflection under the
building (for an integrally transmitted movement); it depends upon the ground radius of curvature R
and the building length L (Figure 2).

Mo =L12/8R

Fig. VI.2. Free-field deflection Aq.

By considering the impact of the SSI, the soil, located under an existing structure and subjected to a
ground movement, will influence the structure differently due to the interdependence of the mechanical
behavior between the soil under the foundations and the structure sitting on these foundations. This
interdependence is strongly dependent on the stiffness of the structure as well as that of the soil [2, 4,
6]. Due to the influence of the SSI, the ground movement may be partially transmitted to the structure
which results in a building deflection characterized by its maximum value A with A < Ag. As shown in
Figure 3, if the structure is stiff, it can resist the ground movement and the induced transmitted
deflection is limited (A < Ao); if it is flexible, then it perfectly follows the settlement of the soil and A
= Ao.
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Fig. VI1.3. Behavior of structures subjected to ground movement. (a) High-stiffness structure on soft ground.
(b) Intermediate ground and structure stiffness. (c) Flexible structure on stiff ground.

For a symmetrical free-field movement with respect to the structure, the deflection A corresponds to
the maximum differential settlement under the building. For a non-symmetrical free-field movement
case, A represents the maximum deflection of the building, whether the structure has a concave or a
convex deformation (Figure 1-a).

The A/ L ratio, called the deflection rate, is frequently used to assess the behavior of structures subject

to differential settlement and to evaluate their damage [6, 7]. Since the damage depends upon the rate
of movement transmitted to the building, the structure response to the ground movement is usually
evaluated through the deflection transmission ratio, defined as A/Ao [8, 9].

Different methods (analytical, numerical, experimental, empirical field data results) have been
developed to predict the building deflection in response to the ground movements [6-15]. Except
empirical methods that are based on observations of real existing structures, all of these methods do
not consider a specific study of a particular case but they are applied to simplified structures, such as
beams, in order to assess the global trend of ground movements induced phenomena.

Among the approaches developed to study the SSI phenomenon, only numerical methods offer great
flexibility for taking into account the complexity of the SSI conditions [11, 16]. Although it is relatively
simple to consider complex soil and structure behaviors in numerical models, their use may be
criticized by the justification of the numerical values of all parameters and conditions. In addition,
numerical models present difficulties to generalize results, because of the need to reproduce the same
scenario numerous times, by varying a particular SSI parameter in each repetition to cover the extent
of the variation range of all parameters. Thus, they can be considered as time-consuming processes

[7]1.

To avoid these difficulties, it is possible to obtain results through analytical methods that develop
simple equations that represent the structural deflection. Analytical methods may be considered as a
complementary tool to the numerical ones, allowing quick calculations for a wide variation range of
parameters, without considering complex configurations [6]. In these analytical models, the soil is
modelled with simple elastic stiffness elements as elastic springs. Winkler model is the simplest soil
model and has been used by many investigators and by Deck and Singh (2010) [7] to address the
question of the building deflection induced by ground movements and the assessment of A/Ao. Such a
SSI model can be criticized because it neglects any interaction between the springs and because it
assumes a purely elastic behavior of the ground [17]. As a consequence, it does not take into account
the influence of soil settlement outside the loaded area, which leads to discontinuities in the settlement
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profile when the applied load is also discontinuous; the displacements of the soil outside the building
are supposed null, which is not correct. Basmaji et al. (2017) [6] developed a similar SSI model by
replacing the Winkler by Pasternak model in order to introduce some interactions between the springs
(Figure 4). This SSI model corrects some critical points of the previous one, but it does not take into
consideration the soil elastoplastic behavior.

Ll_i_i_i_l_l_l_i_i_lsi_l_i_l_i
i
K §5338 83
Elastic Springs, Elastic Springs
The ground is modelled by the The ground is modelled by the
elements of Winkler elements of Pasternak
The parameter of Winkler is K The parameters of Pasternak are Kp and Gp

Fig. V1.4. Structure on a soil modelled analytically with the one parameter Winkler’s elastic model or the two
parameters Pasternak’s elastic model [6].

Thus, soil analytical models do not take into account the influence of the soil elastoplastic behavior
even-though this factor significantly affects the transmission of ground movements to structures [6-9].
As shown in Figure 5, the target of this paper is to investigate the influence of soil elastoplasticity on
the transmission of ground movements affecting the soil-structure interaction. Based on the elastic
analytical models, a simplified elastoplastic meta-model is proposed, via statistical regressions, to
evaluate the structural response. A modification is added to the analytical elastic models that assimilate
the soil to a juxtaposition of elastic springs; the modification incorporates elastoplastic conditions
based on the soil bearing capacity. Results of the analytical approach are then compared to the results
obtained by numerical finite element models. In order to generalize the obtained results, a large
database of the deflection transmission ratio is evaluated for different combinations of the SSI
parameters and the soil bearing capacity. Based on this database, a new correlation is proposed to
evaluate the transmission of ground movements to structures considering the elastoplastic soil
behavior, in an effort to improve the investigation of the structure response to ground movements.

Step 1 Step 2 Step 3 Step 4
(A/Ao)Elastic Elastoplasticity Validation Reduction Coefficient
Evaluate the Generalize the results
transmission  ratio Incorporate Validate the of the transmission
- elastoplastic - analytical results - ratio (A/Ao) Erastoplastic DY
(A/AO)EIastic .- f . . .
. conditions  based by the numerical considering the soil
analytically based . . o ; .
. . on the soil bearing finite  element elastoplastic behavior
on soil elastic . .
capacity models. through a reduction
models. e
coefficient.

Fig. VI.5. Diagram representing the study plan.

V1.4 Procedure & Modeling
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Previous research on this subject addresses the question of building stiffness compared to ground
stiffness, which is known as "relative stiffness”, and suggests to assess the transmission ratio A/A, as
a function of a relative stiffness parameter p* between the soil and the structure [7, 11, 18].
Most of these studies rely on Eq. (1) to evaluate the relative stiffness parameter p* based on the
structure length L, inertia I, Young’s modulus E and the soil Young’s modulus Es. Since it is a 2D
study done per linear meter (El [N.m?/m]), Eq. (1) has the advantage of being non-dimensional and of
being well adapted to a synthetic representation of A/Ao.

pam El (1)

EslL?

In order to propose a simplified meta-model that evaluates the transmission ratio A/Ag as a function of
the relative stiffness p*, an appropriate SSI model has to be considered. While there is a significant
number of SSI models proposed in the literature [6-8, 10-11, 18-23], a comparison between two elastic
models, representing the transmission ratio A/Ag versus the relative stiffness p* for a wide variation
range of SSI parameters, is performed.

1. Elastic Deck & Singh SSI analytical model

Deck and Singh (2010) [7] developed a SSI analytical model to calculate the deflection transmission
ratio A/Ao as a function of the ground and building mechanical properties. As shown in Figure 6, the
building is assimilated to an elastic Euler—Bernoulli beam and the ground is represented by the Winkler
model, which consists on assimilating the soil to a juxtaposition of vertical springs characterized by
their stiffness K without any interaction between them. Considering that p(x) and w(x) represent the
ground reaction and displacement respectively, Winkler model is evaluated using Eg. (2). The ground
is modelled with an initial shape corresponding to Ao and a polynomial equation v(x) (Eg. (3)) that
represents the free-field movement shape. The final building deflection A is then calculated based on
the final position and deformation of the beam required to get a static equilibrium under its own weight
g and the vertical ground reaction p(x) (Eq. (4)).

p(x) = Kw(x) ()
v(x) = o (1-4x2 /L2) for —LI2<x<L/2 (3)
(4) _ 9~ p(x) (4)

YW@ = ——

Where L and EI are the building length [m] and elastic stiffness [N.m2/m] (since it is a 2D study done
per linear meter).

Length of building "L"

q (uniform load)

LTI LI T Il ]Il T1]]

Beam :
"I':Inertia  "E" : Young Modul »
"H" : Heigth X axis

Free-field ground
displacements
(x)"

¥ Y axis Free-field maximal
4 deflection A

Idealized Ground (Winkler model

Tz

Fig. V1.6. Deck & Singh (2010) analytical model for the SSI and the building deflection induced by ground
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movements.

On the other hand, Deck & Singh (2010) [7] introduced their own relative stiffness definition to plot

the results of A/Ag (EQ. (5)) that is suitable to the Winkler model, since the ground stiffness is defined

with the Winkler parameter K instead of Es used in Eq. (1).

p * (Deck & Singh) = ﬂ ®)
KL*

Where K is the Winkler elastic modulus [N/m®].

This equation is comparable to other relative stiffness ratios defined in the literature; it presents the
advantage of being a non-dimensional parameter and suitable to have a synthetic representation of
A/Ag based on Winkler model. In order to show the consistency between Eqg. (1) and Eq. (5), Vesic
(1963) [24] formula (Eqg. (6)) is used to define values for K in the case of a foundation with length L,
width B (with L>B) and a ground characterized by a Young’s modulus Es and a Poisson’s ratio v. In
this case B is taken equal to 1m, which approximatively corresponds to the width of a building
foundation. Noting that various formulas link the Winkler modulus to the soil Young modulus [24-
28], Vesic formula is chosen since it takes into account the presence of a beam (through the “EI” term)

contrary to other formulas.
K = 0.65Es 12|EsB* ©)
~ B(1-v?) | EI

Figure 7 shows the Deck & Singh (2010) results for the transmission ratio plotted against the relative
stiffness p*(Deck & Singh) defined in Eq. (5). A comparison is done between the A/Aq values evaluated
according to specific values of K and A/Ag values evaluated according to specific values of Es and
converted to K according to Vesic formula (Eg. (6)). The difference between the results is slight

(Figure 7) which validates the consistency between Eq. (1) and Eq. (5) using Vesic formula.
1

0.0001 0.001 0.01 0.1 1 10
p* (Deck & Singh)

» Deck & Singh Results - Es values coupled with Vesic Formula

—Deck & Singh results - K values
Fig. VI.7. Results of the deflection transmission ratio A/Ag versus the relative stiffness ratio p*(Deck & Singh)
obtained for K values and for Es values coupled with Vesic formula.

2. Elastic Basmaji et al. SSI analytical model
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Based on Deck & Singh (2010) model, Basmaji et al. (2017) [6] developed their analytical model
where the soil is represented by the Pasternak model, a two parameters soil model that takes into
account the interaction between adjacent springs, in addition to the influence of shear deformation in
the soil (Figure 4). The two parameters are the shear modulus Gp, and the stiffness modulus Kp. The
soil reaction can be written as follows:

p(x) = Kp.B.w(x) — Gp. B.w" (x) (7)

When Gp is taken to be zero, the Pasternak model is equivalent to the Winkler model. The Winkler
parameter K is used instead of Kp. It should be noted that if a given geotechnical problem is modelled
with each of the two models, i.e., Pasternak and Winkler, the values of Kp and K will be different,
unless Gp is assumed to be equal to zero [6].

As shown in Figure 4, due to the influence of the shear layer, Pasternak model displays a differential
settlement under the building without any discontinuities contrary to Winkler model that displays a
uniform settlement with a discontinuity at the edge. Thus, when a local force F acts on a point (x) of a
soil modelled by Pasternak model, the slope curve w’(x) presents a discontinuity. Conversely, any
discontinuity of w’(x) must be associated to a local force. To overcome this problem, Eq. (7) must be
completed with Eq. (8).

F=wiere(x) — Wiigne (%) (8)

Where w’left and w’right are the limit of the first derivatives of w(x) for Xo- and Xo+ respectively and F
is the associated local force (Figure 8).

To highlight the effect of the shear deformation, Basmaji et al. (2017) compared Pasternak and Winkler
models. In order to make a suitable comparison, the transmitted ratio A/Ao has to be plotted versus the
same definition of the relative stiffness p*. To do so, the parameters used in the soil models have to be
calculated according to the same methodology in order to correspond to the same soil in terms of
Young's modulus and Poisson's ratio. Due to the lack of existing analytical relations to assess the two
parameters used in the Pasternak’s model (Gp and Kp), Basmaji et al. (2017) [6] implemented a new
methodology based on Flamant’s theoretical solution of induced vertical settlement. They adjusted the
displacement for both methods according to Flamant’s theoretical solution in order to justify the
parameter values for Winkler and Pasternak. Consequently, they proposed abacuses to select the
Winkler and Pasternak values based on the half width of the loaded zone and the thickness of the
compressive ground for Es = IMPa and v = 0.3. However, the comparison of the transmitted ratio A/Ag
versus the relative stiffness ratio p* defined in Eq. (1), between Pasternak and Winkler models, reveal
a discrepancy between both methods which is related to the influence of shear deformation into the
soil (Figure 10).
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Fig. V1.8. Definition of parameters used to model the beam deflection according to Pasternak model [6].

3. Validation of elastic analytical models

A significant number of SSI models (analytical, numerical, experimental, etc.) were proposed in the
literature. In order to investigate the influence of soil elastoplasticity on the transmission of ground
movements, the elastic analytical models have to be validated, since a simplified elastoplastic meta-
model will be proposed based on the elastic analytical results. Two validation techniques are evaluated
in this paper: (a) Validation with a finite-element model; (b) Validation with numerical, experimental
and field data results from previous research.

a) Validation with a finite-element model

A finite element model (FEM) is developed to compare the elastic analytical results with a set of
numerical simulations. The objective of the FEM is to model the ground curvature induced by ground
movements and calculate the transmission ratio of the free-field deflection. In fact, Basmaji et al.
(2017) [6] and Deck & Singh (2010) [7] validated their analytical results with numerical models;
however, they considered an elastoplastic ground behavior in their studies, and they modeled the
subsidence by a uniformly distributed load imposed on the lower boundary. On the contrary, the
numerical model presented in this paper intends to fully reproduce the analytical conditions in order
to well verify the effectiveness of the analytical results. Subsequently, this FEM model considers an
elastic ground behavior and the subsidence is imposed without adding a uniform load on the lower
boundary.

