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Abstract

Geological formations containing sulphates are commonly associated with the development of
severe expansions when they are involved in tunnel excavation. The intensity of the observed
expansive behaviour in these materials is greater than in other expansive soils and rocks free
of sulphates. Swelling in sulphated formations can also occur in the rock mass although no
tunnel is excavated, and also within fills made of compacted material from excavations in
sulphated rocks. The functionality and stability of engineering works are affected in the

majority of the cases.

The prediction of strains and swelling pressures in sulphated formations is a difficult task. On
that direction, the Thesis analyses and describes the mechanisms and conditions leading to
expansions in sulphated rocks through the detailed investigation of three exceptional cases of

damage induced by expansions involving sulphated formations in Spain.

Lilla tunnel, the first case-history analysed, was excavated in Tertiary anhydritic claystone.
Expansions developed led to severe tunnel floor heaving and to very high pressures against
tunnel lining. The second case, a bridge founded on piles within an anhydritic claystone, Pont
de Candi bridge, experienced an unexpected and sustained heave of the central pillars as a
consequence of the development of swelling strains below the deep pile foundations. The
third case, the compacted access embankments to another bridge, Pallaressos embankments,
experienced a very significant volumetric expansion. As a result, the bridge was axially

compressed and damaged.

Mechanisms leading to swelling in tunnels in sulphated rocks have been described in the
literature; however, an alternative interpretation is proposed. In the first two cases the
development of swelling phenomena is explained by the precipitation of gypsum crystals in
rock discontinuities. The presence of anhydrite plays a central role in the phenomenon
because its dissolution leads to supersaturation conditions of groundwater in calcium sulphate
with respect to gypsum, which will result into gypsum precipitation. The process of
precipitation of gypsum in discontinuities is thought to act as local jacks inducing swelling
strains. The maximum pressure exerted by crystal growth has been estimated under a

thermodynamical point of view.



Expansions in the third case analysed are a result of massive growth of ettringite and
thaumasite minerals in embankments reinforced by Portland cement due to sulphate attack to
cementitious materials. Mineralogical analysis and the simulation of the chemical reactions
involved in sulphate attack have shown that expansions in this type of embankments would
proceed for a long time because of the availability of the necessary components for ettringite
and thaumasite formation. A finite element model of embankment swelling developed has
shown that great loads can be generated due to swelling against rigid structures restraining the

expansion in some direction.

A coupled Hydro Mechanical and Chemical model formulated in a porous media has been
developed to simulate volumetric expansions explained by gypsum precipitation. The model
is consistent with field and laboratory observations and describes the kinetics of precipitation
and dissolution of gypsum and anhydrite, the solute transport and the development of strains
induced by crystallization. The model has been applied to interpret and simulate the heave
experienced by Pont de Candi viaduct. Modelling capabilities were checked against the long
term history of viaduct heave and also, against the foundation response when the vertical load

from a surface embankment was added to counteract swelling.



Resumen

Las formaciones geoldgicas que contienen sulfatos estan asociadas tradicionalmente al
desarrollo de expansiones severas cuando son atravesadas por tlneles. La intensidad del
comportamiento expansivo observado en estos materiales es mayor que en otras rocas y
suelos expansivos libres de sulfatos. ElI hinchamiento asociado a formaciones sulfatadas
también puede ocurrir en el macizo rocoso aungue no se excave un tunel, y también en
rellenos construidos con material compactado procedente de excavaciones en rocas sulfatadas.
En la mayoria de casos la funcionalidad y estabilidad de las obras de ingenieria se ven
afectadas.

La prediccion de deformaciones y presiones de hinchamiento en formaciones sulfatadas es
una tarea dificil. En este sentido, la Tesis analiza y describe los mecanismos y las condiciones
gue conducen a expansiones en rocas sulfatadas, a través de la investigacion detallada de tres
casos excepcionales de dafio debido a expansiones que involucran formaciones sulfatadas en

Espana.

El tanel de Lilla, el primer caso analizado, se excavoé en arcillita anhidritica. El desarrollo de
expansiones condujo a un levantamiento severo de la solera y a presiones contra el
revestimiento muy altas. El segundo caso, un puente cimentado en pilotes en una arcillita
anhidritica, el viaducto de Pont de Candi, experiment6é un levantamiento inesperado de los
pilares centrales debido al desarrollo de hinchamientos por debajo de las cimentaciones
profundas. En el tercer caso, los terraplenes de acceso a otro puente, los terraplenes de
Pallaressos, experimentaron una expansion volumétrica muy significativa y el puente result6

comprimido axialmente y dafiado.

Los mecanismos que conducen al hinchamiento en tineles en rocas sulfatadas se han descrito
en la literatura; sin embargo, se propone una interpretacion alternativa. La precipitacion de
cristales de yeso en discontinuidades de la roca explica el desarrollo de fenémenos de
expansién en los dos primeros casos. La presencia de anhidrita juega un papel central en el
fendmeno expansivo porque su disolucidn conduce a condiciones de sobresaturacion del agua
del macizo en sulfato calcico respecto el yeso, que resulta en la precipitacion de yeso. Se cree

qgue el proceso de precipitacion de yeso en discontinuidades actla como gatos locales



generando deformaciones. La presion maxima ejercida por crecimiento de cristales se ha

estimado desde un punto de vista termodinamico.

Las expansiones en el tercer caso son el resultado del crecimiento masivo de los minerales de
etringita y thaumasita en terraplenes estabilizados con cemento Portland debido al ataque
sulfatico a los materiales cementantes. Ensayos mineralogicos y la simulacion de las
reacciones quimicas involucradas en el ataque sulfatico han mostrado que las expansiones en
este tipo de terraplenes continuarian durante un periodo de tiempo largo, debido a la
disponibilidad de los componentes necesarios para la formacién de etringita y thaumasita. Un
modelo de elementos finitos del hinchamiento del terraplén ha mostrado que estas

expansiones pueden generar presiones muy altas contra estructuras rigidas.

Se ha desarrollado un modelo acoplado Hidro-Mecanico y Quimico formulado en medio
poroso para simular expansiones volumétricas explicadas por la precipitacion de yeso. El
modelo es consistente con observaciones de campo y laboratorio y describe la cinética de la
precipitacion y disolucidn, el transporte de soluto y el desarrollo de deformaciones inducidas
por cristalizacion. EI modelo se ha aplicado para interpretar y simular el levantamiento
experimentado por el viaducto. La capacidad de modelacion se ha verificado frente a las
medidas de levantamiento del viaducto en el tiempo y también, frente a la respuesta de las
cimentaciones a la construccion de un terraplén en superficie para contrarrestar el

hinchamiento.



Acknowledgements

My research adventure began some years ago when | engaged on my final degree thesis with
Professors Eduardo Alonso and Enrique Romero. It was a great experience, and this, together
with my inquisitiveness and will to continue learning, the little push from Professor Xavier
Oliver, the proposal from Professor Eduardo Alonso, and maybe also, as some would say, my
unawareness, made me decide to enrol in a PhD program after | finished my degree. And | can

say it has been worthwhile, beyond my expectations. But | have not been alone.

First of all 1 would like to sincerely thank my supervisor, Professor Eduardo Alonso, for
ensuring | received a complete training. |1 am grateful for the invaluable discussions we had, in
which he always listened to me, with the goal of transmitting all his knowledge with clarity,
making sure everything was understood. | also would like to express my gratitude for the
opportunity he gave me of participating in real engineering, academic and scientific projects
with a high level of rigour and demand. His interest and wish to understand the scientific
background of unexpected behaviours in geotechnics, the way he analyses the problems under a
wide point of view and his interest for innovation have been an excellent encouragement and

example.

I would like to especially thank Professor Sebastia Olivella for his kind and patient help when
modelling with CODE_BRIGH and for solving the difficulties that appeared throughout the

process. Thank you for spending so much valuable time with me.

I am grateful for the interest and implication of the Department professors: M. Saaltink,
J. M. Salvany, J. Gili, J. Vaunat, I. Carol, A. Lloret, A. Gens, J. Suriol, M. Arroyo, E. Romero,
A. Ledesma, J. Corominas, X. Sanchez and E. Custodio. And also for the contributions of

I. Berdugo, D. Tarragé and L. Oldecop to the Thesis.

| appreciate the conceptual discussions on the nature of swelling and crystal growth maintained
with E. Tauler, M. Labrador, A. Canals and S. Segui, professors from the Dept. of
Crystallography of the UB; Dr. C. Ayora from the J. Almera Institute; Professors E. Vazquez
and M. Barra from the Dept. of Building Engineering of the UPC; and Dr. J. M. Garcia-Ruiz
and Dr. A. van Driessche from the Laboratory of Crystallographic Studies of Granada/CSIC.

I have felt very welcomed at the Department of Geotechnical Engineering & Geosciences from
the start. | would like to thank Mar, Victor, Eva, Oscar, M. Carmen R., Geni and Marta, from
the department, and M. Carmen L., from the CIMNE, for their help in dealing with the



administrative matters; Albert and Joan for the IT support and Raul for his help with the graphs.
I am also grateful to Tomas, José and Victor for their friendship, help and time spent in the

progress of the experimental part.

I am thankful for the funding I received from the “Departament d’Innovacio, Universitats i
Empresa” of the “Generalitat de Catalunya”; the “Ministerio de Ciencia e Innovacion”; the
“Col-legi d’Enginyers de Camins, Canals i Ports”; the “Ministerio de Fomento” of Spain, and
also from the CIMNE.

The Spanish National Agency for Railway Infrastructure (ADIF) provided the main technical
and financial support during an important part of the field research developed. | would like to
specially thank ADIF engineers R. Rodriguez, J. Garcia-German, S. Martinez Priego, A. Alba
and I. Macias. | greatly appreciate the support to the field research provided on site by
engineers A. Alba, M. Alfonso, and A. Lépez Polin (INECO-TIFSA); J. Torres, J. M. Gutiérrez
Manjon and M. V. Gil (FCC); C. Sanz (lIC); Dr. J.M. Suso (AITEMIN); and also to CEDEX,
Cepasa, Eptysa and Laboratorio Collado Villalba, for the laboratory tests.

The friendship and support from my Department colleagues have also contributed to the
successful completion of this Thesis. | bear very much in mind the conversations and
encouragement from the time | started the Doctorate from Nubia, Sergio, and Ndria, who has
been with me from day one. This trip has been easier thanks to the discussions and good times |
have shared with Tere, Dani, Alessandra, Mauricio, Nadia, Rodrigo, Enrique, Octavio,
Vladimir, Yeudy, Zhifeng, Karim, Benoit, Héctor, Ernesto, Ricardo, Analice, Samuel, Diego,
Marité, Kantha, Clara, Lurdes M., Jubert, Rafaela, Francesca, Joaquin, Laura, Abel, Daniel,
Mariana, Carme C., Josbel, Amadeu, Joanna, Claudia, Alfonso, Claudia, Natalia, Guillem,
Victor, Ignasi, Cristian, Agustin, Lluis, Jordi, Ramén, Olga; and Alba and Ivan with whom |

started a nice friendship in the Alps.

I want to extend my gratitude to all the people, quite a few, that have helped me during all these
years and whose names are impossible for me to list all here. I would like to thank Marta S.,
Maria del Mar, Gemma, Rubén, Anna, Cris, Marta T., Carmen, Andrea, Matias, Catalina,
Miriam, Carlos, Astrid, Giorgio, Aida, David L. and David B. for staying close to me in this

adventure. | would also like to express my gratitude to Manuel’s family for their support.

Finally, I would like to specially thank my parents, grandparents, Ester and Manuel for their
support, understanding, encouragement and patience during all these years, to them and to the

much-missed Tote | dedicate this Thesis.



Agradecimientos

Mi aventura con la investigacion empezé hace unos afios con la tesina de final de carrera con
los Profesores Eduardo Alonso y Enrique Romero. Fue una muy buena experiencia, y esto hizo
que junto a mi inquietud y ganas de seguir aprendiendo, el empujoncito del Profesor Xavier
Oliver, la propuesta del Profesor Eduardo Alonso, y alguien diria que quiza también mi
inconsciencia, después de terminar la carrera decidiera empezar el Doctorado. Y puedo decir

que ha valido la pena, con creces. Pero no lo he conseguido sola.

Para empezar quiero agradecer muy sinceramente a mi tutor el Profesor Eduardo Alonso.
Quiero darle las gracias por haberse preocupado por mi formacién completa. Le agradezco las
discusiones enriquecedoras que hemos mantenido, él siempre escuchando y con mucho interés
por transmitir todos sus conocimientos con claridad, asegurandose de que todo quedara
entendido. También le agradezco la oportunidad de haber participado en proyectos de
ingenieria reales, académicos Yy cientificos con un nivel de rigor y exigencia altos. Su interés y
voluntad de querer comprender el trasfondo cientifico de comportamientos inesperados en
geotecnia, el andlisis con una perspectiva amplia de los problemas y el interés por innovar ha

constituido un excelente estimulo y ejemplo del que aprender durante este tiempo.

Agradezco especialmente al Profesor Sebastia Olivella su amable y paciente ayuda en las
modelaciones con CODE_BRIGHT vy en la resolucion de las dificultades que han surgido.

Gracias por dedicarme tu tiempo.

Estoy agradecida por el interés e implicacion de los profesores del Departamento: M. Saaltink,
J. M. Salvany, J. Gili, J. Vaunat, I. Carol, A. Lloret, A. Gens, J. Suriol, M. Arroyo, E. Romero,
A. Ledesma, J. Corominas, X. Sdnchez y E. Custodio. Y por las contribuciones de I. Berdugo,

D. Tarragd y L. Oldecop.

Valoro las discusiones provechosas sobre la naturaleza de los hinchamientos y el crecimiento
cristalino que he mantenido con E. Tauler, M. Labrador, A. Canals y S. Segui profesores del
Dept. de Cristalografia de la UB; Dr. C. Ayora del Institut J. Almera; los Profesores E. Vazquez
y M. Barra del Dept. de Ingenieria de la Construccion de la UPC; y Dr. J. M. Garcia-Ruiz y
Dr. A. van Driessche del Laboratorio de Estudios Cristalograficos de Granada/CSIC.

Me he sentido muy acogida en el Departamento de Ingenieria del Terreno desde el principio.

Gracias Mar, Victor, Eva, Oscar, M. Carmen, Geni, Marta, del departamento, y M. Carmen L.,



del CIMNE, por haberme facilitado la burocracia y temas administrativos. Gracias Albert y
Joan por el soporte informéatico y Raudl por la ayuda con las figuras. A Tomas, José y Victor

estoy agradecida por la amistad, la dedicacion y la ayuda en avanzar en la parte experimental.

Agradezco la financiacion recibida del “Departament d’Innovacio, Universitats i Empresa” de
la Generalitat de Catalunya; del Ministerios de Ciencia e Innovacion; del “Col-legi d’Enginyers

de Camins, Canals i Ports”; del Ministerio de Fomento, y también del CIMNE.