The numerical model is performed with a finite element software (Plaxis 2D) under the plane strain
hypothesis. The model consists of an elastic soil layer, 125 m thick and 800 m long, with a building
located at the center (Figure 9). For the boundary conditions, the horizontal displacement is fixed on
the right and left boundaries and the vertical displacement is fixed only at the bottom boundary right
and left sides (L1) while the central region of the bottom boundary is free. So, to model the subsidence
and the free-field displacement, the length of L1 is selected in order to reach a value of A, that is
equivalent to the analytical model.
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The soil Poisson’s ratio v is 0.3 and the unit weight is 20 KN/m3. The structure is modeled by a beam
that is loaded with a vertical uniformly distributed load . Mechanical properties and buildings
dimensions are chosen in order to get values that are identical to the ones considered in the analytical
approach (El and L).

(@) A first computation is performed by fixing the vertical displacement on all the lower boundary
in order to generate the initial ground situation under the soil weight; all the evaluated
displacements are then set to zero.

(b) A second computation is performed by fixing the vertical displacement on L1, without
considering the structure, in order to assess the free-field displacement A, of the subsidence;
A, is evaluated and the displacements are set to zero.

(c) A third computation is performed with the precense of both the structure (with the vertical
uniformly distributed load) and the subsidence in order to assess the final building deflection
A considering the soil-structure interaction.

SR A AR VA VAN AN AV El, |_

‘ L1 L1
' 800 m

Fig. V1.9. Description of the finite element model used to compare analytical results of the deflection
transmission ratio with numerical results.

A set of 10 simulations are performed that cover the distribution range of the relative stiftness p*, for
different values of EI/B, Es, L, q and A,. Globally, numerical results presented in Figure 10 are
superimposed with the curve of the transmission ratio calculated with the elastic analytical models of
Deck & Singh (2010) Winkler model combined with Vesic (1963) formula and Basmaji et al. (2017)
with Pasternak model; consequently, these two analytical approaches seem to be sufficient to predict
the trend of the transmission ratio.



132

0.8
Fos
<
0.4
0.2
0 I
0.00001 0.0001 0.001 0.01 0.1 1 10
p*
--Up Mair (2013) ~Low Mair (2013)
eDeck & Singh (2010) - Vesic Formula —Basmaji et al. (2017) - Pasternak
Basmaji et al. (2017) - Winkler XNumerical Results

Fig. VI1.10. Comparison between Mair (2013); Deck & Singh (2010); Pasternak-Basmaiji et al. (2017);
Winkler-Basmaji et al. (2017) and numerical results.

b) Validation with numerical, experimental and field data from previous
research

In addition to the finite-element model validation, Mair (2013) [2] envelope is used to validate the
elastic analytical results. In fact, Mair (2013) [2] compared the transmission ratio, derived from the
finite-element analyses of Potts and Addenbrook (1997) [11] and Franzius et al. (2006) [29] with
respect to the relative stiffness. Also, he considered the results of the finite element parametric
analyses, of deep excavations in soft clay on adjacent buildings, using the Modified Cam Clay soil
model done by Goh (2010) [30]. The comparison of these studies shows that the obtained results fall
into a relatively narrow envelope known as Mair (2013) [2] envelope (Figure 10).

As shown in Figure 10, the elastic analytical models of Deck & Singh (2010) with Winkler model [7]
combined with Vesic (1963) formula and Basmaji et al. (2017) with Pasternak model [6] fit well within
Mair (2013) envelope, while an important discrepancy is shown between these results and Basmaji et
al. (2017) with Winkler model [6]. Accordingly, even-though Deck & Singh (2010) Winkler model
does not consider the shear deformation and the displacement outside the building, results show that
the influence of these properties is indirectly taken into consideration or compensated by evaluating
the Winkler modulus according to Vesic (1963) formula. In fact, Vesic (1963) has adopted the
principle of equivalence between two solutions to find the soil reaction modulus for an infinite length
beam in contact with the ground, modeled by the Winkler model. The same principle has been adopted
by Basmaji et al. (2017) to calculate the Pasternak parameters; it was done for the case of a distributed
load applied on a length L on a soil modeled by the Pasternak model. Thus, the results of Deck &
Singh (2010) Winkler model combined with Vesic (1963) formula and Basmaji et al. (2017) with
Pasternak model are comparable.
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V1.5 Results & Discussion

1. (A/AO)EIastic

Based on Eq. (4), the Deck & Singh analytical model is based on evaluating the deflection of the
building using Euler—Bernoulli forth order differential equation. To solve the problem, six boundary
conditions are used which present computation difficulties and time consumption to generalize the
results for a significant number of iterations. On the other hand, as shown in Figure 8, Pasternak model
presents punctual forces at the building extremities; thus, a higher number of boundary conditions is
needed for Basmaji et al. (2017) model leading to additional computation time difficulties.

In order to simplify the evaluation of A/Ao, this paper proposes simple meta-model equations, based
on the results shown in Figures 7 and 10, depending upon the relative stiffness p* parameters, namely
the structure stiffness EIl and length L and the soil stiffness Es that can be substituted by the soil
modulus K evaluated according to the Vesic formula (Eq. (6)). A significant number of iterations of
the p* parameters is evaluated, covering its variation range in the analytical models of Deck & Singh
(2010) and Basmaji et al. (2017). Since these original models are heavy to implement and expensive
in computation time, polynomial meta-models are proposed to evaluate (A/Ao) Elastic. The predictability
and general applicability of the equation are evaluated by comparing the predictions of these meta-
models with analytical results of the original models. Thus, the meta-models allow having, in any point
of the design space, an estimate of the value of the elastic transmission ratio (A/Ao) elastic While reducing
the computation time for designers and engineers. Based on Figure 7 and Figure 10, Eqg. (9) and Eq.
(10) correspond to (A/Ao) Elastic.

A El
A—Elastic(EI, K,L) = 0.5 — 0.5Tanh[2.99373 + 0.46898 (W ] ®)
0
(K evaluated according to the Vesic formula)
A(EI Es,L) = 0.5 — 0.5 Tanh[1.96633 + 0.512843 (i)] (10)
Ay S T ' ' ' EsL3

2. Integrate the elastoplastic soil behavior

The objective is to develop an analytical SSI model that takes into account the influence of plasticity
in the soil. To consider the influence of the elastoplastic soil behavior, a comparison between the
stresses applied to the soil and its bearing capacity will be used as a criterion to judge whether the soil
is in a plastic state or not. If it is in a plastic state, a new relation is proposed based on assuming that
the vertical stresses in the soil must not exceed the bearing capacity of the soil (Figure 11). If the
applied forces exceed the soil bearing capacity, a spring continues to deform but it cannot carry any
additional stress. The overloads are thus transferred to nearby springs which are still in the elastic
range. The applied procedure is iterative given the nonlinear behavior of the ground.

As presented in Figure 11, at the beam edges where the constraints are greater than puit, p(X)=pur is
imposed. Note that, since the integral of p(x) before and after taking into account the plasticity is
always equal to the external loads applied to the building, the values of p(x) are increased in the middle
of the beam for the elastoplastic behavior, as shown in Figure 11.
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Fig. VI.11. Presentation of the applied procedure.

The concept of considering the elastoplastic soil behavior is divided into two cases (elastic and
elastoplastic) as follows:

Elastic Case: Winkler p(x) = K.w(x) 2
Pasternak p(x) = Kp.B.w(x) — Gp.B.w" (x) @)
Elastoplastic Case: p(X) = pue (11)

Where pur is the soil bearing capacity; pur is the maximum stress that the springs can carry. First, the
elastic conditions of Winkler and/or Pasternak are considered (Eq. (2) or Eqg. (7)). Then, the beam
deformation and the stresses applied to the ground are evaluated. Two cases are then possible:

e The stresses applied to the ground are less than purt (the soil is still in the elastic range). In this
case, the maximum deformation of the building can be directly evaluated according to Winkler
and/or Pasternak equations.

e Some of the stresses applied in a certain zone under the building (at the edges), known as the
“plastic zone”, are greater than pur. In this case, an iterative procedure is applied to find the
solution in the plastic zone and determine the soil reaction based on Eq. (11).

a) Winkler model

An example is presented to show the influence of considering soil plasticity. This example is based on
the model considered by Basmaji et al. (2017) [6] with an additional parameter (the soil bearing
capacity), in order to integrate the elastoplastic conditions. Given a beam of unit width and length
L=20m, stiffness EI=5350MN.m?, loaded with 100KN/m, bearing capacity pur=120KN/m, Winkler
reaction modulus K=3850KN/m® and a radius of curvature of the free field ground movement
R=1500m, the solution of the problem is found by solving the equations and boundary conditions using
Mathematica.

Figure 12 first shows the elastic solution for which there is no limitation on the soil reaction due to
assuming an elastic behavior for the soil. For this case, the maximum displacement in the middle of
the building is equal to 0.6 cm. However, at the boundaries there is an area where p(x) > pur, then the
soil plasticity must be considered. Consequently, by applying the iterative process of resolution (Eq.
(2) and Eq. (11)), it is noted that the maximum deflection of the beam A is reduced from 0.6 cm to
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0.35 cm after considering plasticity.

Beam Displacement y(x)

y(x) (m)

Elastic Solution

Elastoplastic Solution for
Pur=120KN/m

X (m)

10

Fig. V1.12. Vertical displacements at the soil-structure interface according to the elastic and elastoplastic
behavior of the ground.

b) Pasternak model

A procedure similar to that applied to Winkler model, to find the solution of a beam on an elastoplastic
ground, is applied to find a solution for Pasternak model. However, since there is a soil displacement
in Pasternak model outside the structure length L, the solution must take into account the movements
of the soil throughout the whole system. The system is composed of the ground under the structure of
length L, and the ground outside the structure over a length of 5L. It is assumed that the displacement
of the ground at a distance of 5L from the structure is zero, this distance being infinite in the case of
an analytical solution. The length 5L was chosen after numerous tests, as a reasonable compromise to
obtain a satisfactory solution without an excessive computation time.

A preliminary example according to the Pasternak model has been applied and results show an
inconsistency and a discontinuity in the values of the punctual forces at the building edges. According
to the simulations evaluated by Mathematica, the soil reaction is concentrated in the two punctual
forces generated at the building extremities. The value of F is significantly higher than the total sum
of the reaction p(x) distributed under the building (Figure 8) which confirms the necessity of adding a
limitation of the maximum punctual forces admissible at the building extremities. To do so, the shear
modulus Gp is modified locally as per Eq. (12) so that the formula of the punctual force F shown in
Figure 8 is limited by multiplying it by a coefficient a.

Fiim = a Gp W'(x) —w'1(x)) (12)

The criterion of validation of the results is the verification of the stability of the system (statistical
equilibrium of the system) for each iteration, as per the following equation:

L/2 (13)
qlL = f p(x) + 2F
-L/2
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As shown in Figure 13, it is found that, without plasticity, the soil reaction p(x) decreases with the
increasing values of x toward the beam edges where the punctual force F is located. However, after
considering the influence of plasticity, the p(x) decreases at the beam center and increases at the beam
edges in comparison with the first case. These results confirm the statistical balance and the
equivalence between the sum of the reactions of p(x) and F from one side and the loads applied to the
beam from the other side.
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Fig. VI1.13. Vertical pressure along the half beam (a) without plasticity; (b) with plasticity.

In order to find the exact value of Fiim , the parameter a is varied from 0.1 to 0.7 with a step of 0.1 to
find the suitable value of F where the sum of the soil reaction p(x) and F is exactly equal to the loads
applied to the beam. The results obtained showed that a value of a= 0.4 seems to be the most adequate
for the Basmaji et al. (2017) example shown in Figure 12.

However, even-though the elastoplastic soil conditions can be integrated to the Pasternak model, the
applied procedure presents several difficulties since the coefficient o has to be evaluated for every case
separately and to check the system stability and the equivalence between the sum of the reactions and
the applied loads by varying the value of a progressively. Thus, the process of integrating elastoplastic
conditions to the Pasternak model is time consuming and presents difficulties to be generalized. Since
the objective is to propose a ‘generalized’ meta-model that integrates the soil elastoplasticity, this paper
will proceed by considering the Deck & Singh (2010) Winkler model combined with Vesic (1963)
formula.

3. Validation with finite-element models

Based on the elastic finite element model explained previously, a new elastoplastic model is developed
on Plaxis 2D. This model consists of dividing the soil into two layers; the upper layer of thickness hl
= 100 m is modelled as elastoplastic with a Mohr—Coulomb criterion, whereas the lower layer of
thickness h2 = 25 m is assumed to be elastic. The function of the upper layer is to represent the
elastoplastic conditions with a cohesion and a friction angle that vary with respect to pur value
determined by the Terzaghi formula:

Puit = ¢N¢ + 0.5By; N, + (q + y,D)N, (14)

with y; the soil density under the foundation, y, the soil density lateral to the foundation, g the lateral
vertical overload to the foundation, ¢ the cohesion of the soil under the base of the foundation, B the
width of the foundation, D the embedment depth of the foundation and N¢, Ng, Ny the bearing capacity
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factors.

The function of the lower layer (h2 = 25 m) is to avoid large deformations and large mass losses that
occur near the lower limit due to the fact that such a loss could compromise the convergence of
calculations and the accuracy of results; also stress-strain results are only interpreted for the upper
ground layer. Considering an elastoplastic soil layer in contact with the building, a sliding interface is
modelled between the ground and the structure in order to investigate only the influence of the ground
curvature and not the influence of horizontal strains and the associated shear stresses induced by the
subsidence. The same boundary conditions are applied and the model is realized in three stages as for
the elastic case.

The set of 10 finite-element models that were generated for the elastic conditions are evaluated for
elastoplastic conditions considering a particular value of the bearing capacity pur (cohesion and friction
angle as per Eq. (14)) for every case. The numerical results presented in Figure 14 are superimposed
with the elastoplastic analytical results of the same considered combinations of the SSI parameters
(same purt, EI K, L, q and Ao values) for the transmission ratio calculated with the Deck & Singh (2010)
Winkler model combined with Vesic (1963) formula. Consequently, the analytical methodology
developed to consider the soil elastoplastic behavior is validated numerically and can be used to predict
the value of the elastoplastic transmission ratio (A/Ao) Elastoplastic-

0.0001 0.001 0.01 0.1 1
p* (Deck & Singh) = EI /( KL*)
— Elastic Analytical Results
m Elastoplastic Analytical Results

~ Elastoplastic Numerical Results

Fig. VI.14. Results of the comparison between analytical and numerical results of the deflection transmission
ratio.

4. Reduction coefficient

In order to study the effect of soil plasticity on the transmission ratio A/Ao, the elastoplastic analytical
model was evaluated using Mathematica, by investigating 18,900 possible combinations of pur, El, K,
L, R and g, as shown in Table 1.

The building length is taken between 10 and 30 m to model small and intermediate buildings [8]. The
beam loading represents the building self-weight and service loading. 100 kN/m is approximately the
weight of a 5 m high wall with a thickness of 0.5 m with service loading, 200 kN/m is approximately
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the weight of a 10 m high wall with a thickness of 0.5 m and 400 kN/m is about the weight of a whole
building with three 5 m tall walls with a thickness of 0.5 m including service loading.

The beam bending stiffness El is between 20 and 500 GN.m?2. The smallest value represents the
stiffness of a 0.5 m masonry wall thickness with 5 m height and a 3000 MPa equivalent Young’s
modulus for the masonry. The largest value represents the stiffness of a 0.2 m thick concrete wall, 12
m tall with a 20000 MPa equivalent Young’s modulus.

The ground stiffness values vary between 20 and 500 MPa, according to Eqg. (6), for values of soil
Young modulus between 40 MPa (soft ground) and 500 MPa (stiff ground) and a Poisson’s ratio of
0.3. The free-field ground radius of curvature is set between 250 and 5000m to represent a wide range
of scenarios [7].

Considering that the structures are usually constructed with shallow foundations of length L and width
B with L >> B, the bearing capacity can be obtained by Terzaghi’s formula which depends essentially
on the angle of internal friction and the cohesion of the ground under the foundation. To show the
essential role that the limitation of the soil bearing capacity can have on the deflection of the building,
the soil bearing capacity is considered variable between q and 4 g. Nevertheless, given the partial
safety factors used in construction codes (Eurocode, etc.) for the design of the foundations at the
Ultimate and Serviceability Limit States ULS and SLS (1.35 or 1.5), the considered cases (pult = Xq
with X =1, 1.5, ..., 4) can be representative to approximate to standard situations [4].

Table VI-1; Model Parameters.

Symbol (Unit) Description Values

L(m) Beam Length 10, 20, 30

g(KN/m) Beam Load 100, 200, 300, 400

Putt Soil Bearing Capacity g, 1.5q, 2q, 2.5q, 3q, 3.5q, 49

EI(GN.m?) Beam Stiffness 20, 50, 100, 250, 500

K(MPa/m) Ground Stiffness 20, 50, 100, 250, 500

R(m) Free-Field Ground Radius of o) £ 750 1000, 1500, 2000, 3000, 4000, 5000

Curvature

Based on the results shown in Figure 15 for the 18,900 investigated combinations, a new relation can
be proposed for the elastoplastic deflection transmission ratio using a reduction coefficient "a" as
follows:

A A

— (Elastoplastic) = a — (Elastic) (15)

Ao Ao

With0<a<1

If a=1, pur is not reached with the soil still in the elastic range, and there is no difference between
considering an elastic or an elastoplastic soil behavior. However, when “a” decreases below 1, pur IS
reached. In order to establish a new correlation that evaluates “a” as a function of put, g, R, K, El and
L, the influence of every factor on “a” is evaluated and presented in Table 2.
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Table VI-2: Effect of every increasing factor on a.

Factor Comments a
pur T The soil does not reach the plastic phase and behaves as an elastic soil.
qt Due to static equilibrium, the soil reaction p(x) increases and may reach pu: at a certain
position under the structure.
R 1 The soil reaction difference at the ends of the structure is limited. The soil reaction p(x) then

remains low and does not exceed pur, in Most cases.
KT The soil reaction increases as per Winkler formula and becomes closer to pu.
The building has more stiffness and can sink in the soil which will increase the soil reaction !
until reaching pu.
L1 The structure is more flexible and the soil reaction under the structure is more homogeneous 2
and exceeds less often pyr.

EIT

After evaluating 18,900 combinations (Table 1) and calculating A/Aq for an elastic and an elastoplastic
soil behavior, a new correlation (Eq. (16)) is proposed for the reduction factor “a” using artificial neural
networks via JMP software which is a software used for statistical analysis.

0.0001 0.001 0.01 0.1 1 10
p* (Deck & Singh) = EI /( KL*)

== Elastic Analytical Results

m Elastoplastic Analytical Results

Fig. VI.15. Deflection transmission ratio A/Aq versus the relative stiffness p* for elastic/elastoplastic behavior
of soil for various soil bearing capacities.

To obtain the analytic expression of a, several data analyzes were performed. Attempts to express this
parameter by various combinations of the model input parameters have not lead to satisfactory results.
For this reason, the technigue of neural networks has been used [4, 31].

The artificial neural network is composed of a collection of artificial neurons by computing a weighted
sum of the inputs (18,900 combinations of put, g, R, K, El and L). Many variations exist in the way
neurons are organized into a network, but all neural networks are composed of multiple layers; an input
layer, an output layer, and intermediate layers, called hidden layers. The proposed model seeks to
match the relationship between the obtained values of A/Ao and the inputs. For good generalization
performance, a balance must be found between an artificial neural network with insufficient neurons
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that miss trends, and an artificial neural network with too many neurons that suffer from over fitting
to the training data. The latter occurs when the minimization procedure tunes the weights in such a
way that it almost perfectly captures the provided data, but is inaccurate when applied to new data, not
used in the training procedure. To detect over fitting, the data is divided into three sets: a training,
validation and test set. The network is built with a validation rate of 0.1 meaning that a proportion of
10% is therefore retained for validation. The final network obtained is composed of one layer and 3
neurons H1, H2 and H3 evaluated by minimizing the variance of the residues (Eq. (16)).

a = —7.19258 — 0.97155H1 — 0.52479H2 — 8.10706H3 (16)
—5.55733 ( 4410233 \ / —2.44438 (17)
+0.00045K,, / +O.02106KW\ / +0.000078KW\
—0.00062R | | —0o00035R || | | +o.000071R ||
H1=TanH| 0.5| +0.00037q | [;H2 = TanH 0.5| +0.00033q | ; H3 = TanH 0.5| +0.001837q |
| +0.00040p,, | | | —0.00102p,, | | —0.001939p,, |
\ \ +0.20247L // \ \ -1.77733L // \ \ —0.009696L //
+0.010897E1 —0.076137El —0.001588E1

Figure 16 shows the actual values as a function of the expected values of the coefficient a. Thus, it is
possible to visualize the residues. The coefficient of correlation is R? = 0.9026 and the root mean
square error (RMSE) is relatively low (0.12). Figure 16 shows that the formulation of “a” has a general
tendency to overestimate the large values of “a” and to underestimate the small values of “a”.
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Fig. V1.16. Graph of observed values versus expected values.

It should be noted that the network has been reconstructed with other values of the validation rate (0.2
and 0.3) and the results are roughly the same, the RMSE is always close to 0 and it slightly increases
with the increase of this rate. Thus, results show that the application of Eq. (16) can approximate the
influence of plasticity when evaluating the transmission ratio. Consequently, this correlation can be
directly adopted by the engineering society for design purposes to approximate the A/Ao value when
considering the elastoplastic behavior of the soil.
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V1.6 Conclusions

This paper presents a new correlation to incorporate the elastoplastic soil behavior when evaluating
the transmission of ground movements to structures induced by tunneling and mining subsidence.
Based on the SSI analytical elastic approaches that are based on Pasternak and Winkler models, a new
methodology is implemented that consists of limiting the soil reaction to its bearing capacity in order
to consider soil elastoplastic conditions.

As shown in Figure 17, simplified equations are initially proposed to evaluate the elastic transmission
ratio (A/Ao) eiastic for (a) Deck & Singh (2010) Winkler model coupled with Vesic formula and (b)
Basmaji et al. (2017) Pasternak approaches. These two approaches are validated by elastic numerical
finite element models and numerical, experimental and field data results from previous research. Then,
the influence of soil plasticity on the transmission ratio A/A is investigated by integrating the soil
bearing capacity put. Results show a significant difference in the transmission ratio between the elastic
and the elastoplastic soil behavior. The elastic behavior results create an envelope that engulfs the
elastoplastic results.

Evaluate the transmission of ground movements to structures integrating
the elastoplastic soil behavior

Evaluate the = Evaluate the
e : ) Elastoplastic — e .
transmission ratio 4 endition. I transmission ratio
(AI All)EInstiv: ‘Al A())EI
Deck & Singh
Winkler meta-model Winkler
(K evaluated according to the No Constraints Artificial Neural
Vesic formulo) Integrate the Soil Network Reduction Coefficient “a”
Eq.9-Fq.10 bearing Capacity p., 18,900 combinations Simplified analytical
" according to Deck & “elastoplastic” model
Basmaji et al. Eq.11 Pasternak Singh model
Pasternak meta-model o Eq. 16 -Eq. 17
Limitation of Punctual
Forces — Coefficient a
Eq. 10 Eq. 12

Fig. VI1.17. Methodology of evaluation of the new simplified meta-model to calculate the transmission of
ground movements to structures integrating the elastoplastic soil behavior.

On one hand, the proposed procedure applied for Pasternak model shows an inconsistency and a
discontinuity in the values of the punctual forces at the building edges. Thus, a coefficient a is imposed
to modify the shear modulus Gp locally and limit the maximum admissible punctual forces. To find
the value of a, it is required to check the statistical balance and the equivalence between the sum of
the reactions and loads applied to the beam for every combination. Thus, the proposed procedure
applied for Pasternak model is time consuming and presents difficulties to be generalized. On the other
hand, the proposed procedure applied for Winkler model (Deck & Singh model coupled with Vesic
formula) does not show constraints and is validated by finite element-models.

Based on Deck & Singh Winkler model, a new meta-model is proposed that associates the elastic with
the elastoplastic results of the transmission of the ground movement ((A/Ao) elastoplastic); the statistical
meta-model is realized using artificial neural networks based on 18,900 combinations of SSI
parameters and soil bearing capacities pur. A reduction coefficient “a” is proposed to associate the
elastic ((A/Ao) Erastic) With the elastoplastic ((A/Ao) Elastoplastic) transmission ratios.
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In conclusion, to improve the investigation of the structure response to ground movements and the
evaluation of its damage, the effect of a significant SSI factor, the soil elastoplastic behavior, can be
directly evaluated via the proposed simplified meta-model that is based on the elastic values of (A/Ao)
Elastic. 10 reduce time and calculation difficulties, this paper proposes simple equations (as shown in
Figure 17) that are sufficient and can be directly used by geotechnical engineers and designers to
consider the elastoplastic soil behavior and evaluate transmission of ground movements to structures.
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VII. Influence of Spatial Variability of Soil Properties on Structures
Response

This paper was presented in the 29" European Safety and Reliability Conference.
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VI1.1Geostatistics background

Geostatistics are proved to be reliable and well adapted methods when dealing with gridding tasks and
risk analysis in the geotechnical engineering. Compared to classical statistics, geostatistical methods
take into account the spatial variability of the target parameter, in order to provide realistic spatial
estimates together with a quantification of the associated uncertainty.

In the geostatistical approach, an analysis is made to evaluate the dependence of a variable in relation
to itself and separated by a vector distance (Separation distance h). The magnitude of dependence can
be detected by means of correlation coefficients and spatial covariance that can be expressed by a
function called variogram. The semi-variogram y(h) is defined as half the average squared difference
between points separated at distance h.

The below figure shows a variogram with nugget effect (Co), range (Ao) (De-correlation length) and
sill (Co+C). In theory the variogram value at the origin (0 lag) should be zero. If it is significantly
different from zero for lags very close to zero, then this variogram value is referred to as the nugget.
This value represents the variability is due to measurement errors or errors of location of measures,
either to the existence of a microstructure (small scale variability). Thus, the nugget effect is in most
cases due to measurement uncertainty, which by nature does not exhibit any spatial correlation
structure. The range is a distance beyond which the variogram essentially remains constant and reaches
the sill value. Presumably, autocorrelation is essentially zero beyond the range. The sill is the plateau
the variogram reaches at the range. If the variogram reaches a sill, the variable is stationary (its mean
and variance are constant whatever the location in the space). If the variogram keeps increasing, the
variable is non-stationary (the variable presents a trend, for instance its mean varies regarding the
location in the space).

Sill (C+Co)

De-correlation length (Ag)

Semi-variance (y)

INugget (Co)
Separation distance (h)
Fig. VII.0.a. Diagram of a stationary variogram.

The variogram is a basic graphic tool to support geostatistical techniques which allows quantitative
representation of the variability of a regionalized phenomenon spatially [1]. In geological and
geotechnical engineering, the most common models are:

- Pure nugget
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- Power model (special case: the linear model)
- Spherical model

- Gaussian model

- Exponential model

- Cubic model
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Fig. VI1.0.b. Commonly used semi-variogram models with Co set to zero.

Every semi-variogram model is characterized by a mathematical function. For example, the

exponential model respects the following equation:

y(h) = C(l—e_TM)+C0

Generally, the geostatistics allows to model a spatially continuous field values with conserving the
measured values, then a random function would simulate a value at a known point. It can be useful to
simulate different regionalized fields that represent several possible cases.

There are two kind of simulation: conditional and non-conditional simulations. In the event that data
is available at the site being simulated, conditional simulation should be employed to ensure that the
random field realizations match the data at the data locations exactly. Furthermore, all realizations pass
through the known data but are random between the data sites. An unconditional simulation ignores
this additional information and will lead to higher variability in the response quantities.

There are many simulation methods that can be grouped into Gaussian methods (matrix decomposition
method, sequential methods, frequency, autoregressive, turning bands method, etc.) and non-Gaussian
(annealing simulations, using methods in the probability field, etc.). Chiles and Delfiner (1999) [2]gave
a fairly complete description of these methods. Examples of the simulation algorithms used in practice
are the sequential Gaussian, the sequential indicator simulations and the local average subdivision
technique [3].