La agencia ADIF proporciond el principal apoyo técnico y econémico de una parte importante
de la investigacion de campo de la Tesis. Doy las gracias especialmente a los ingenieros de
ADIF R. Rodriguez, J. Garcia-German, S. Martinez Priego, A. Alba y I. Macias. También
agradezco la ayuda a pie de obra para realizar la investigacion de campo a los ingenieros
M. Alfonso, A. Alba y A. Lopez Polin de INECO-TIFSA; J. Torres, J. M. Gutiérrez Manjén y
M. V. Gil de FCC; a C. Sanz de IIC; a AITEMIN (Dr. J. M. Suso); y a las instituciones
CEDEX, Cepasa, Eptysa y Laboratorio Collado Villalba por los ensayos realizados.

La amistad y apoyo de los compafieros Estudiantes y Doctores del Departamento también ha
colaborado a que esta Tesis haya llegado a buen fin. Tengo muy presentes las conversaciones y
animos de cuando empecé el Doctorado de Nubia, Sergio y Ndria, que aparte de recibirme ya
cuando empecé la tesina, me ha ido acompafiando durante todo este tiempo. Han hecho mas
facil el camino los buenos momentos y las discusiones compartidas con Tere, Dani, Alessandra,
Mauricio, Nadia, Rodrigo, Enrique, Octavio, Vladimir, Yeudy, Zhifeng, Karim, Benoit, Héctor,
Ernesto, Ricardo, Analice, Samuel, Diego, Marité, Kantha, Clara, Lurdes M., Jubert, Rafaela,
Francesca, Joaquin, Laura, Abel, Daniel, Mariana, Carme C., Josbel, Amadeu, Joanna, Claudia,
Alfonso, Claudia, Natalia, Guillem, Victor, Ignasi, Cristian, Agustin, Lluis, Jordi, Ramén, Olga;

y Alba y lvan con quienes inicié una buena amistad en la alta montafia.

Quiero extender mi agradecimiento a todas aquellas personas, que son muchas, que a lo largo
de todos estos afios me han ayudado y que no me es posible nombrarlas a todas aqui. Gracias
Marta S, Maria del Mar, Gemma, Rubén, Anna, Cris, Marta T., Carmen, Andrea, Matias,
Catalina, Miriam, Carlos, Astrid, Giorgio, Aida, David L. y David B. por acompafiarme de
cerca en la aventura y estar presentes siempre que ha hecho falta. Agradezco también muy
afectuosamente el apoyo recibido por la familia de Manuel.

Finalmente quiero agradecer a mis padres, abuelos, a Ester y a Manuel su apoyo, comprension,

animos y paciencia durante estos afos, a ellos y a la afiorada Tote dedico esta Tesis.



Agraiments

La meva aventura amb la investigacié va comencar ja fa uns anys amb la tesina de final de
carrera amb els Professors Eduardo Alonso i Enrique Romero. Va ser una molt bona
experiéncia, i aixo va fer que juntament amb la meva inquietud i ganes de seguir aprenent,
I’empenteta del Professor Xavier Oliver, la proposta del Professor Eduardo Alonso, i algu
diria que potser també la meva inconsciéencia, després d’acabar la carrera decidis comencar el

Doctorat. | puc dir que ha valgut la pena, amb escreix. Pero no ho he aconseguit sola.

Per comengar vull agrair molt sincerament al meu tutor el Professor Eduardo Alonso. Vull
donar-li les gracies per haver-se preocupat per la meva formacié completa. Li agraeixo les
discussions enriquidores que hem mantingut, ell sempre escoltant i amb molt interés per
transmetre tots els seus coneixements amb claredat, assegurant-se que tot quedés entes.
També li agraeixo I’oportunitat d’haver participat en projectes d’enginyeria reals, académics i
cientifics amb un nivell de rigor i exigéncia alt. El seu interés i voluntat de voler comprendre
el rerefons cientific de comportaments inesperats en geotecnia, I’analisi amb una perspectiva
amplia dels problemes i I’interés per innovar ha constituit un excel-lent estimul i exemple

d’on aprendre durant aquest temps.

Agraeixo especialment al Professor Sebastia Olivella la seva amable i pacient ajuda en les
modelacions amb el CODE_BRIGHT i en la resolucié dels entrebancs que han sorgit. Gracies

per estirar el teu temps per mi.

Estic agraida per I’interés i implicacio dels professors del Departament: M. Saaltink,
J. M. Salvany, J. Gili, J. Vaunat, I. Carol, A. Lloret, A. Gens, J. Suriol, M. Arroyo,
E. Romero, A. Ledesma, J. Corominas, X. Sanchez i E. Custodio. | per les contribucions de

I’l. Berdugo, D. Tarragé i L. Oldecop.

Aprecio les discussions profitoses sobre la naturalesa dels inflaments i el creixement cristal-li
que he mantingut amb E. Tauler, M. Labrador, A. Canals i S. Segui professors del Dept. de
Cristal-lografia de la UB; Dr. C. Ayora de I’Institut Jaume Almera; els Professors E. Vazquez
i M. Barra del Dept. d’Enginyeria de la Construccié de la UPC; i Dr. J. M. Garcia-Ruiz i
Dr. A. van Driessche del Laboratori d” Estudis Cristal-lografics de Granada/CSIC.

M’he sentit molt acollida al Departament d’Enginyeria del Terreny des del principi. Gracies
Mar, Victor, Eva, Oscar, M. Carmen R., Geni i Marta, del departament, i M. Carmen L., del



CIMNE, per haver-me facilitat la burocracia i temes administratius. Gracies Albert i Joan pel
suport informatic i Raul per I’ajuda amb les figures. Al Tomas, José i Victor estic agraida per

I’amistat, la dedicacio i I’ajuda en avancar en la part experimental.

Agraeixo el financament rebut del Departament d’Innovacid, Universitats i Empresa de la
Generalitat de Catalunya; del Ministerio de Ciencia e Innovacion; del Col-legi d’Enginyers de

Camins, Canals i Ports; del Ministerio de Fomento, i també del CIMNE.

L’agencia ADIF va proporcionar el principal suport técnic i economic d’una part important de
la investigacié de camp de la Tesi. Dono les gracies especialment als enginyers d’ADIF
R. Rodriguez, J. Garcia-Germéan, S. Martinez Priego, A. Alba i I. Macias. També agraeixo
I’ajuda a peu d’obra per dur a terme el treball d’investigacio de camp als enginyers
M. Alfonso, A. Alba i A. Lopez Polin d’INECO-TIFSA; J. Torres, J. M. Gutiérrez Manjon i
M. V. Gil de FCC; a C. Sanz de IIC; a I’empresa AITEMIN (Dr. J.M. Suso); i a les
institucions CEDEX, Cepasa, Eptysa i Laboratorio Collado Villalba pels assajos realitzats.

L’amistat i suport dels companys Estudiants i Doctors del Departament també han col-laborat
a que aquesta Tesi hagi arribat a bon fi. Tinc molt present les converses i anims de quan vaig
comengar el Doctorat de la Nubia, el Sergio, i la Ndria, que a part de rebre’m ja quan vaig
comengar la tesina, m’ha anat acompanyant tot aquest temps. Han fet més facil el cami els
bons moments i les discussions compartides amb Tere, Dani, Alessandra, Mauricio, Nadia,
Rodrigo, Enrique, Octavio, Vladimir, Yeudy, Zhifeng, Karim, Benoit, Héctor, Ernesto,
Ricardo, Analice, Samuel, Diego, Marité, Kantha, Clara, Lurdes M., Jubert, Rafaela,
Francesca, Joaquin, Laura, Abel, Daniel, Mariana, Carme C., Josbel, Amadeu, Joanna,
Claudia, Alfonso, Claudia, Natalia, Guillem, Victor, Ignasi, Cristian, Agustin, Lluis, Jordi,

Ramon, Olga; i Alba i Ivan amb qui vaig iniciar una bona amistat a I’alta muntanya.