The sequential Gaussian simulation (SGS) is the most commonly used technique, especially in the
field of petroleum engineering. Its implementation allows the simulated values to be conditioned on a
correlated variable whose value is known everywhere. If such a variable is available, this can lead to
improved accuracy and precision. In this chapter, geostatistical tools are used to represent the soil
spatial variability according to the SGS that will be detailed in the next paragraphs.
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VI1.2 Abstract

Physical and mechanical properties of soils have spatial heterogeneities whose origins come from the
complexity of the involved natural geological processes that lead to their constitution. This spatial
heterogeneity is associated with an uncertainty on each of the parameters usually used to quantify the
natural variability that represents the soil. In addition, this spatial variability (SV) of soils may lead to
differential settlements that affect the nearby buildings due to the soil-structure interaction
phenomenon, causing structural and functional damages. The target of this study is to investigate the
influence of natural variability of soil properties on the evaluation of the transmission of ground
movements caused by tunneling and mining subsidence to nearby structures, whose consequences on
structural response can be risky and dangerous. A probabilistic study is done using an analytical
approach developed through Mathematica, coupled with a numerical model developed through
GOCAD, to evaluate the uncertainties affecting the transmission of movements. In order to propagate
geostatistical conditions to represent the soil, a modified Winkler model is developed where the soil is
assimilated to a juxtaposition of elastic springs characterized by a particular stiffness value for every
spring according to the SGS (Sequential Gaussian Simulation) method. Results reveal the effect of
considering this uncertainty on the transmission ratio that specifies the building displacement in
response to the ground movement.

VIl1.3Keywords:

Spatial variability, soil heterogeneity, geostatistical conditions, movement transmission, Winkler
model, uncertainties evaluation, soil structure interaction.
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VIl.4Introduction

Nonlinearity, stress-dependency, anisotropy and heterogeneous nature of soils are some of the
main sources of their complex mechanical behavior. Thus, one of the major challenges that faces
geotechnical engineers is the need to make decisions regarding the soil parameters to be used in
engineering analysis. These decisions have to be based on information that invariably has a certain
degree of uncertainty [1]. On the other hand, this complex soil behavior may affect the decisions
regarding the soil-structure interaction parameters while evaluating the transmission of ground
movements, caused by tunneling, mining subsidence, sinkholes, etc. to nearby buildings, causing
potentially their structural and functional damages [4].

In fact, several methods have been proposed to represent the soil stiffness. However, because of
the modeling complications, Winkler’s analytical approach has been used by many investigators
to model the soil-structure interaction, instead of modeling the subsoil in all its complexity [5].
From a practical point of view, Winkler seems to be appropriate for superficial geotechnical
designs. Thanks to its simplicity along with the advantage of taking into account only one
parameter (the coefficient of subgrade reaction) to characterize elastic soil and structure responses
under loading, the Winkler model has been extensively used to solve many soil-structure
interaction problems and has given satisfactory results for many practical problems [6]. The soil
reaction modulus is not an intrinsic parameter of soil; it depends on the mechanical parameters of
the soil and mechanical and geometrical parameters of the structure. All of these parameters are
uncertain and represent the major source of uncertainty in the output model [1]. Consequently, the
objective of this paper is to investigate the influence of the spatial variability (SV) of soil
properties, in particular the influence of the soil reaction modulus on the evaluation of the
transmission of ground movements to structures.

VI1.5Spatial Variability (SV) and Geostatistics

Soils are geological materials formed by weathering, erosion and sedimentation processes. When
transported to their present locations, soils have been subjected to various stresses and physical
and chemical changes. In this context, heterogeneity is used as a synonym to SV. Consequently,
the physical properties of soils vary from place to place within resulting deposits defined as SV
[7]. It should be mentioned that the SV of the soil properties occurs at different scales of variability
depending on the type of problem. When dealing with geotechnical structures, the inherent SV has
been considered as a major source of uncertainties in soil properties. It significantly affects the
performance of geotechnical structures that, under a probabilistic framework, is commonly
measured by the probability of failure. Note that the determination of the mean and standard
deviation of the soil property is performed using the conventional statistical analysis [8]. This
analysis considers the variability of the soil property however, it does not provide its SV.
Therefore, to characterize the spatial variation of a soil property (such as the coefficient of
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subgrade reaction), one needs to determine the autocorrelation function and the corresponding
value of the autocorrelation distance. For this purpose, an important technique that is found in the
literature to identify the autocorrelation structure of a soil property is the geostatistical tools [1].
In fact, geostatistics approaches have proved to be reliable and well adapted methods when dealing
with gridding tasks and risk analysis in geotechnical engineering [9]. Compared to classical
statistics, geostatistical methods take into account the SV of the target parameter in order to provide
realistic spatial estimates together with a quantification of the associated uncertainty. Many
applications can be found in the literature: Thajeel (2017) [7], Imanzadeh (2013) [1], Sadrekarimi
& Akbarzad (2009) [10], etc. Any geostatistical process begins with data quality control and
analysis, thus allowing an understanding of the data prior to further steps. The variographic
analysis is then performed in order to measure the SV of the data leading to a variogram
computation. Afterwards, geostatistical modelling and simulation can be performed using this
spatial information (variogram) [9].

While there are a number of simulation algorithms available (sequential indicator simulation, local
average subdivision, etc.), Sequential Gaussian Simulation (SGS) is widely applied [1]. Its
implementation allows the simulated values to be conditioned on a correlated variable whose value
is known everywhere. If such a variable is available, this can lead to improved accuracy and
precision. In this paper, geostatistical tools are used to represent the SV of the soil.

Sequential Gaussian Simulation

In general, conditional simulation algorithms allow uncertainty to be assessed by creating a set of
realizations of the spatial distribution of a variable. Each realization is conditioned on the original
data, and approximately reproduces the sample histogram and variogram. When a large number of
realizations have been created, the variance of their mean value allows to calculate the estimation
variance [8].

As illustrated in Table 1, the basic idea of the SGS is that the conditional distribution of the
observed variable can be used for the simulation of subsequent grid points. The SGS is based on
multi-Gaussian assumption of a random function model. It consists of defining a regularly spaced
grid, covering the region of interest and establishing a random path through all grid nodes such
that each node is visited only once in each sequence. For every grid node the normal score
conditional cumulative distribution function (CCDF) is estimated according to a simple krigging
system. Afterwards, a simulated value is drawn from the estimated CCDF and then added to the
conditioning data set to be used for simulating other grid nodes. This procedure will be continued
until all the grid nodes are simulated. The simulated normal score CCDFs then need to be back
transformed to obtain the CCDFs of the considered parameter in original space. These sequential
steps build up only the first realization; this sequence should be repeated with different random
paths passing through all nodes for each realization. Indeed, the only difference among the several
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individual simulations is the random-number seed, which initiates the simulation process and
affects the random drawing of a value from the CCDF used to generate each simulated value.
Therefore, in different realizations different values will be assigned to the same location [9] as
shown in Table 1. Input random variables are transformed into standardized normally distributed
random variables with zero means and unit variances for which different variogram characteristics
are assessed. Simulated values of a standardized variable, Z, can be determined at any node of the
simulation grid according to the relationship of Eqg. (1):

Zs(xo) = Z"(x0) + R(xp) (D
where Zg(x,) is the simulated value of the variable Z at location x,, Z*(x,) is the krigged estimate
of the variable Z at location x, and R(x,)is a random residual.

R(x,) follows a normal distribution with zero mean and a variance equal to the krigging variance
[3]. A different value of R(x,) is obtained in each realization using Monte Carlo Simulation
resulting in a variation of the simulated value of the random variable (Z(x,) from one realization
to another). A random path is followed to assess the value of the standardized random variable at
each node of the numerical simulation grid. The simulated values across the analysis domain are
then back transformed to their original probability distribution. By repeating the above procedure,
several realizations of soil spatial variation across the analysis domain can be obtained.

Table VII-1. The basic idea of the sequential Gaussian simulation.

Steps of the Sequential Gaussian Simulation (SGS)

1. Transform input random variable into a standardized normally distributed (Gaussian) random variable
of zero mean and unit variance.

2. Assess variogram characteristics for the standardized variable.

3. Implement Monte Carlo simulation to estimate a simulated value of the standardized variable at a
certain node in the simulation grid.

4. Choose a random path through all nodes of the simulation grid.

5. For each node, search for nearby simulated nodes and use them to estimate a new simulated value of
the random variable.

6. Check that new simulated values of the random variable satisfy variogram characteristics.
7. Back-transform all simulated values from its standardized form to its original probability distribution.

On the other hand, the autocorrelation function has been widely used for investigating SV in the
context of geotechnical engineering (8, 11, 12). For the SV modeling, an autocorrelation distance
of a property is defined as the distance within which the soil property exhibits relatively strong
correlation. A large autocorrelation distance value implies that the soil property is highly correlated
over a large spatial extent, resulting in a smooth variation within the soil profile. On the other hand,
a small value indicates that the fluctuation of the soil property is large [10].
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VI1.6 Analytical Approach

To study the behavior of structures subjected to differential settlement caused by ground
movements (tunneling, mining subsidence, sinkholes, etc.), various approaches have been
developed. These can be gathered into five main groups [13]: numerical, empirical, semi-
empirical, physical and analytical. This study uses an analytical approach and the modeling is used
to allow rapid results to be obtained for a large variation range of model parameters considering
the soil SV.

1. Soil & Structure Modeling

Winkler model is characterized by being a simple model to represent the soil underlying a
foundation. Winkler assumes that the reaction of the soil at each point under the foundation is
proportional to the deflection of the foundation at that point [6]. As shown in Figure 1, this
hypothesis amounts to modeling the soil by a juxtaposition of elastic springs. The proportionality
constant of these springs is known as the soil reaction modulus k. Considering that p(x) and w(x)
represent the ground reaction and displacement respectively, Winkler’s model is represented by
Eq. (2):

p(x) = k.w(x) (2)

Fig. VIL.1. Winkler Model.

The analytical approaches, developed to study the phenomenon of soil-structure interaction, model
the building by an elastic Euler-Bernoulli beam of length L, width B, inertia I and Young’s
modulus E. The beam is loaded by a uniform vertical load q. The differential equation of the
building displacement can be written as follows:

q—p)

YO = 3)

Considering that the displacements of the ground and the building are in static equilibrium, it

follows that there is a continuous contact between the ground and the beam. As illustrated in Figure

2, the building undergoes a rigid vertical displacement "d" with a deflection y(x). If v(x) represents
the free-field ground displacement, the condition of no interpenetration is given by:

y(x) +d=v(x)+w(x) (4)
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Fig. VI11.2. Displacements of the ground and the building under conditions of static equilibrium.

Based on equations (2), (3) and (4), the characteristic differential equation of the beam deflection
is given by Eq. (5):

y(4)(x) _ q-— k. (y(xl‘;_ d— U(X)) (5)

To solve the problem, six boundary conditions are used; the building deflection, the bending
moment and the shear force at the beam extremities are equal to zero [5].

2. Transmission Ratio & Relative Stiffness

The transmission ratio is used to quantify the building damage analytically. It is the ratio of the
maximum deflection of the building foundation A over the free-field deflection A,. Considering
the ground movement origin and the geological/geotechnical conditions, many methods can be
used to assess the transmission ratio value. However, if one assumes that the free-field ground
movement is roughly circular under the building, with a radius of curvature R (Figure 3), a
geometric relationship can be determined to calculate A,, by combining R with the length of the
building L [4]:

Ao=1%/8R (6)
To represent the free-field ground movement, the polynomial function v(x) can be used:
4x?
v(x) = AO <1 - L—2> (7)

For —L/2<x<L/2

Ground radius
of curvature
L
x
v \»: L8R

Free-Field Deflection

Fig. VI1.3. Presentation of the free-field deflection.
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The assessment of A is the key point because the free-field ground movements vary with the
dimensions of the building. By taking the soil-structure interaction into consideration, A should be
less than A, and the values of the transmission ratio A/A, are expected to be between 0 and 1.
On the other hand, to predict the building deflections by ground movements, research addresses
the question of building stiffness compared to ground stiffness, which is known as "relative
stiffness” [5, 14, 15].

In the literature, different stiffness ratios have been defined, and the transmission ratio of the free-
field ground movements was investigated with analytical and numerical models according to the
predefined stiffness ratios. However, this study considers the relative stiffness ratio p* defined in

the analytical model of Deck & Singh (2010):
El

*
P =T (8)
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Fig. VII.4. Results of the deflection transmission ratio A/Aq versus the relative stiffness p* ratio for the El
Kahi el al. model (2018).

In Figure 4, the deflection transmission ratio is plotted against the relative stiffness; it shows that
the results of the soil-structure interaction analytical model are as expected.

VII.7Results & Discussion

The determination of the deflection transmission ratio is a key parameter used in soil-structure
interaction studies. This ratio strongly depends on the soil characteristics and modeling, in
particular the soil reaction modulus k [10]. In order to propagate geostatistical conditions to
represent the soil, a modified Winkler model is used with a particular reaction modulus value k for
every spring. To do so, GOCAD, a computer application that offers a variety of geological,
geophysical and geostatistical analyses that can be performed on geological objects, is used to
apply the sequential Gaussian simulations (SGS) to evaluate the spatial variability of the soil in
the horizontal direction.
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Table VII-2. Model Parameters.

Soil reaction modulus k Beam Length L
Mean Values p (MPa/m) 20, 250, 500 Considered values (m) 10, 20, 30
Coefficient of Variation 40% Correlation Length L1 Im,05L, L, 2L
Beam Stiffness EI (GN.m?) 20, 250, 500

108 combinations -10 simulations for every combination (Total: 1080 simulations)

In this numerical software Gaussian distribution is evaluated according to an exponential
variogram type. Three mean values of k and a coefficient of variation (standard-deviation/mean)
of 40% (Table 2) are considered. Every distribution is associated with a value of the beam length
(10, 20 or 30 m) and a considered value of the correlation length accordingly (1 m, 0.5L, L or 2L
(where L is the building length)); they are used to evaluate the cases of heterogeneous, intermediate
and homogeneous soil respectively. Consequently, 108 combinations of the soil reaction modulus
are evaluated according to the SGS method using GOCAD; for every simulation ten simulations
are applied, so confidence intervals of the transmission ratio A/A, can be calculated (Table 2).
Note that 200 nodes are considered for every simulation which means 200 springs under the
building as per the Winkler model.

Figure 5 shows the evaluated results of a simulation for the combination of ux = 250 MPa/m, L =
20 m and L1 = 5m. GOCAD can consequently fit these results to a theoretical variogram in order
to compare the results. Consequently, an exponential variogram type is suitable to the results with
a coefficient of variation of 36%, an azimuth of 4.5° and a range of 4.1m. Figure 6 shows the
values of the first simulation of k for ux = 20 MPa/m for L = 10 m according to the four considered
correlation lengths mentioned in Table 2.
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Fig. VIL5. Variogram model fitting a curve to the results.
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Fig. VIL.6. First simulation of k distribution for . = 20 MPa/m for four considered correlation lengths for
L=10 m.
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In determining the transmission ratio A/A,, a radius of curvature R = 2000 m corresponding to the
mid-value of the range of scenarios suggested by Deck & Singh (2010) is considered. Concerning
the beam, a loading of 500 kN/m is evaluated; it represents the building self-weight and service
loading. For every combination mentioned in Table 2, three values of the beam stiffness are
considered: 20, 250 and 500 GN.m?. The lowest value represents the stiffness of a 0.5 m masonry
wall thickness with 5m height and a 3000 MPa equivalent Young’s modulus. The largest value is
approximately the stiffness of a 0.2 m concrete wall thickness, 12 m high with a 20000 MPa
equivalent Young’s modulus.

Figure 7 shows the results for one of the investigated correlation length (L1=2L) shown in Table
2 for different combinations of p* (soil reaction modulus and beam length values, ux = 20, 250,
500 MPa/m, L = 10, 20, 30 m, for three values of the beam stiffness (20, 250, 500 GN.m?) using
Mathematica.

Globally, for an equivalent stiffness ratio, the difference between the results of the maximum
transmission ratio and the case that does not consider the geostatistical conditions is slight. To
show the influence of the SV, a coefficient a is introduced representing the ratio of A/Ajresults
with SV (A/Ag)sy and without it (A/Ag) /0 sv-

5)

a= sV 9



156

For L1=2L, the mean value of o for different combinations of El, k and L is 0.944. For the low
values of p*, a is nearly equal to 1. However, when p* increases, o varies significantly, even-
though the absolute variation of A/A, is slight between the two cases (with or without SV); this
is due to the low values of A/A, that correspond to the high values of p* (Figure 4). For example,
for p*=2.5, for one of the simulations that corresponds to L=0.5L, the values of A/A, with or
without SV are 14.28x10™* and 7.79x10 respectively, which corresponds to an absolute difference
of 6.49x10** and a value of a=1.84.
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Fig. VIL.7. Results of the deflection transmission ratio A/Aq versus the relative stiffness p* ratio for
L1=2L.

On the other hand, considering the other correlation lengths (1m, 0.5L and L), the coefficient o
value is close to 1 when the soil is highly heterogeneous (L1=1m). Consequently, the effect of the
variability increases with the increase of L1 (Figure 8). In fact, for a heterogeneous soil, the
different values of k compensate each other so that the final soil reaction becomes similar to the
case where there is no SV. However, when L1 increases, a tends to increase farther from 1, so the
effect of the SV becomes more significant. In fact, even if the soil behavior becomes more
homogeneous, the modulus k characterizing the soil, tends to have the same value all along the
building length; this value can be either higher of lower than the mean considered value.



157

0.35

0.33

0.29

0.27
0 5 10 15 20 25

L1
——L1=1m -=-L1=0.5L L1=L L1=2L

Fig. VI1.8. Results of the deflection transmission ratio A/Ag for different L1 values for L=10m,
w=500MPa/m and EI=20GN.m?.

In order to separately investigate the effect of every parameter on the transmission ratio by
considering the SV, and consequently the effect on the coefficient o, the error bars are evaluated;
these represent one standard deviation of uncertainty around the mean value of o for the considered
sets of parameters.
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Fig. VI1.9. Relationship between o and the beam stiffness.
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Fig. VII.11. Relationship between o and the soil modulus mean value.

Based on Figures 9-11, the following comments can be made:

Figure 9 shows that, globally, the results are similar while varying El value. However, results
show that for a flexible beam, the transmission ratio (A/A,) is high (close to 1) while for a
stiff beam (A/A,) is low (close to 0); therefore, having the same value o for both beams
indicates that the influence of the SV on a flexible beam is more significant than that on a stiff
beam.

Figure 10 shows that the coefficient a is highly affected by the beam length. In fact, the beam
length represents the length of the application of the soil reaction and its SV. In addition, the
chosen values of the correlation length L1 are directly correlated to the value of L (0.5L, L and
2L). For high values of L, the mean value of o is almost equal to 1, and the standard error is
low indicating that the effect of the SV is low. However, when L decreases (L=10m), the SV
has a significant influence. In fact, when L decreases, p* increases (Eq. (8)) and o varies
significantly for high p* values, even-though the absolute variation of A/A, is slight.

Figure 11 shows that the coefficient o is also highly affected by the investigated soil modulus
value. For a soft ground (k=20 MPa), SV highly affects the beam deflection, while its effect is
low for a stiff ground (k=500 MPa). The influence of k can be compared to the one of L, since
they both have the same effect on p* (Eq. (8)), even-though L is power 4 while k is power 1.
However, SV is directly applied to the soil modulus, so, its effect is more significant on k; but,
since L is power 4, the SV of k has the same influence on o while varying k and L.



159

VI1.8Conclusions & Perspectives

This paper develops a probabilistic study through an analytical approach developed by
Mathematica coupled with a numerical model using GOCAD to evaluate the uncertainties related
to the soil spatial variability affecting the transmission of movements caused by various sources
(tunneling, mines, sinkholes, etc.) to nearby structures. A modified Winkler model is used in this
study to propagate geostatistical conditions to represent the soil using the sequential Gaussian
sequence method. In fact, the soil is assimilated to a juxtaposition of elastic springs, characterized
by a particular stiffness value for every spring. 108 combinations of the soil modulus, structure
stiffness, length and correlation length are considered; for every combination, a flexible,
intermediate and stiff structures are assessed. Results reveal the effect of considering the soil
spatial variability on the transmission ratio that specifies the building behavior in response to the
ground movement. They revealed that, for a heterogeneous soil, the properties compensate each
other so that the final effect becomes similar to the case where there is no SV. However, when the
correlation length increases, the soil becomes homogeneous, but the SV influence is more
important.

These results are also affected by various factors such as the soil homogeneity, the building length
and the soil modulus. Thus, the impact of every parameter has been studied separately and
diagrams are presented that can simplify the determination of the coefficient o that compares the
results with or without spatial variability for the considered parameters. Consequently, this study
indicates the significant impact that spatial variability of soil properties has on evaluating the
behavior of buildings and their response to excavation-induced ground movements. However, a
numerical validation has to be realized in order to endorse the proposed analytical approach.

Advanced computer software, like Plaxis 3D, permit to consider the spatial variability which

allows a comparison and a validation of the proposed analytical approach.

As perspectives, this study raises many questions related to the uncertainties that can affect the

evaluation of the transmission of ground movements:

e Uncertainty of the applied model (Winkler): Since Winkler model does not consider the
geostatistical conditions of the soil, a modification of this model is developed in this study.
However, an evaluation can be made to compare Winkler to other analytical (or numerical and
experimental) models that consider soil spatial variability.

e Detachment between the soil and the structure: By imposing the condition of no
interpenetration and continuous contact between the soil and the structure, this study does not
take into consideration the possibility of detachment between them.

o Elastoplastic soil behavior: Winkler is an elastic model that does not take into consideration
the plasticity of the soil. However, plasticity has a significant role that has to be considered
while evaluating the transmission of ground movements to structures.
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VIII1.1 Abstract

The objective of this study is to investigate the influence of the variability of stiffness while
evaluating the buildings response to ground movements induced by tunneling, shrink-swell
phenomenon of clay soils, mining subsidence, etc. Previous studies in the literature assessed the
uncertainty related to the influence of the variability of the main soil-structure interaction (SSI)
properties on the transmission of ground movements. Sensitivity Analyses (SA) were developed
to quantify the relative importance of the variability of every SSI parameter which was assumed
to be of a random nature. Various sampling techniques, were used according to suitable
distribution functions with associated Coefficient of Variation (COV) for every parameter. Results
of the SA revealed that the variability of the building stiffness has a crucial and decisive influence
that impacts also the confidence intervals that are set to be used by engineers and designers when
evaluating the transmission of ground movements. However, the choice of a suitable distribution
function to represent the stiffness variability with its associated COV presents a large margin of
uncertainty in the literature. While certain experimental investigations of concrete durability
properties found that the stiffness E can follow a normal distribution with a COV that does not
exceed 10%, it was observed from data collection of published experimental works on masonry
structures that the COV of the stiffness is around 30% to 40%. Thus, experimental tests are carried
out on masonry walls in in order to study the variability of the stiffness of the masonry walls
subjected to a ground settlement. The results of these experimental tests are then compared to the
published results in the literature to validate their use while evaluating the uncertainties affecting
the transmission of ground movements.

VIII.2 Keywords:

Experimental tests, masonry structures, stiffness variability, soil settlement, soil-structure
interaction.
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VI11.3 Introduction

Many underground projects such as tunneling, mines and braced excavations, considered as
sources of ground movements, may create various effects on overlying structures. As shown in
Fig. 1, these sources will cause the soil settlement, and in the presence of an existing structure, the
settlement may considerably affect the structure leading to its damage. The process in which the
soil movement influences the structure response is known as SSI (Soil-Structure Interaction) [1].

Source of Free-Field Structure Structure
Ground I:> Ground I:> Movement |:> Damage

Movement y Movement Ssl

Fig. VIII.1. Diagram representing the ground movement transmission to the structures due to Soil-
Structure Interaction (SSI).

The understanding of this complex phenomenon has continuously improved through several
studies where many approaches have been developed to assess the SSI phenomenon, and
consequently to measure the soil settlement and the deformation of the structure [2].

In fact, Farrell & Mair (2010) [3] and Ngheim (2015) [4] proposed experimental and physical
approaches to study the structure response to the free field movement while Franzius et al. (2006)
[5], Son & Cording (2007) [6], Dimmock & Mair (2008) [7], Mirhabibi & Soroush (2013) [8] and
Franza & DeJong (2017) [9] used numerical approaches to study SSI. In addition, analytical
approaches have been also developed by Potts & Addenbrooke (1997) [10], Deck & Singh (2010)
[1], Maleki et al. (2010) [11], Basmaji et al. (2017) [12], EI Kahi et al. (2018) [13].

However, each approach presents its own disadvantages and uncertainties, such as scale effects
for reduced scale models, complex problem configuration (boundary conditions, mesh size, etc.)
for numerical approaches and debatable parameters uses and choices in these approaches [12]. In
addition to uncertainties related to the use of the corresponding SSI evaluation approach
(experimental, numerical, etc.), parameters uncertainties may affect the investigation of SSI. These
can be either related to the soil (mechanical properties, geology, soil profile deformation, etc.)
either related to the structure (building stiffness, homogeneity of properties, building complex
geometry and materials, etc.) [14].

A probabilistic study is developed by El Kahi et al. (2019) [14] by developing confidence intervals
to consider the effect of the uncertainties related to the variability of every SSI parameter on the
transmission of the ground movement and consequently on the behavior of structures. As shown
in Fig. 2, they considered Ao the free-field maximum deflection that is produced by the ground
without considering the structure, A the deflection of the structure produced by the transmission
of the ground movement due to the SSI. Thus, the transmission ratio A/Ao is used to assess
transmission of ground movements to structures. By taking the SSI into consideration, A should
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be less than Ao and the values of the transmission ratio A/Ao are expected to be between 0 and 1.
As shown in Fig. 3, this ratio depends upon the relative stiffness p* which is the structure stiffness
compared to the soil stiffness. In order to develop their probabilistic study, a meta-model is
evaluated representing A/Ao as a function of p*. The “basic random variables theory” is used to
model the uncertainty of the SSI properties through the Monte-Carlo simulations. To use the
Monte-Carlo method, it is necessary to have probability distribution functions with corresponding
characteristics (normal, lognormal distribution, etc.) for the input data. Therefore, their developed
approach for approximating the SSI parameters uncertainties is done by using estimates based on
published values which are conveniently expressed in terms of the coefficient of variation (COV).
For the structure stiffness, a developed experimental investigation of the variability of concrete
durability properties [15] found that the elastic modulus E can follow a normal distribution with a
COV that does not exceed 10% (Table 1).

Table VIII-1. Mechanical tests for 3 concrete mix designs: mean values, coefficient of variation and
number of specimens tested for Young's modulus (E).

. E [GPa]
Site Number Mean Value COV (%)
Al 40 46.8 6.2
A2-1 20 40.8 7.0
A2-2 20 40.8 5.4

Considering masonry structures, the stiffness variability is higher. These types of structures are
used in almost all types of building construction in many parts of the world because of low cost
material, good sound and heat insulation properties, easy availability, and locally available
material and skilled labor. Mathematical modeling of structures with masonry walls requires the
material properties and constitutive relationships of masonry and its constituents, i.e., bricks and
mortar, which are not easily available because of lack of controlled experimental tests and
significant variation in material properties geographically (Table 2). By collecting data from
published experimental work, it was found that the COV of E is more than 20% which is around
the double of the one of concrete (Sykora & Holicky (2014) [16], Parisi & Augenti (2012) [17],
Dymiotis & Gutlederer (2002) [18]).

Table VII1-2. Comparison of 3 existing experimental tests in the literature to evaluate the masonry
structures variability.

Ref. COV (%) Comments
[16] 32 Evaluated the variability of various type of bricks and mortar joints.
The mentioned value is the highest one obtained.
Performed a statistical analysis of experimental data on tuff masonry
[17] ~20 selected from online database of masonry properties collected in more
than 400 studies.
Worked mainly on the compressive strength variability but a
[18] ~ 30 . .
correlation is made with E.
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Based on Table 2, masonry structures stiffness present a significant variability. It is important to
note that these tests are performed considering different conditions of mortar specimens, brick
units and masonry parameters with additional uncertainties in come relevant details such as
geometric parameters (dimensions of bricks, joints openings, walls, etc.).