Vull estendre el meu agraiment a totes aquelles persones, que sén moltes, que al llarg de tots
aquests anys m’han ajudat i que no m’és possible nombrar-les a totes aqui. Gracies Marta S.,
Maria del Mar, Gemma, Rubén, Anna, Cris, Marta T., Carmen, Andrea, Matias, Catalina,
Miriam, Carlos, Astrid, Giorgio, Aida, David L. i David B. per acompanyar-me d’aprop en
I’aventura i estar presents sempre que ha fet falta. Agraeixo també molt afectuosament el
suport que he rebut de la familia del Manuel.

Finalment vull agrair als meus pares, padrins, a I’Ester i al Manuel el seu recolzament, anims,

comprensio i paciencia durant aquests anys, a ells i a I’enyorada Tote dedico aquesta Tesi.



Table of contents

CHAPTER 1: INTRODUCTION

11

1.2

1.3

14

1.5

INtErest OF the THESIS .....cviiiie e 1
ODbjJectiVes Of the TNESIS ..o e 6
1.2.1 Gaps found in the available knowledge..........c.ccceveiiiiiiieiiiicce e 7
1.2.2 Detailed objectives of the ThESIS ........ccciveiiiieii e 7
Methodology applied in the TheSIS ..o 8
Content and organization Of the TheSIS. ..o 11
Papers published during the development of the ThesiS.........cccccevviiieiivcic e, 13

CHAPTER 2 SULPHATED ROCKS IN CENTRAL EUROPE AND SPAIN

2.1

2.2

2.3

2.4

2.5

AND TUNNEL EXPERIENCE

INEFOAUCTION . 17
Expansive sulphated rocks in Central EUIOPE..........ccoocoviiiiiniiieeeccc e 19
2.2.1 The Anhydritgruppe and the GIpSKEUPET........ccecveieerieeieieese e ese e 19
2.2.2 Expansive behaviour of the Anhydritgruppe and the Gipskeuper .................... 21
A review of main calcium sulphated formations in Spain............cccoceveveninicnenen. 24
2.3.1 Triassic sulphate-bearing FOCKS ..........ccccereieiirininiseeee s 27
2.3.2 Tertiary sulphate-bearing roCkS ..........cccvuveiieie i 29
2.3.3 SUIPhAtE-TICh WALEIS.....ccviiiiccii e 30
Current alternatives to design tunnel liniNg ... 32
SUMMEBIY <.t b e bt b e b e nneene s 36

CHAPTER 3 EXTREME EXPANSIVE PHENOMENA IN LILLA TUNNEL

3.1

I OAUCTION <., 37



T - To] [0 YU SRPS 39
3.3 Design and CONSIIUCTION ........cciueiiieieciese e e e nnee e 42
3.4 Expansive phenomena and ground Properties .........cccovveveeveereeresieeseeseeseeseesee e 45
3.5 Crystal growth in the aCtiVE ZONE........c.coeiiiiiiiieecee e 49
3.6 Performance of flat-slab floor ... 52
3.7 Performance Of CUNVE INVEIT ..o 54
3.8 Performance of circular testing SECHIONS .......c.cccveveeiieiieie e 58
3.9 TUuNNel reiNfOrCEMENT ..o 61
3.10 Performance of reinforced tuNNel ..o 66
311 CONCIUSIONS ...ttt 79

CHAPTER 4 HEAVE OF A RAILWAY BRIDGE INDUCED BY GYPSUM

Xii

4.1

4.2

4.3

4.4

4.5

4.6

4.7

CRYSTAL GROWTH: FIELD OBSERVATIONS

INEFOAUCTION ... 82
Bridge PerformManCe....... ..o 83
Geological DACKGIOUNG ........c.eciiiieie et e e e 86
4.3.1 Quaternary SEAIMENTS........ccviiieie et sra e e resre e 87
4.3.2 Tertiary fOrmationS.........ccuoiiieiiee e e 87
GeOoteChNICal PrOPEITIES. .....c..eeiiiieerii e 88
Field ODSEIVALIONS ........cviiiiiiiciee e 93
4.5.1 PileS and PIlE CAPS......ccveiieiiiieiti ettt 93
4.5.2 WALET EVEIS ... 95
4.5.3 SUITACE MOVEMENTS ...vviiiiieie ittt bbb bbb 97
4.5.4 DEEP EXIENSOMELEIS .....vvie ittt siiee et e ettt ettt et e s s e e nnbe e e nneeeen 100
Gypsum precipitation in the active [ayer ... 103
Hydraulic Cross-hole teStS ........ooviiiiiiiee e 106



4.8

4.9

REMEAIAI MEASUIES ...t ettt et e e e e e e e e e e e e e e e e 109

(70] o 1o 1] (0] 0 A EUT RO 114

CHAPTER 5 THE SWELLING MECHANISM DUE TO GYPSUM

5.1

5.2

5.3

5.4

5.5

5.6

5.7

5.8

CRYSTAL GROWTH
INEFOAUCTION .. 118
An overview of tunnel behaviour in sulphate formations..............cccceeeniniinennnnn 119
Field identification of potential SWelling ..........ccccceviiiiieiic e 124
A classical interpretation for swelling in sulphated formations............c..cccccoeevenee. 127
An alternative INLErPretation ............ocoveeieeieiiesi e e 130
Heave scenario in Pont de Candi Bridge ..........cccoerininninineccse e 137
Heave scenario in Lilla tunnel ... 139
Summary of Main fINAINGS.......cccoi i e 139

CHAPTER 6 CRYSTAL GROWTH AND SOIL EXPANSION: THE ROLE

6.1

6.2

6.3

6.4

6.5

6.6

OF INTERFACIAL PRESSURE AND PORE STRUCTURE

INEFOAUCTION ...t 144
Crystal growth from aqueous SOIULIONS .........ccccviiieiiiereiieceee e 144
CrYSTal PrESSUIE.....cuveeeieiiee ittt e s et e et e e te e e e sbeesaeennenrs 146
Crystal growth in pores of rOCK..........ccoiiiiiiieiiie s 147
6.4.1 Cylinder (FIgUuIe 6.3(2)) ....c.cooureririeieiesiesie s 148
6.4.2 Planar fissure (Figure 6.3(D)) ...ccccoveeiieiice e 150
6.4.3 SPhere (FIQUIE 6.3(C)) veovereeieiiesie e st e sieeee ettt ste ettt sae e 151
Crystallization pressures in anhydritiC rOCKS ...........cceveriiiieiinin e 152
CONCIUSIONS ...ttt bbbt 153

Xiii



CHAPTER 7 MODELLING GYPSUM CRYSTAL GROWTH AND

Xiv

SWELLING BEHAVIOUR. APPLICATION TO PONT DE

CANDI BRIDGE
7.1 INTrOAUCTION ..ottt bbbt 156
7.2 A model for gypsum precipitation and Neave ............ccecevivereiiiese e 156
7.3 Mass and momeNntuM QUALIONS .......cceiieiieiieeieceese e e e 157
7.4 Precipitation and dissolution of MiNerals...........ccccoveiiiiiiniie e 160
7.5 Heave calculations. Comparison with field data...........c.ccooeveiiiininnnc 164
7.6 SENSItIVILY ANAIYSIS.....cciiieiieiieic ettt e e e sneenaenneas 171
7.6.1 POFOSITY...ccuviiuiiie ettt et e et e et e e aeeaeeneens 171
7.6.2 Initial volume fractions of gypsum and anhydrite...........cccooeveninninnnienne. 172
7.6.3 EqUIlIDrium CONCENTIAtIONS ........coviiiiiiieiesie e 172
7.6.4 SEreSS EffECES ....viviiriicisiceee e 173
7.6.5 Other BffECTS......cuiieeiciicee s 174
7.7 A simulation of the distribution of swelling strains in depth............cccooeviiiiinnns 175
7.8 CONCIUSIONS ..ottt bbbttt b bbb 177
Appendix 7.1. Derivation of mass balance equation for solids (equation 7.4) ................. 179