L

L ‘\‘ i "‘

4, (free field deflexion) A (deflexion of the structure)
Fig. VII1.2. Presentation of the free field deflection Ao and the structure deflection A [14].
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Fig. VII1.3. Confidence intervals to the curve of the transmission ratio A/Ag versus the relative stiffness p*
[14].

Thus, this uncertainty must be combined with that of the beam inertia I. No theoretical data have
been found to clearly address this point. However, according to El Kahi et al. (2019) [14], it seems
reasonable to consider a high value of uncertainty considering that assimilating the building to a
beam is a very simple model of a reality, especially when the building is not regular. Based on
engineering judgment the COV (EI) for masonry structures is taken equal to 40% in their study.
Consequently, the target of this study is to carry out tests on masonry walls in in order to study the
variability of the stiffness of the masonry walls subjected to a ground settlement. The realization
of experimental tests reproducing the exact conditions of settlement is not possible with the
equipment available. To overcome this difficulty, based on Serhal (2016) [19] model, the
experimental study is carried out on masonry structures undergoing bending loads via a gradually
increasing vertical load. Four bending tests are carried out on identical masonry walls simply
supported at their ends and bending under the effect of vertical loads in order to follow the
variability of their stiffness. The results of these bending tests are then compared to the published
results in the literature that evaluate the stiffness variability of masonry structures.
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VI11.4 Procedure and Modelling

1. Masonry Structures

Masonry is typically a non-elastic, nonhomogeneous, and anisotropic material composed of two
materials of quite different properties: stiffer bricks and relatively softer mortar. Under lateral
loads, masonry does not behave elastically even in the range of small deformations [16]. Masonry
is very weak in tension because it is composed of two different materials distributed at regular
intervals and the bond between them is weak. Therefore, masonry is normally provided and
expected to resist only the compressive forces. To reproduce the settlement conditions, the
experimental study is carried out on masonry structures undergoing bending tests through a
progressively increasing vertical load. The bending tests are performed on a wall simply supported
at both ends. The evolution of the slope of the curve connecting the vertical force applied to the
displacement at mid-span of the beam (maximum deflection) is used to determine the stiffness of
the wall. The results of these tests are compared to models evaluated in the literature (Table 2).

2. Characterization of constituent materials
a) Mortar

The same type of mortar is used for the 4 considered walls. Based on Serhal (2016) [19] model,
the first type of mortar used in his study, which is a mortar that had to be resistant, is considered
in the current study. This type is representative of a modern masonry. In addition, the mortar had
a low consistency in order to be implemented in the joints of the wall.

Fig. VII1.4. Wall built horizontally.
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Fig. VIIL5. Prismatic mortar test (4*4*16) manufactured to test the characteristics of the considered
formulation of manufactured mortar.

The wall is built flat horizontally (molded joints), and not vertically according to the traditional
technique (Fig. 4). The manufacture and characterization of the mortar type were carried out at
Department of Civil Engineering of the IUT (University Institute of Technology) Nancy - Brabois.
The mortar is made using cement, sand, fines (filler), water and fluidifiers. The properties of the
mortar formulation was studied by bending and compression tests performed on prismatic test
pieces of dimensions 4*4*16 cm?, as shown in Fig. 5. The sand used for the mixtures is a siliceous
sand (0/5 mm alluvial sand) from Moselle. It was sieved to bring it back to the 0/2 particle size
fraction. The filler used is of type “Bétocarb P2 (OMNYA)”, which is pure limestone brocated
from “Maxé sur Vaize-55”. The mortar is obtained by mixing with a CEM II / B42.5R cement
(Cement Calcia, Rombas-57 plant), drinking water and possibly a superplasticizer (Chrysofluid
Premia 310). The fluidity of the mixtures was tested with the LCL type mortar maniabilimeter
according to standard NF P 18-452, EN 413-2. It makes it possible to compare the respective
dynamic maniabilities of the mixtures, which are expressed by a flow time in seconds. The mortars
are poured into 4*4*16 cm?® prismatic molds to study their mechanical strength.

The demolding is carried out 7 days after manufacture and the test pieces were placed in a humid
environment (relative humidity = 95%) first at 20 ° C and then at 40 ° C to accelerate the increase
in resistance (acceleration of the test). The 4*4*16 cm® molds were weighed empty then filled,
allowing the density of the fresh mortars to be calculated and the respective contents of occluded
air to be calculated (deduced from the ratio between theoretical and experimental fresh densities).
The constituents of the used mortar formulation (F2) is presented in Table 3. Note that,
theoretically, it has not been planned to use superplasticizer, but in order to ensure the speed of the
tests, superplasticizer is added for the manufactured formula. The limited use of the
superplasticizer does not have an influence on the final mechanical properties [19]. The
constituents are presented for one cubic meter of mortar. As shown in Fig. 6, a 3-point bending
test (0.05 MPa / sec. Stress rise rate) and pure compression (1.5MPa / sec. Rate) according to EN
196-1 is done for mortar specimens. The bending and compression tests are carried out
successively on the 4*4*16 cm? test pieces. In other words, each test piece is first tested in flexural
traction according to the principle of three-point bending. After rupture, both parts of the test piece
are tested in compression. Table 4 shows the results of one of the three-point compression and
bending tests on the mortar blocks used.
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Table VIII-3. Composition of the manufactured mortar formula.

1md
M Vv
Kg L
Cement C 295.3 | 937
Water W 242.7 | 242.7
Sand 0/2 1456.3 | 568.2
Filler F 157.0 | 604
Superplasticizer SP 0 0
Air occluded - 35.0
Theoretical fresh density | 2151 | 1000.0
wi/C 0.82
Experimental SP 25
Fluidity LCL (sec.) 4.4
Theoretical fresh density | 2201

b) Blocks of cellular concrete

The construction elements used are the cellular concrete blocks (Fig. 7). Cellular concrete is a
building material for structural work. Made from raw materials such as water, sand, cement,
powder or aluminum paste, it traps a large proportion of air which gives it good properties in terms
of thermal insulation. Cellular concrete, in the form of a block, is used in particular for the
construction of buildings, in particular individual houses. It consists of about 64% siliceous quartz
sand, 21% cement, 15% lime, 0.05% aluminum paste or powder, 1% gypsum and water. Thus,
with 1 m® of raw material, about 5 m® of finished product is manufactured, i.e. a block composed
of 20% of material and 80% of air (valid for a density block of 400 Kg / m3). Its compressive
strength is around 5MPa. Its flexural strength is about 1/3 of its compressive strength [20]. The
cellular concrete blocks used in the construction of the test walls is small blocks cut into
dimensions of 25 cm x 12 cm x 7 cm (Fig. 7).

Table VII1-4. Results of three-point compression and bending tests.
Mass g | Rt MPa | Rcl MPa | Rc2 MPa
1 552 4.47 18.14 18.56

2 552 5.15 18.89 19.85 Rt=4.70 MPa
3 548 4.47 17.69 19.19

18.72 | 1872 |Re=1872MPa
[
g 550.6 | 4.70 18.72




169

VI11.5 Results and Discussion
1. Experimental Setup

The main objective of the experimental tests is to follow the variability of the stiffness of the walls
undergoing bending. The walls are 180 cm long and 80 cm high. The height of the wooden beam
is 10 cm. The thickness of the system is 7 cm (Fig. 8). Serhal (2016) [19] proved that the stiffness
and the height of the beam used does not affect the results, which will be detailed in the next
sections. The walls were built at the [IUT Nancy. It is proceeded to their construction horizontally
in flat conditions. The bricks were first laid with around 10 mm open joint and the mortar poured
into the joints. A disadvantage of this technique is that some joints were not completely filled with
mortar. However, the influence of these two constraints is acceptable as shown in Fig.9. In
addition, a second constraint was to straighten the flat-built walls and move them to equip them
on the flex bench without causing damage to the joints and blocks.

To solicit the wall in flexion, it is necessary that it is on two simple supports. For this, the wall is
put on a wooden support beam, and left the latter simply supported at its ends. A second identical
wooden beam is placed at the top of the wall. It makes it possible to distribute the vertical load
imposed on the length of the wall. A bending test is applied on the wooden beam used to
characterize its behavior under a vertical load. This test will be presented in the next sections. The
wall and beam support system is equipped with guides to prevent off-plane movement of the wall
during the test. A vertical displacement sensor is placed under the system to measure the evolution
of the system deflection as a function of the applied vertical force. Note that the sensor measures
the maximum deflection.




Fig. VIIL.7. Cutting of cellular concrete blocks.
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Fig. VII11.8. Geometry of masonry walls tested in the bending test and illustration of the wall.
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Fig. VII1.9. Joints filled with mortar from the other side.
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Fig. VI111.10. Geometry of masonry walls tested in the bending test and illustration of the wall.

et

Fig. VII1.11. System installation.

Fig.10 and Fig. 11 present the experimental setup used.

2. Characterization of the wooden beam

The target of this study is to evaluate the wall stiffness without considering the beam effect. Serhal
(2016) [19] proved that the stiffness of the beam used does not affect the load - deflection curve
of the wall alone. According to his study, four curves relating to the behavior of the wall alone, for
the four beam stiffness were tested, they were all well combined.

Thus, the wooden beam is first tested in bending in a manner similar to the entire system. Charge-
discharge cycles are therefore applied to this beam. Fig. 12 shows the installation of the beam on
the bending apparatus. Fig. 13 shows the vertical force curve applied as a function of the deflection
of the beam, relating to the charge-discharge cycles performed. Thus, for evaluating the wall
stiffness, the system (wall and beam) stiffness is evaluated, then, the beam stiffness is deducted.
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Fig. VII1.12. Bending test for the wooden beam.
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Fig. VII1.13. Vertical load versus the deflection of the beam.

3. Bending test on the whole system (wall and beam)

The test consists in applying a vertical loading by means of the cylinder with a loading speed of
0,2KN/s. The sensor underneath the system measures the displacement as a function of the applied
vertical force from a vertical force of 6 KN (device sensitivity limit). The test was stopped at
around 60 to 70 KN because the wooden beam was beginning to show signs of failure. During the
test, a vertical main crack appears in the wall; secondary cracks appear inclined (Fig. 14). The
main cracking begins to appear from a force of about 25 kN. It corresponds to a tensile rupture
induced by the bending of the system. Secondary cracking appears almost superficial because it
does not appear on the other side of the wall. This is probably due to the mortar joints that were
not in some places completely filled with mortar.

Fig. 15 shows the results of the comparison between the four tested walls. It has been observed in
the present study that a significant difference is shown between the stiffness of 4 fully identical
masonry wall. The Wall 1 presents a stiffness of 7.8 KN/mm, while the Walls 2 to 4 present a
comparable stiffness of around 22.5, 20.4 and 19.0 KN/mm. These values correspond to a standard
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deviation of 6.6, a mean value of 17.4 and consequently a COV of 37.7% which is comparable to
the results of the literature (Table 2). In fact, the 3 walls (2, 3 and 4) presenting comparable results,
correspond to walls without major defect.

On the other hand, Wall 1 had to have a defect. Therefore, a COV of 40% corresponds rather to
the variability which takes into account major defects. This may be the case for old masonry; for
recent masonry, the variability is less (as for Walls 2, 3 and 4).

Fig. VII1.14. Cracks appearing in the wall.

VI1I1.6 Conclusion and perspectives

The target of this study is to realize experimental tests to investigate the stiffness variability of
masonry structures. In fact, the variability of stiffness highly impacts the evaluation of the
buildings response to ground movements due to the soil-structure interaction. Various sensitivity
analyses done revealed that the variability of the building stiffness has a crucial and decisive
influence that impact also the confidence intervals that were set to be used by engineers and
designers when evaluating the transmission of ground movements.

In this study, the variability of the behavior of masonry structures and particularly their stiffness
is investigated experimentally by evaluating stress-strain curves. Four walls are considered
presenting the same relation between brick, mortar, and masonry strengths and conditions.
Results show a significant variability between the evaluated stiffness, while theoretically the same
value is expected. The standard deviation and the mean value are evaluated, resulting a COV of
37.7%, which validated the value considered analytically in the previous studies of 40%.
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Fig. VII1.15. Comparison between the four tested walls.

However, the work presented in this study is restricted to specific conditions such as the use of
masonry structures considering a particular type of bricks and mortar joints. Consequently, the
obtained results based on the proposed model can be improved by other tools that constitute the
perspectives of this study:

e Realize experimental tests for a higher number of walls presenting the same properties in order
to check the influence of the probability of recurrence of such variability of the stiffness.

e Investigate other mortar formulas with other types of bricks and other wall and bricks
dimensions in order to separately highlight the effect of every parameter on the variability of
the results.

e Examine the influence of openings in these walls by introducing the effect of windows in
addition to the propagation of cracks and the evolution of stiffness.

e Inspect the stiffness variability for other types of structures that may be highly affected by the
transmission of ground movements such as concrete structures.
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IX. Conclusions

The purpose of this thesis is to evaluate the structure response to ground movements due to the
soil structure interaction (SSI), taking uncertainties into consideration. The structural response is
evaluated through the transmission ratio that calculates the rate of ground movement transmitted
to the structure. This ratio depends upon the relative stiffness that represents the structure stiffness
over the soil stiffness. Due to the fact that mining subsidence extend over large regions of the
Lorraine iron basin, where two thousand hectares of urbanized areas and twelve thousand hectares
of non-urbanized areas were affected by this risk in the year 2000, a particular concern is given to
the cases of masonry structures subjected to mining subsidence settlement.

Even-though the results of the SSI studies are globally consistent in the literature, the comparison
shows a large margin of discrepancy in the estimation of the structural response to the ground
movements. A significant portion of this discrepancy may be explained by the influence of
uncertainties.

Results of this thesis are mainly based on analytical modeling and focus on the four following
uncertainties:
- Uncertainties on the value of the main geo-mechanical parameters: building length,
building stiffness and ground stiffness ;
- Uncertainties on the free-field ground displacement and the building position ;
- Uncertainties on the soil or building stiffness variability ;
- Uncertainties on the ground elastoplastic behavior.

To evaluate the impact of these uncertainties and present a practical way to predict the building
deflections induced by ground movements, different techniques can be used. For example, based
on the deterministic results of the transmission ratio, a modification factor A, a or a (depending on
the corresponding chapter) can be proposed so that (A/Ao)with uncertainties = A (A/Ao)without uncertainties;
this coefficient is evaluated by calculating a significant number of iterations. It may be presented
using a chart (an abacus) or an equation evaluated through statistical procedures like the artificial
neural networks. Another technique to consider the uncertainties is to plot confidence intervals in
order to allow a probabilistic assessment of the transmission ratio instead of a deterministic one.

First, this study investigates the uncertainties affecting the prediction of the structure response to
ground movements taking into account the variability of the SSI parameters. Results reveal that
A/Ao highly depends upon the variability of the SSI parameters, their probability distribution
function and their COV. For a uniform distribution and a normal distribution with the same COV
for the 3 SSI parameters, L has the highest influence.

Studying the variability of EI/B, L and K according to a normal distribution with corresponding
COV defined in the literature, it was found that the effect of every parameter varies according to
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the considered p* value. Globally, the effect of EI/B increases with the increasing values of the
relative stiffness; however, the effect of K decreases when p* increases.

If the variability of L is limited (COV=5%) compared to the one of EI/B and K (COV=40%), for
low p* values, K has the highest influence, while for high p* values EI/B has the highest influence.
For intermediate p* values, EI/B and K have nearly the same effect. On the other hand, by reducing
the parameters variability, COV (EI/B) = COV (K) = 20%, results reveal that the influence of the
SSI parameters variabilities is comparable.

Confidence intervals are then developed analytically and validated numerically by varying the SSI
parameters. A range of results of (A/Ao)with uncertainties IS @ssociated with every value of the relative
stiffness by considering a level of confidence that is set between 70 and 95%. These confidence
intervals provide a simplified probabilistic evaluation that can be directly adopted by engineers for
design purposes to assume a A/Ag value when considering these uncertainties.

Second, based on the Winkler model coupled with an elastic Euler-Bernoulli beam, an analytical
approach is applied to evaluate the influence of important sources of uncertainties related to the
SSI conditions and properties, namely, the free-field ground movement profile and the building
position to the settlement curvature. The analytical approach is then validated by numerical finite
element models that are applied using Plaxis 2D.

The effect of the free-field ground movement profile was studied by taking several continuous
shapes (polynomial, trapezoidal, sinusoidal, triangular and side triangular), one discontinuous
shape (rectangular) and a Gaussian shape. For the continuous cases, the results of maximum
transmission ratio are slightly different. For the discontinuous shape, the transmission ratio does
not follow a one-line curve as the continuous shapes even-though it respects the overall curvature;
a significant difference is shown. For the Gaussian shape, the horizontal distance between the
settlement inflection point and the building centerline has a significant influence on the results.
Two Gaussian cases are considered and results show that for a structure having a comparable
length with the curvature, A/Ao have globally similar values to the previous SSI models.

The building position to the settlement curvature was studied by considering two cases. The first
case is that of a building distant from the inflection point where the structure deflection presents a
fully concave/convex curvature. However, the concave and convex shapes give exactly the same
results of the deflection transmission ratio A/Ao. The second case is when the inflection point of
the free-field movement is close or under the structure, then the structure may be partially concave
and convex, and its position highly affects the prediction of A/Ao. Continuous and discontinuous
approaches are considered and results reveal that the worst case corresponds to the case where the
curvature center coincides with the building centerline which overestimates the structure response.
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For an operational use, a coefficient A is proposed; this coefficient can be used by engineers and
designers when evaluating the building damage induced by the transmission of ground movements
to structures taking into consideration these uncertainties.

Third, analytical and numerical approaches are also applied to investigate the response of an
existing structure sitting on a soil subjected to a ground movement by integrating the soil
elastoplasticity through the soil bearing capacity parameter. A new simplified meta-model is
proposed to evaluate the discrepancy in the transmission ratio between considering an elastic or
an elastoplastic soil behavior. This meta-model is evaluated using the neural artificial network
technique based on a significant number of iterations for various SSI parameters combinations.

Forth, a study is done to investigate the influence of the natural variability of soil properties and
the variability of the structure stiffness, caused by the heterogeneity of structural materials and
openings (doors, windows, etc.), on the evaluation of the transmission of ground movements.

The ground variability is also considered using a random field to evaluate the Young’s Modulus.
Results reveal the effect of considering the soil spatial variability on the transmission ratio; for a
heterogeneous soil, the properties compensate each other so that the final effect becomes similar
to the case where there is no spatial variability. However, when the correlation length increases,
the soil becomes homogeneous, but the spatial variability influence is more important. For an
operational use, a coefficient a is proposed; this coefficient can be used by engineers and designers
when evaluating the building damage induced by the transmission of ground movements to
structures taking into consideration these uncertainties.

Uncertainties related to the building stiffness are investigated using two procedures. First, the
structure stiffness variation is investigated by considering various beam stiffness partitions.
Results indicate that the evaluation of the movement transmission depends upon the stiffness
variation and a difference is observed between the homogeneous and the heterogeneous case where
the homogeneous case usually underestimates the prediction of the transmission ratio. Secondly,
the building stiffness variability is investigated by carrying experimental tests on masonry walls
in order to study the evolution of the stiffness variability of these walls subjected to a ground
settlement. Results showed a COV that is comparable to the considered values of the stiffness
variation used in the evaluation of the effect of the variability of SSI parameters on the transmission
ratio.

The perspectives of this thesis concern various research domains. Below are some of the
perspectives:

1. Consider other sources of uncertainties that affect the first step of the transmission of

ground movements between the sources and the free-field movement (uncertainties related
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to the source, soil geology, soil mechanical properties, etc.) or the third step particularly
the post-damage building stiffness variation, damage evaluation methods, etc.

Correlate the uncertainties in the prediction of the transmission ratio A/Ao to the
uncertainties related to the evaluation of the structure vulnerability. The study of the
vulnerability of structures requires predicting the behavior of structures and estimating the
damage they are likely to suffer as a result of ground movements of natural or
anthropogenic origin. To assess the vulnerability of buildings, there are several methods,
in particular, empirical methods which are based on threshold values of certain parameters
of the movement of ground or building. The relative deflection A/L is one of the main
parameters, consequently, by evaluating the uncertainties related to the prediction of the
transmission ratio A/Ao, a useful tool is to consider these uncertainties while assessing the
building vulnerability.

Consider the detachment aspect between the soil and the structure and develop the model
by considering the detachment under the building. The consideration of the detachment
criterion seems necessary; this criterion depends mainly upon the free-field profile (radius
of curvature) and the beam load and its effect may be comparable to the one of soil
plasticity. An artificial neural network may be developed, based on a significant number
of simulations, to propose a coefficient that links the transmission ratio A/Ao with and
without detachment.



181

X. Annex 1. Comparison Winkler / Continuum

A mobility grant has been associated to this thesis from Lorraine University of Excellence to
realize a scientific collaboration with the Polytechnic University of Madrid for three months
(September-November, 2019). During this period spent in Madrid, a comparison has been done
between the SSI analytical models developed in the literature by:

1- Deck & Singh that is based on Winkler model.

2- Franzaet al. (2019) that is based on Continuum model (Figure 1). This model displays
two advantages. First it considers interactives springs with mechanical properties that
are directly calculated with the elastic properties of the ground. Secondly, it is not
limited to plane strain assumption and allows to consider the third dimension with the
effect of the B/L ratio (width over length ratio of the building).

Beam load

Beam
- "y "y
— \ """ : Plastic
WH—UO lider
Interactive :i :
springs £

Fig. X.1. Continuum model used by Franza et al.

With the cooperation of Dr. Andrea Franza, under the supervision of Pr. Rafael Jimenez, the
comparison is done by considering the same case studied by El Kahi et al. (2019) and it was
extended then to two types of soil:

1- Es =100 MPa (stiff soil considered by El Kahi et al. (2019)).

2- Es =9 MPa (soft soil).

El Kahi et al. (2019) study integrates the elastoplastic soil behaviour (using the soil bearing
capacity pur). Table 1 summarizes the model parameters considered in Case 1. Vesic formula is
used to evaluate Winkler modulus K.
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Table X-1. Model parameters for Case 1.

Es (KPa) Soil Stiffness 100000
L Poisson’s Ratio 0.3
B (m) Structure Width 1
q (KN/m?) Beam Load 100
El (KN.m?) Structure Stiffness 5333000
K — Vesic (KN.m?3) Winkler Modulus 51281
L (m) Structure Length 20
puit (KN/m?) Soil Bearing Capacity 150
p* — Deck & Singh | Deck & Singh Relative Stiffness | 0.0088
p* Mair Mair Relative Stiffness 0.074

Case 2 is based on the same model parameters of case 1 (Table 1), except for the soil modulus Es
(Es=9MPa (soft soil)) resulting in different values of p* peck & singh (EQ. 11-21) and p* mair (Eq. 11-20)
that are equal respectively to 0.0088 and 0.074

Figures 2 and 3 show the results of this comparison.
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Fig. X.2. Case 1 - (a) Greenfield & subsidence induced beam deflections. (b) Subsidence induced
reactions. (c) Post ground movement reactions. EP: Elastoplastic — EL: Elastic — GF: Free-field
(greenfield) deflection.
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Fig. X.3. Case 2 - (a) Greenfield & subsidence induced beam deflections. (b) Subsidence induced
reactions. (c) Post ground movement reactions.
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Figures 2 and 3 show the results of this comparison. Results reveal that Winkler model provides
moderate results even if its use may be criticized for some restrictions:

A- A simple model that neglects any interaction between the springs

B- It assumes a purely elastic behaviour of the ground. El Kahi et al. (2019) modified the
Winkler model to integrate plasticity.

C- It does not take into account the influence of soil settlement outside the loaded area which
leads to discontinuities in the settlement profile when the applied load is also
discontinuous.

D- The displacements of the soil outside the building are supposed null, which is not correct.

E- Use of Vesic formula to evaluate K. It has been proved that Deck & Singh model provides
moderate results while using Vesic formula (El Kahi et al., 2019). However, this formula
is usually applied to an elastic Euler Bernoulli beam (cannot be applied for a Timoshenko
beam) and it is evaluated per linear meter and considers that the beam length is widely
higher than its width. For example, an extension is done to Case 2 with considering a case
where B/L=2 (Case 3).
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Fig. X.4. Case 3 - (a) Greenfield & subsidence induced beam deflections. (b) Subsidence induced
reactions. (c) Post ground movement reactions.

5 10 -10 -5 5 10

0
x (m)

As shown in Figure 4, the difference between both models (Winkler and Continuum) becomes
significant. In fact, Winkler results are consistent with the ones of the Continuum model while
considering particular or simple conditions. However, by considering complex cases, Winkler
presents some limitations that may cause significant differences with the Continuum model (Figure
4).
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XI. Annex 2. Artificial Neural Network to evaluate the influence of
Plasticity and Gap Formation for Sagging Mines

An extension is done to the study of El Kahi et al. (2019), considering the continuum model of
Franza et al. (2019). By neglecting the effect of soil plasticity and gap formation, an envelope of
the maximal value of the transmission ratio is obtained. However, by considering their effect, A/<
Ao is reduced. The simplified evaluation is as follows:

A/AO Plastic = a. A/AOElasth (1)

Where A/Agp,cric @Nd A/Dg i @€ the transmission ratios with and without considering the
effect of soil plasticity and gap formation. A/A, . .., corresponds to the envelope of the maximal
value of the transmission ratio. Three steps are considered as following:
A- Evaluate A/Ag ., .« TOr asignificant number of simulations. Propose a simplified equation
to calculate the envelope.
B- Evaluate A/Ag . Tor asignificant number of simulations and calculate the coefficient
A.
C- Propose a simplified equation to calculate A using the Artificial Neural Network (ANN)
technique.

The study is done for mining induced movements at first. A significant number of simulations
(around 100,000 simulations) for various combinations of SSI parameters is evaluated for sagging
and hogging cases (around 100,000 simulations for each). These results are evaluated for a
Timoshenko and an Euler-Bernoulli beams. To account for both the bending and shear cross-
sectional stiffness, more general relative stiffness parameters n can be written as

0 _ _ Psag/tog 2)
Sag/Hog 1+ aFSag/Hog

o _ EI ©)
Sag/Hog — LzSag/HogGAS

Where psqg/mog aNd Lsqg/mog are the modified relative stiffness and building length respectively,
based on the building settlement profile (sagging or hogging); depending on the structure inflection
point. G and As are the shear modulus and the shear area respectively, and aF is the ratio between
shear 5" and bending 8" deflections, as per Franza et al. (2019).

Figure 1 shows the elastic results of A/A,. Results reveal that the envelope of the maximal value
of the transmission ratio depends upon the value of L/B. They also reveal that the envelope of the
transmission ratio remains constant between hogging and sagging deformations which validates
Deck & Singh (2010). The equations of the meta-models are as follows:

L
B/Bogigstic = 05 — 0.5 TanH([(=0.12 Logyo () + 1.157) Logso(n) + @

B

(—0.63 Logy, (%) +2.34]
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Fig. XI.1. Comparison between the predicted values (PV) based on the meta-model and the calculated
results (CR) based on the continuum SSI model of Franza et al. (2019) for different values of B/L for
the elastic evaluation of the transmission ratio.

After evaluating a significant number of simulations and calculating the transmission ratio for
elastic and reduced cases (elastoplastic soil behavior and gap formation) a new correlation is
proposed for the reduction factor using artificial neural networks via JMP software which is a
software used for statistical analysis. This factor depends upon 8 dimensionless parameters (qB/Es;
p; B/L; R/L; H/B; H/L; put/q, EI/GAsL? — q: structure load, B: structure width, Es: soil stiffness,
p: relative stiffness, L: structure length, R: radius of curvature, H: structure height; pu: soil bearing
capacity; G: shear modulus; As: area of structure), as per the following 3 equations for the sagging
case:

Thus, the gap formation and the soil plasticity are considered and they are mainly affected by the
R/L and pui/q parameters respectively.