Appendix 7.2. Derivation of mass balance equation for water transfer
(equation 7.5 and €QUALION 7.7)....cc.eiieieeierie e 180

Appendix 7.3: Derivation of solute mass conservation equation (equation 7.6)............... 180

Appendix 7.4. Derivation of the equation of the pressure acting on crystals
(BOUALTION 7.12) .ottt 181



CHAPTER 8 ANALYSIS OF MASSIVE SULPHATE ATTACK TO

CEMENT TREATED RAILWAY EMBANKMENTS AND
TRACK BASES

8.1 INrOAUCTION ...t bbbt 184
8.2 Design and construction of embankments ...........ccoceveveriiereere s 186
8.3 Field observations in Pallaressos embankments ............ccocoovvrereiincneine s, 189
8.4 Geotechnical data of the embankments............cooeiiiiiiii 197

8.4.1 SWEIIING TESTS ... 201
8.5 Design and construction of a soil treatment over underpass...........ccccevvvevvrieereennnns 202
8.6 FHEIA GALA......c.eeeeieiiieiee e 203
8.7 Geotechnical data. Laboratory teStS........cccviveeieeiiie e 205

8.7.1 SWEIIING TESTS ...t 205

8.8 Mineral growth at Pallaressos embankments and at the treated layer

OVET the UNABIPASS. .....eiieeeiieiiesiiee ettt 206
8.8.1 Mineral growth at Pallaressos embankments ............cccocvvvvvieienienennesieee, 206
8.8.2 Mineral growth at the treated layer over Underpass..........cccccevvevververieenenne 207
8.8.3 DISCUSSION......cuititenietisie ettt sttt bttt bbb n e 208

8.9 Chemical reactions for the formation of ettringite and thaumasite

minerals. Fundamental SPECTS .........cccoiiiiiiiiiieee e 210
8.10 Chemical MOdelliNg ........ccveoueiieiiee et 213
8.11 Modelling embankment SWElliNg..........ccccoveiiiieiicie e 216
8.12 Remedial measures at Pallaressos embankments and at underpass...........c.cceeeennens 218
8.13 ConClUdiNg FEMATKS ........eiiiiiiiiee s 219

Appendix 8.1. Sequence of chemical reactions taking place in lime stabilized

SUIPNALEA SOMIS.....cvieieee e 221

XV



CHAPTER 9 CONCLUSIONS AND FUTURE RESEARCH

0.1 CONCIUSIONS ..o,

0.2 FUTUIE T8SBAICN ..o

REFERENCES ...

XVi



Notation

a: activity
a,: activity of a reference state
b : parameter defining

b : vector of body forces

C, : undrained strength

D : diffusion coefficient

E, : elastic modulus of concrete

E, : elastic modulus of steel

e: void ratio

f.. : characteristic compressive cylinder strength of concrete at 28 days
f " sink or source of water

G, : specific gravity

ji' - total mass flux of water

K : intrinsic permeability

K,: at rest pressure coefficient

L : length

m,., : precipitated mass of anhydrite

m,,, : precipitated mass of gypsum

MV, : molar volume of anhydrite

MV, : molar volumes of gypsum
PIl: plasticity index

p : pressure applied on the crystals

P. . - pressure experience by the crystal at zone a

P, - Pressure experience by the crystal at zone b

p, : pressure exerted by a crystal against pore walls, reaction pressure against crystal

growth



p, : liquid pressure

P, : swelling pressure

q, : flow rate of water, advective flow

g, : unconfined compression strength

R, r, r, r,: radius

R, : ideal gas constant

- degree of saturation

T : temperature

T : absolute temperature (in equations)

t:time

u : solid displacements

W : water content

W liquid limit

W, : plastic limit

o : load angle

74 - Interfacial energy at the crystal-solution interface
7, - bulking coefficient in the horizontal direction

7; - bulking coefficients

7ex - DUIKING coefficient for zero pressure stress

7. 1 7, solid specific unit weight

7, - bulking coefficient in the vertical direction

o : displacement

& strain in the direction i

n . coefficient of kinetic laws (equations (10a) and (10b))
4. - chemical potential of the crystal

@ : coefficient of kinetic laws (equations (10a) and (10b))
K : Kinetic constant
K, - Kinetic constant parameter for anhydrite

anh *

Xviii



K, - Kinetic constant parameter for gypsum
v : Poisson’s ratio

v, : molar volume of the crystal

v; : stoichiometric coefficients of a chemical reaction
£ @ sign of the equation (7.10)

Pann - @anhydrite density

£y - dry density

Pyyp - JypSUM density

p, - density of water

P, - density of solid species

p, . total density

¢ : stress tensor

o, : specific surface

O....s - Pressure applied on the crystals

crystal *

o, : horizontal swelling stresses

o, : effective confining stress in the direction i
o, . applied vertical stress

o, : effective vertical stress

o, : effective vertical confining stress

¢ : porosity

@, - current volumetric fraction of anhydrite

¢y, - current volumetric fraction of gypsum

anh

Pni’ - initial volumetric fraction of anhydrite

ayp
P - initial volumetric fraction of gypsum

" . current mass fraction of mineral in liquid phase

o, current equilibrium mass fraction of dissolved sulphate in water

sat

XiX



a)g}sat - equilibrium mass fraction of dissolved sulphate in water for an unloaded crystal

m

2
sat,

., - current equilibrium mass fraction of dissolved sulphate in water with respect to

anhydrite

D1 ary - EQUIlIDriUM mass fraction of dissolved sulphate in water with respect to anhydrite

without pressure applied on crystals

a),r;‘at - current equilibrium mass fraction of dissolved sulphate in water with respect to

gypsum

Dl - equilibrium mass fraction of dissolved sulphate in water with respect to gypsum
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Introduction

1.1 Interest of the Thesis

Severe expansive phenomena often occur in excavations performed in sulphated claystone
just after the end of the excavation. These phenomena cause great displacements at non
confined surfaces; or important swelling pressures against structural elements. Two
interesting characteristics of these problematic phenomena are the sudden occurrence and
their uncertain evolution in time, without an apparent stabilisation of swelling pressures and
deformations. Therefore, the expansion occurring in this type of rocks is a phenomenon

capable of severely affect the stability and functionality of excavations.
A rock mass can swell due to two reasons:

- Because it contains intrinsically expansive minerals, like montmorillonite or chlorite,

and, besides, if one of the following additional circumstance takes place:

o The interstitial water in the rock is under suction, which means, in stress terms
that its pressure is negative. The suction decreases in the presence of free water
(that can have different origins), and that facilitates the hydration of the expansive

minerals.
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o The rock was cemented under stress. Or, as Bjerrum (1967) would say, the rock
acquires a “frozen” energy by deformation (“strain energy locked in”). The stress
changes induced by the excavation break the bonds of the matrix rock and release
its expansive potential, which in general also requires the presence of water to

allow the hydration of clay minerals.

- Because it contains soluble salts capable of being dissolved in water and precipitate as
crystals in joints or voids in the rock. The sulphated rocks are, in general, affected by
this mechanism; therefore expansion is related to the precipitation of gypsum crystals,
or ettringite and thaumasite crystals. Apparently the most dangerous and extreme cases
of swelling occur in sulphated clayey formations, and the Thesis dedicates the attention

to them.

Heave and structural damage in natural formations containing sulphate species have often
been associated with tunnelling when gypsum (CaSO,4-2H,0) and anhydrite (CaSO4) are
present in the rock. Triassic claystone formations containing sulphates in Central Europe
(Baden-Witemberg, in Germany; Jura Mountains, in Switzerland) have been crossed by
tunnels for decades. A significant proportion has experienced severe heave problems as a
result of expansions within the material below tunnel floor, which have been described by
several authors (Kovari et al., 1988; Wittke 1990, 2006; Anagnostou 1993, 2007; Madsen et
al., 1995; Wittke-Gattermann & Wittke 2004; Anagnostou et al., 2010).

In Spain there are three well-known tunnels affected by extreme sulphate-related heave. They
belong to the high-speed railway from Madrid to Barcelona: Camp Magré, Lilla and Puig
Cabrer. They were excavated through Tertiary claystone formations containing gypsum and
anhydrite. Lilla tunnel is the one that experienced the most damaging expansive behaviour. At
the end of summer of 2002, an increasing heave of the floor of the tunnel was detected during
the construction of Lilla tunnel, just a few months after the end of the excavation, and this led
rapidly to the failure of the concrete flat slab (Figure 1.1). The heave rates in Lilla were very
high in some points (600mm/year!). A total of 1500 m out of the total tunnel length (2000 m)
was severely affected by a rapid development of heave. The distribution of the intensity of
swelling was not homogeneous along the total length of the tunnel. Some stretches
experienced extreme expansions while in others heave was barely measured. The exceptional

ground expansions in Lilla led to a total reconstruction of the tunnel in a highly reinforced



Chapter 1

circular structure made up with a high characteristic strength concrete, with a cost that tripled
the initial prevision of the project. Later, high swelling pressures against the lining of Lilla

tunnel, which exceed 6 MPa at some points, have been measured.

(a) (b) (c)
Figure 1.1. Heave and failure of the tunnel flat-slab at chainage 411+880: (a) March 2003; (b) May

2003; (c) September 2003

A case of development of swelling in a deep sulphated formation not related with tunnelling
has been detected recently in Spain. This is the case of the significant heave of Pont de Candi
bridge for the high-speed railway link Madrid-Barcelona, located next to Lilla tunnel, in the
province of Tarragona. The heave mainly concerned the two central pillars, which reach a
height of 56 m over foundations. The central pillars of the bridge were founded on a hard
anhydritic Tertiary claystone of Tertiary age by means of large diameter (1.65 m) 20 m long
bored piles. As it will be described in detail later, the measured sustained heave rates ranging
from 5 to 10 mm/month were found to be a result of the development of expansions in depth,

within a sulphated formation located below the tips of the piles.

Some similarities with the heave affecting Pont de Candi bridge can be found in the problems
reported in relation to two European towns. Lately, an area of the French town of Lochwiller
in Alsace and the historic town of Staufen in Germany are experiencing damaging heave

apparently related with the development of swelling within an anhydritic formation.

The origin of the swelling phenomena in sulphated formations inducing severe heave in
tunnels in Central Europe above mentioned, has often been described as a transformation of
anhydrite (CaSQO,) into gypsum (CaSO, - 2H,0). At a molecular level the two added water
molecules imply a theoretical increase of 62% in volume, which is then made responsible for
the observed heave (Sahores, 1962; Einfalt & Gotz, 1976; Einstein, 1979, 1996; Wittke &
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Pierau, 1979; Serrano et al., 1981; Zanbak & Arthur, 1986; Wittke, 1990 and 2006; Madsen &
Niesch, 1991; Kolymbas, 2005).

However, this explanation has been challenged by some authors arguing that the
orthorhombic crystals of anhydrite cannot be distorted to become the monoclinic crystals of
gypsum (Holliday, 1970; Orti, 1977). Other authors (Pina et. al., 2000; Krause, 1976;
Pimentel, 2003) reject also the direct transformation of anhydrite to gypsum as the basic
expansion mechanism. On the other hand, the analysis of field and laboratory observations
indicates that the development of expansions is related with the precipitation of gypsum
crystals. In fact, evaporation processes at the excavation boundaries of Lilla tunnel were the
explanation initially given to the development of swelling in the expanding active layer below
the tunnel floor, and hence the mechanism leading to swelling behaviour in tunnels.
Evaporation of sulphated water produces supersaturated conditions in calcium sulphate.
However, this interpretation doesn’t fit the swelling deformations found at depth below the
piles of Pont de Candi bridge. No evaporation process is possible to occur at those depths. In

this Thesis a different interpretation is suggested for the swelling phenomenon.

Expansions involving calcium sulphated materials can also be found when sulphate attack to
cement or lime treated sulphated clay material occurs. This process has been found to be
capable of inducing high swelling pressures against rigid structures and important heave when
the attack affects massively to layers of certain thickness. In those cases, precipitation of
ettringite and thaumasite are involved. An example is the phenomenal swelling of two railway
embankments located in Spain, Pallaressos embankments. The scale of the reaction of

sulphate attack in these embankments is considered to be quite unique.

In a natural way, a civil engineering work involves the performance of cuts and fills.
Commonly the material used to build the embankments and fills comes from previously
excavated nearby cuts. Then, embankments consisting on compacted marls containing
gypsum will be probably built along civil engineering works involving sulphated rocks.
Therefore, the danger of development of sulphate attack to those embankments and fills, if
they are treated with lime or cement, has to be taken into account during their design and
construction. In addition, transition wedges close to a more rigid structure placed next to an

embankment is a common practice. Frequently, cement is used in the design of the transition
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wedges, this situation may result in sulphate attacks. These are the reasons explaining the

interest of studying this phenomenon.

Calcium sulphated rock formations are common in extensive regions of Spain in Tertiary
formations in sedimentary basins and in Triassic formations. They are found in outcrops
covering the 7.2% of the surface of Spain. That is a large area. However, sulphated formations
are present at depth in a significantly larger extension. Therefore, sulphated formations can be
apparently quite often involved in underground excavations and foundations, and therefore a
certain evidence of a high potential risk of development of sulphate-related swelling in
possible future excavations exists in Spain. However, experience indicates that not all tunnels
and bridge foundations in anhydritic or gypsiferous rocks develop expansive phenomena. This
is also the case of embankments or compacted layers performed with the material excavated
from cuts in anhydritic gypsiferous formations. The reasons for differences in behaviour are
not clear. Identifying the conditions leading to a critical swelling problem is not an easy task.
The main characteristics of the expanding phenomenon are well known from the reported
cases of tunnels affected by expansions. However, the knowledge of the consequences and
phenomenology of the expansive behaviour of sulphated rocks and soils doesn’t correspond
with the insufficient knowledge about the basic mechanisms that generate and control it.

In view of the high presence of sulphated formations in Spain, having the capability for
predicting the swelling development and estimating the intensity of the expansions is
fundamental for the proper design of tunnels, excavations and embankments or fills in
sulphated materials, capable of coping with the requirements of functionality and safety of the
structure but also capable of resisting the swelling exerted against structures. In addition,
knowing the maximum pressure that could be exerted by expansions related to precipitation of
crystals is also necessary because it would be used during the design or repair of the tunnel
cross-section shape and lining characteristics.