This analysis has been completed by considering the hogging case for mines and an extension is
done for tunnelling cases to consider the effect of eccentricity.
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XII.  Annex 3. Sinkhole case with different gap volume & variation of
position

The influence of some relevant parameters on the same free-field ground form is investigated; for
example, the influence of the gap position generated by the variation of the gap form due to the
ground displacement. These results are presented in the JFMS-2018 (10émes journées Fiabilité
des Matériaux et des Structures - Bordeaux, 27-28 Mars 2018).

At first, to check the effect of this parameter, this study considers the case of a sinkhole with a
variable gap position x0 (Figure 1). Three cases of the gap position were investigated: x0 = L/8;
X0 = L/4 and x0 = 3L/8.

The results of Figure 2 for the deflection transmission ratio against the relative stiffness are
calculated by solving the equations and boundary conditions using Mathematica.

x0 &+ [ 4y
Fig. XII.1. Presentation of the sinkhole case with a variable gap position.
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Fig. XI11.2. Deflection transmission ratio A/Ao versus the relative stiffness p* for the sinkhole case.

Since these results differ in the value of x0, it is necessary to check the gap position generated by
the ground movement: two approaches are adopted. The first one consists of taking a rectangular
form of the free-field ground movement and reduces its area until there is practically no gap
(Sinkhole case) (Figure 3). The starting form of this approach is a rectangle and the final form
corresponds to a Dirac delta function.
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The second approach consists of taking a trapezoid as a form of the free-field ground movement
and reduces its area until getting a triangular form which corresponds to the smallest area (Figure
4). The starting form of this approach is a rectangle and the final form corresponds to a triangle.

(a) L (b) L (c) L
. 14 L 7P R /P
Fig. XI11.3. Assumed rectangular free-field ground movement.

(a) L (b) L (c) L
L 14 b 1y 7 T 1A

Fig. XI11.4. Assumed trapezoidal free-field ground movement.

The result of the maximum beam deflection A is calculated for the variation of the gap position for
the rectangular and trapezoidal approach. Figure 5 shows that for the rectangular approach, the
deflection is equal to zero for the two extreme cases (Figure 3-a & Figure 3-c), as expected since
there would be "no deflection” for these two cases, and this deflection increases from 0 until getting
its peak at the middle of the intermediate case (Figure 3-b), then it decreases again to 0. However,
for the trapezoidal approach, the beam initially has no deflection (A=0) for the starting case (Fig.
13-a), then A increases until it reaches its peak in the intermediate case (Figure 4-b) then it
decreases until reaching the triangular gap form.
A

0.008

0.006

0.004

—— Trapezoidal Approach

0.002 Rectangular Approach

“— x0

0.1L 0.2L 03L 0.4L 05L

Fig. XI1.5. Influence of the gap position on maximum beam deflection A for the trapezoidal and
rectangular approaches.
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Figure 5 clearly shows the significant influence of the gap position (variation of x0) under the
structure on the development of the beam deflection. Also, the curves indicate the effect of the gap
shape (rectangular approach and trapezoidal approach) on this deflection.
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XIH.  Annex 4. Influence of equivalent stiffness on the behavior of
buildings subjected to soil settlements

The results of this annex are presented in the ESREL-2019 conference (Proceedings of the 29th
European Safety and Reliability Conference). This study gives additional material compared to
those described in chapter V.5.3 (Homogeneity of building stiffness).

The main purpose of this study is to estimate the building equivalent stiffness (Eleg) using a
numerical approach. Finite element analyses are developed though Plaxis 2D (Figure 1). Plane
stress conditions are applied to validate the analytical approach proposed by Deck & Singh (2010).
Different typologies of building were chosen in order to consider the stiffness variability in
buildings considering that these buildings are assimilated to beams characterized by specific
equivalent stiffness values (Elrer).

Three length values and three stiffness reference values of the building are considered in the
modelling (L = 20, 30, 40 m and EI = 30, 50, 100 GN.m?/m). The buildings are modelled as two-
dimensional beams; every beam is composed from numerous portions; every portion has specific
characteristics for its geometry and materials and consequently a particular stiffness value for
modelling (Elref £ a% where a% is a fractional value of Elt ). In parallel, every beam is compared
to one other homogeneous beam model characterized by one stiffness value Eleg. A meshing
process that consists on a robust triangulation procedure is applied and the mesh takes into account
the soil stratigraphy as well as all structural objects, loads and boundary conditions (Figure 1).
Other parameters concerning the soil are detailed in Table 1.

Considering a rectangular contour of 500 x 200 m?, a mesh value 0.03, a uniform load of 250
KN/m is applied to the beams that are located on the top center of the soil contour. For the steps
of staged construction, the models are calculated using KO procedure for the initial phase and
plastic calculation type for the second phase.

1l =

Fig. XI11.1. Meshing and interface in model.
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Table XI1I-1. Soil properties used in numerical simulations.

Soil Paramet

er

Unit weight (KN/m?®)
Saturated unit weight ((KN/m?) 20
Total cohesion ((KN/m?)
Total friction (°)
Young’s modulus E (MPa)

Poisson ratio

17

17.8
31
1000
0.3

Interface strength reduction factor 0.7

Ko

0.485

Models are evaluated using plane strain conditions and the numerical model simulation is

described as follows:

- A first beam is modelled by different portions which have a certain stiffness value (Eli).
The number of portions vary between two and four (Figure 2). The maximum beam
displacement is evaluated and considered in step 2 (Figure 3).

- A second homogeneous beam characterized by only one stiffness value has to be
determined, by varying its stiffness value in order to have the same displacement obtained
in the first step 1. This stiffness value is considered as the equivalent stiffness.

- In order to cover a wide range of possibilities, a stiffness variation is applied considering
the “a” value for four types of building partitions as per Figure 2. The value of “a %" is
chosen to vary in each case with the values of 40%, 30%, 20%, and 10%.

El+a%
0,5L

EI-a%
0,5L

EI+a%
0,25L

EI-a%
025L

EI+a%
0,25L

EI-a%

0,25L

Type 1

EI-a%
0,5L

Type 2

EI+2%
0,5L

Type 3

Type 4

0,25L

EI +a%
0,25L

EI-a%
0,25L

EI+a% EI-a%

0,25L

Fig. X111.2. Various beam typologies (EI represents the value of Elye).

The beam deflection is considered by evaluating the difference between the average displacement
of the two ends points and the center point displacement. Figure 3 shows an expressive presentation
of the beam and soil displacements where the highest displacement is obtained under the center of

the beam.
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Fig. X111.3. Beam and soil displacements.

The numerical model is developed by investigating 144 cases for 3 reference beam stiffness values,
3 lengths values, 4 types of building partitions and 4 variant coefficient values (a%). These
parameters are set to be representative of a wide range of scenarios. The target is to validate the
analytical approach proposed by Deck & Singh (2010) by considering the uncertainty related to
the variability of the building stiffness.

El ref = 30 GN.m*/m
1.25

En.:-'s
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BL=20m DOL=30m ML=40m

Fig. X111.4. Comparison of the stiffness ratio Eleq/Elrs for different values of L and a% for the 4
considered beam partitions (Elrer = 30 GN.m?/m).
El ref = 50 GN.m?/m

Type 2 Type 3 Type 4
ML=20m QOL=30m ML=40m

Fig. X111.5. Comparison of the stiffness ratio Eleq/Elrs for different values of L and a% for the 4
considered beam partitions (Ele= 50 GN.m?/m).
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Fig. XI11.6. Comparison of the stiffness ratio Eleq/Elrer for different values of L and a% for the 4
considered beam partitions (Elrer = 100 GN.m?/m).
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Figure 4 to Figure 6 show the results of the stiffness ratio Eleq/Elrer for different values of L and
a% for the 4 considered beam partitions. Globally, these results are similar while varying the Elrr
value (comparison between Figures 4, 5 and 6). However, the beam length, the partition type and

the variant coefficient have an important impact on Eleg/Elrer.
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Fig. X111.7. Relationship between the equivalent stiffness and beam partition type.
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Fig. XI111.8. Relationship between the equivalent stiffness and the variant coefficient.



194
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Fig. XI111.9. Relationship between the equivalent stiffness and reference beam stiffness value.
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Fig. X111.10. Relationship between the equivalent stiffness and beam length.

In order to separately investigate the effect of every parameter on the stiffness ratio, and
consequently on the equivalent stiffness, the error bars are evaluated; these represent one standard
deviation of uncertainty around the mean value of Eleg/Elrer for the considered sets of parameters.
Based on Figure 7 to Figure 10, the following comments can be made:

The equivalent stiffness is highly affected by the beam partition type (Figure 7). The lowest
equivalent stiffness mean value and standard deviation are obtained for the second
considered type, where the central part of the beam that is subjected to the highest soil
deflection has the lowest stiffness.

On the other hand, for the forth type, the equivalent stiffness mean value is higher than the
reference value. This is related to the fact that the differences between the high stiffness
parts and the low stiffness parts compensate each other to an extent that the resulting beam
has a higher resistance to the soil deflection than the homogeneous beam. In fact, an
important part of the beam that is subjected to an important soil deflection is characterized
by a high stiffness value. It can also be observed that the first and third types have nearly
the same mean and standard deviation values of the stiffness ratio.

Figure 8 shows that the error bar of the stiffness ratio increases with the increase of the
variant coefficient a% which is totally expected. In addition, the equivalent stiffness mean
value decreases with the increase of a%. The variation of the mean and the standard
deviation values is approximately linear where the mean value passes from 0.99 to 0.88
and the standard deviation from 0.05 to 0.17 while passing from a=10% to a=40%.

Figure 9 shows that, globally, the results are similar while varying the Els value, which
has been seen while comparing Figure 4, Figure 5 and Figure 6. This is related to the fact



195

that the considered Eleq value has been normalized with the Elwr. However, in terms of
absolute difference, the difference between Eleq and Elrer increases when Eler value
increases.

- The effect of the variability of the beam length is nearly the same on the stiffness ratio
(Figure 10). In fact, for L = 20, 30 and 40 m, the ratio of Eleq/ Elref is around 0.94. This is
related to the fact that the considered Eleq value is correlated to the L value; consequently,
the relationship between the equivalent stiffness and beam length is comparable to the one
with the reference beam stiffness value (Figure 9 and Figure 10).

In order to investigate the influence of the soil parameters on the equivalent stiffness, a variability
analysis of two soil parameters have been developed in this study. In fact, the total friction angle
has been consistently changeable between 27° and 35° (by steps of 1° under and above the
considered value (31°)) and the total cohesion between 13.8 KN/m? and 21.8 KN/m? (by steps of
1 KN/m? under and above the considered value (17.8 KN/m?)). Results show that the beam
deflection (for homogeneous and heterogeneous beams) is sensitive to these parameters; however,
in terms of equivalent stiffness, the ratio is not affected.
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Behavior of structures subjected to differential settlements — Taking
uncertainties into consideration

Abstract

The objective of this thesis is to study the behavior of structures subjected to differential
settlement, taking into consideration different sources of uncertainties. Ground movements may
have different “sources” (origins), such as the influence of nearby excavations (tunnels), and the
presence of underground voids (mining subsidence, sinkhole, etc.). These sources will induce the
settlement of soil and its displacement. The soil settlement produced by the ground movements
will affect the nearby structure, which will cause the structure movement and its possible
damage. This thesis, presented in “papers’ form” has the intention of evaluating the influence of
uncertainties based on analytical, numerical and experimental approaches. At first, this study starts
by developing an analytical model to study the effect of some important variabilities/uncertainties
(soil profile deformation form, soil behavior (elastic/elastoplastic), variability of building stiffness,
etc.). Then, a numerical model is developed in order to confirm some particular results given by
the analytical model. Finally, an experimental model is dedicated to characterize one important
uncertainty in particular, the variability of the structure stiffness, and to study its influence on the
transmission of the ground movement.

The main results are the evaluation of confidence intervals that consider the effect of these
uncertainties on the structure response affecting the soil-structure interaction (SSI) phenomenon,
and the development of a methodology to quantify the impact of uncertainties on the estimation of
the deflection transmission rate.

Keywords: Uncertainties, soil-structure interaction, transmission of ground movement,
analytical/numerical/experimental approach.
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Comportement des ouvrages soumis a des tassements difféerentiels —
Prise en compte des incertitudes

Résumé

L'objectif de cette thése est d'étudier le comportement des structures soumises a un tassement
différentiel, en prenant en compte différentes sources d'incertitudes. Les mouvements de terrain
peuvent avoir différentes «sources» (origines), telles que I’influence d’excavations a proximité
(tunnels) et la présence de vides souterrains (affaissement minier, fontis, etc.). Ces sources
induiront le tassement du sol et son déplacement. Le tassement du sol produit par les mouvements
du sol affectera la structure, ce qui provoquera le mouvement de la structure et ses dommages
éventuels. Cette these, présentée sous forme d’articles, a pour objectif d’évaluer 1’influence des
incertitudes sur la base d’approches analytique, numérique et expérimentale. Dans un premier
temps, cette étude commence par développer un modéle analytique pour étudier I’effet de certaines
variabilités / incertitudes importantes (forme de déformation du profil du sol, comportement du sol
(élastique / élastoplastique), variabilité de la rigidité du batiment, etc.). Ensuite, un modéle
numérique est développé afin de confirmer certains résultats particuliers donnés par le modele
analytique. Enfin, un modeéle expérimental est dédié a la caractérisation d'une incertitude
importante en particulier, la variabilité de la rigidité de la structure, et a I'étude de son influence
sur le taux de transmission du mouvement du sol.

Les principaux résultats sont I'évaluation des intervalles de confiance prenant en compte I'effet de
ces incertitudes sur la réponse de la structure affectant le phénomeéne d'interaction sol-structure
(ISS), ainsi que la mise au point d'une méthodologie permettant de quantifier I'impact des
incertitudes sur I'estimation du taux de transmission.

Mots-Clés : Incertitudes, interaction sol-structure, transmission de mouvement de terrain, approche
analytique/numérique/expérimentale.
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