The design criteria adopted in Lilla tunnel for the final solution (to resist high swelling
pressures up to 4.5 MPa for the most critical distribution of applied pressure against the
external surface of the tube) have been adopted as a reference in the recent design of other
tunnels simply because they will cross rock formations containing gypsum and anhydrite. A

reference is made here to Oliola tunnel in the Segarra-Garrigues canal; Albertia and
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Montezkue tunnels in Alava, in the high-speed railway Madrid-Valladolid-Norte and Sorbes

tunnel in the railway Alicante to Almeria.

Questions often raised when an underground work has to be built in sulphated geological

formations are typically:
—  Will swelling phenomena occur?
—  Will the expanding phenomena be intense?

—  Which is the convenient excavation and building methodology to avoid or mitigate the

development of swelling?

—  Which values of maximum swelling pressure against the lining have to be considered in

the design of the resisting cross sections in tunnels?

All these questions must be answered in order to build safety infrastructures and to avoid
expensive overdesigned structures. However, it is not possible to answer those questions if the
fundamental mechanisms that lead to expansions are not well known. The economic impact of

these questions is very high.

The knowledge on the mechanisms involved during the development of swelling and the
conditions in the rock mass leading to the triggering of the phenomenon will probably allow
defining practical criteria valuable for the identification of the swelling potential from field
investigation, for the design of tunnels and foundations and for the definition of construction

procedures to minimize or avoid the development of expansions.

A Dbetter knowledge of the fundamental mechanisms of crystal growth is also required to
develop computational methods useful for predicting the occurrence of sulphate-related
swelling phenomena, quantifying its intensity and selecting design and construction processes

to avoid or resist swelling deformations and pressures.

1.2 Objectives of the Thesis

The analysis of the existing knowledge on the phenomenology of expansions in anhydritic

gypsiferous claystone prior to the Thesis allowed extracting that:

— The phenomenon of expansion is well described in tunnels built through these materials
due to the reported cases in the literature form Central Europe, and also thanks to the



Chapter 1

wide instrumentation installed in Lilla tunnel and the characterization performed on the

materials crossed by the excavation in Lilla.

There is a certain indication that precipitation of crystals explains the swelling in

sulphated rocks.

However, a number of gaps related to the phenomenology of expansions in sulphated

claystones, which still haven’t being clarified, exist, as mentioned before, and demonstrate

that it is worthwhile to investigate further this subject.

121

a)

b)

1.2.2

Gaps found in the available knowledge
Gaps in practice

Although the swelling phenomenon in Lilla tunnel could be described well thanks to
field observations, the phenomenon couldn’t be predicted. No methodology existed for
predicting the occurrence of swelling, with the extreme severity observed in Lilla,
from the results of a usual field reconnaissance programme (and from the associated

laboratory tests).

A relationship between the measured extreme expansive phenomena at floor level and
the large swelling pressures against the lining in Lilla, and the information collected

during the field investigation prior to the excavation could not be established.
Gaps at theoretical level

Predicting and quantifying tools for swelling didn’t exist; therefore the development

of a general swelling model was needed.

The modelling of swelling phenomena requires the formulation of each of the
mechanisms involved in the development of expansions and the conditions leading to

precipitation of crystals.

Detailed objectives of the Thesis

The previous comments guided the definition of the objectives of the Thesis. The main

objective of the Thesis is to develop methodologies for the prediction of the occurrence of

swelling in the excavations when sulphated rock masses are involved. These methodologies
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should be able to be applied by designers and contractors dealing with excavations in these

materials.
The Thesis will pursue the following specific objectives to achieve the main goal:

- Identify precisely the mechanisms that take place during the development of swelling

phenomena related to sulphate formations.
— Identify the conditions triggering the development of expansions.

- Estimate the maximum pressure that could be exerted by expansions induced by

precipitation of crystals.

- Develop practical criteria for the prediction of both the development of swelling
behaviour and the estimation of the intensity of expansions from a field geotechnical

reconnaissance.

- Develop a general theoretical model for simulating precipitation of crystals and the
resulting swelling deformations and pressures consistent with field and experimental

observations.

- Develop a general computational tool which could be used at design as well as at

construction and operation stages of a given infrastructure involving sulphated rocks.
—  Validate the model developed against the real case of heave of Pont de Candi Bridge.

- Understand the phenomenon of massive sulphate attack to large embankments and its

effect on structures such as bridges.

1.3 Methodology applied in the Thesis

The search for criteria to estimate swelling risk and the identification of the mechanisms
involved in expansions, related with the presence of gypsum and anhydrite in the rock mass,
has been conducted along two ideas: the collection of case records showing the presence or
absence of swelling phenomena in tunnels in sulphated formations in Central Europe and in
Spain; and the detailed field investigation of the recent experiences of swelling problems in
Lilla tunnel and heave of the Pont de Candi Bridge. Investigations in Lilla and Pont de Candi
have led to a modification of some commonly accepted swelling mechanisms in sulphate

rocks. Alternative processes have been observed in the field and in the laboratory. It was
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thought that understanding their origin may result in better identification criteria, improved

designs and in more efficient remedial actions.

The first case, Lilla tunnel, was investigated in detail in research works carried out at the UPC
previous to the present Thesis. These works have consisted in a Doctoral Thesis performed by
Ivan Berdugo ( 2007), and three Geological Engineering final degree Thesis performed by
Daniel Tarragd (2006), Alex Plaza (2008) and Amadeu Deu (2008). In the present Thesis the

outcomes of these works have been analysed and reviewed.

Lilla tunnel offered a good opportunity to solve the uncertainty in the development of
swelling when anhydrite and gypsum are present. This is a case with excellent data in the
tunnel itself but the few information on the rock mass that could be related to the
heterogeneous occurrence and intensity of swelling found along the tunnel was limited. A
new field investigation has been performed to give some insight, in particular, to the different
behaviour observed along the tunnel, but also to the observed fact that the presence of gypsum
and anhydrite in the rock mass does not automatically lead to the development of swelling
phenomena in tunnelling. The new field investigation consisted in the detailed analysis of two
boreholes drilled from the natural ground surface at different locations along Lilla tunnel. One
borehole was placed at a position where high expansions were detected and the other one was

drilled in a stretch where no significant swelling was observed.

In addition, the behaviour of the tests sections and the performance of the final reinforced
circular cross-section in Lilla tunnel, including recent measurements, have been analysed to
obtain practical criterion for the design of cross-sections in tunnels with a risk of development
of expansions. The fracturing and mineralogy along the length of the tunnel and the rainfall in

the area of Lilla tunnel have been taken into account in the analysis.

The second case investigated, the heave of Pont de Candi bridge, was detected recently, some
years after the case of Lilla tunnel. The engineers in charge of the viaduct provided the
opportunity of defining a wide investigation programme during this Thesis to study and
analyse the expansions resulting in the heave being experienced by the bridge. The initial
research campaign performed in the area of the bridge was widened in several occasions and

the new results were interpreted.

The observed development of swelling deformations in depth in Pont de Candi bridge,

challenged the initial explanation for the swelling phenomena related to crystal precipitation
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in Lilla. It became clear that evaporation of sulphated water couldn’t occur at the deep active
expanding layer in Pont de Candi bridge. The field investigations in Pont de Candi provided
remarkable information on the development of swelling, and resulted in an alternative

interpretation for the mechanism leading to expansions.

A revision of the published work on the precipitation and dissolution of gypsum and anhydrite
crystals has been performed. It was concluded that precipitation of gypsum is possible without
evaporation when anhydrite is present. Saturation conditions of sulphated groundwater have
been also verified by means of simulations of the chemical composition of natural

groundwater.

The development of swelling pressures due to crystal growth has been studied under a
thermodynamic point of view and provided the estimation of upper boundary values of

swelling pressure.

Once the mechanisms involved in expansions were identified, they were formulated and
included in the general Thermo-Hydro-Mechanical (THM) framework offered by the
available code of the program CODE_BRIGHT (DIT-UPC, 2002) for general THM coupled
analysis in porous media. In addition, some modifications of the balance equations had to be
done. The literature review performed on crystal growth and the processes of dissolution and
precipitation of crystals allowed formulating kinetic equations for describing the precipitation
and dissolution of anhydrite and gypsum crystals, taking into account the pressure acting on

crystals.

The instrumentation installed in the area of Pont de Candi provided the evolution of heave and
deep expansions over time necessary for the simulation of heave of Pont de Candi bridge. The
boundary conditions in the rock mass of Pont de Candi bridge have been simulated, as well as

the development of expansions.

The real cases of cement stabilized railway track bases and Pallaressos embankments have
been analysed to investigate the development of swelling behaviour due to growth of
ettringite and thaumasite crystals in artificial soil affected by high sulphate content. A field
and laboratory investigation campaign was designed. The laboratory campaign proposed has
consisted not only on standard tests. Original procedures for sample testing have been defined
in view of the heterogeneity of the material in the cases studied. A literature review on the

chemical description of sulphate attack processes and on reported real cases affected by
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sulphate attack has been performed. The swelling pressure exerted by the massive expansion
of the embankment has been estimated by modelling the heave measured at the surface of the
embankments. The chemical interaction at the interface between the cement and the

compacted soil has been studied through geochemical calculations.

1.4 Content and organization of the Thesis

The content of the Thesis is organised in nine Chapters as follows:

Chapter 1 constitutes the introductory Chapter of the Thesis and Chapter 9 is the closing one.
The main work carried out along the Thesis research is described in Chapters 2 through 8, and
partial conclusions derived from the work described in each particular Chapter are presented

at the end of them.

Chapter 1 describes the motivation and interest of the Thesis. Then as an introduction for the
objectives of the Thesis, the gaps in knowledge related to expansions in sulphated materials
are described. The content and organization of the Thesis in Chapters is detailed and the
relevant publications derived from the research work performed during the Thesis are

presented.

Chapter 2 describes the presence and the main characteristics of sulphated rocks in Central
Europe where several tunnels affected by expansions have been reported in the literature. A
summary of the expansive behaviour observed in Central Europe is presented. The Chapter
includes a review of the calcium formations present in Spain to highlight the wide presence of
sulphated rocks existing in Spain and therefore the potential risk of development of swelling
affecting infrastructures. The Chapter ends with a description of the current alternatives to

design tunnel lining in expansive sulphated rocks.

Chapter 3 describes the extreme expansive phenomena occurred in Lilla tunnel. The
geological framework, design and construction of the tunnel is described, as well as the
chronology, the characteristics of the expansions observed and the ground properties found
during field and laboratory investigations. Some observations made in cores, relevant for the
understanding of the mechanisms involved in expansions are also described. Then, the
performance of different cross-sections built, including testing sections and the final
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reinforced circular cross-section is analysed from the measurements obtained by

instrumentation.

Chapter 4 concentrates on the case of heave of Pont de Candi bridge. The design of the
bridge; the geological background of the location of Pont de Candi and the geotechnical
properties obtained from initial geotechnical field reconnaissance at the bridge design stage
and from the new investigations defined once the heave was detected, are described. The field
investigation designed to give insight in the development of heave is described and the results
are analysed. In-situ tests results and observations found in recovered cores, that provided an
explanation of the expansions occurring at depth, are highlighted in the Chapter. The remedial
measures performed to counteract the heave and the response of the expanding deep

phenomena are described at the end of the Chapter.

The description of swelling mechanisms due to gypsum crystal growth and the analysis of the
factors triggering expansions in sulphated materials are collected in Chapter 5. A series of
situations and characteristics of the rock mass that may eventually result in, or trigger, severe
expansive phenomena are identified from a review done on a number of tunnels crossing
gypsum formations in Spain and Central Europe. Also, a detailed analysis of the cores
recovered from two boreholes drilled close to the position of Lilla tunnel at two locations
experiencing either high or no expansions provided additional information. The explanation
of swelling phenomena given by several authors that report expansions in tunnels in Central
Europe is reviewed, and a different interpretation of the mechanisms dealing to expansions is
suggested in this Chapter. Plausible scenarios for heave and swelling in Pont de Candi bridge

and Lilla tunnel are set out.

Chapter 6 describes the studies performed to evaluate theoretically the pressure induced by
crystal growth. Relevant aspects are the role of interfacial pressure and pore structure on

crystal growth and soil expansion.

Chapter 7 describes the model developed capable of simulating gypsum crystal growth
processes and swelling behaviour. The formulation is detailed in Appendices included at the
end of the Chapter. The method is applied to the modelling of Pont de Candi bridge heave and
expansions at depth. A sensitivity analysis on the model parameters is included in the
Chapter.

12
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Chapter 8 concerns the swelling mechanism in sulphated materials induced by ettringite and
thaumasite crystals. The Chapter concentrates on the analysis of massive sulphate attack to
cement treated railway embankments and track bases made of compacted clay. A review of
the phenomena of sulphate attack reported in the literature is summarized. The design of the
railway embankments and the initial observed development of damage are described. The
research work, and field and laboratory investigations defined to study the problem are
presented and the results obtained are analysed. The geochemical calculations performed
allow a deeper understanding of the sulphate attack reactions in the treated clay materials. The
Chapter describes also the modelling of the heave observed at the embankments, the stress
response of the embankment and the pressure exerted against bridge abutments. The remedial

measurements performed are briefly summarized.

Chapter 9 points out the main conclusions derived from the research and propose future

research work.

1.5 Papers published during the development of the Thesis

The research work carried out in the Thesis has resulted in the following publications:

Journal papers:

Alonso, E. E. and Ramon, A. (2013). Heave of a railway bridge induced by gypsum crystal
growth: field observations. Géotechnique 63, No. 9, 707 — 719,
[http://dx.doi.org/10.1680/geot.12.P.034]

Ramon, A and Alonso, E. E. (2013). Heave of a railway bridge: modelling gypsum crystal
growth. Géotechnique 63, No. 9, 720 — 732, [http://dx.doi.org/10.1680/geot.12.P.035]

Alonso, E.E., Berdugo, I.R. and Ramon, A. (2013). Extreme expansive phenomena in
anhydritic-gypsiferous claystone: the case of Lilla tunnel. Géotechnique 63 No. 7, 584 —
612, [http://dx.doi.org/10.1680/geot.12.P.143]

Alonso, E. E. and Ramon, A. (2013). Massive sulfate attack to cement-treated railway
embankments. Géotechnique 63, No. 10, 857 — 870,
[http://dx.doi.org/10.1680/geot.SIP13.P.023]
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Chapter of a book:

Alonso, E., Ramon, A. and Berdugo, I. (2011). Tuneles en terrenos expansivos. Chapter of the
book: Manual de tlneles y obras subterraneas. pp: 1097-1154. Universidad Politécnica
de Madrid (UPM). ISBN: 978-84-96140-36-3 Legal deposit: M. 16.764-2011.

Papers published in Conferences, Symposiums and Workshops:

Alonso, E. E., Berdugo I., R., Tarrago, D. & Ramon, A. (2007). Tunnelling in sulphate
claystones. Invited Lecture. Proc. 14th European Conference on Soil Mechanics and
Geothecnical Engineering, Madrid, 1, 103-122.
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claystones. Lessons learned from a case study. In: Proceedings of the 19th European
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carreteras y ferrocarriles”, 1-40. Chapter of the course syllabus “Terraplenes y
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