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CRYSTAL GROWTH UNDER BRIDGE FOUNDATIONS
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ABSTRACT. A high-speed railway viaduct experienced a sustained hetalvigh rates after its construction. The pi
of the bridge are founded on an Eocene hard artiordsipsiferous claystone by means of massive foundstibiel
investigations identified an activayler below the piles’ tips where expansions oceua gesult of gypsum crystal gro
in discontinuities from supersaturated aqueoustisnis. The construction of the bridge is supposelaive triggered tl
swelling mechanism. An embankment, partially fdfithe valley, was built to slow the heave raf&e presence

soluble gypsum and anhydrite and inert materialsossidered in the model developed to reproduceotigerve
expansive mechanism. The formulation describeskitretics of dissolutiorand precipitation of minerals and the indL
swelling strains by crystal growth. The calculateshve is compared with the field loteym vertical displacemer
measured before and after the construction of afilea@kment. A sensitivity study is also reported.

and gypsum, also of Eocene age, which was judgedgst

1. Heave of Pont de Candi viaduct enough to support the large diameter piles. A omiotiis
P . . horizontal gypsum layer (0.6-2 m thick) divides ttesl
EAOT; _((jjeBCan?l wa?uct_belsongs t(_)”;[he hlgr:—sptgédﬁgl claystone unit into an upper and a lower level. Thper

b z_ad l _f' qrcr:e zn"?‘ |r3e||n ZOpOaZmIThe c_orgjs rLth_lonl cht claystone level presents high gypsum content. Ariteyd
riage ninisned n July : € viaduct 1S 10Cale o5 hot detected in this upper level. In sharpresttthe

giggreii?mecaaﬁg sl\\/livaeg?lri?]gtltjjre]\rr]nez!\gznqrhl_elIlgri(tjlélr:engtslvawg%wer claystone unit below the thin continuous gyps
length of 413 m divided into 10 spans (35 m: 8 xand layer has high anhydrite content and an increasedgth.

34 m). The continuous deck has a box cross sewiitina The sustained heave rates measured at the structure
thickness of 3.5 m. The deck is supported by @&ysl(P1  Were incompatibk_e with the expected circulationtnaips _

to P9) with a maximum height of 56 m in the cemtf¢he at h|gh speeds in excess of 300 km/.h. A monitoring
valley. Figure 1 shows a general view of the bridige Campaign of the structure and the subsoil was leeah¢o
December 2007. Each pillar is founded by means of Ynderstand the reasons of the vertical displacesment
massive foundation consisting of a group of 3 xoBed ~ OPserved in the bridge.

piles, 1.65 m in diameter and 20 m long on average.

capped by a rigid slab as shown in Figure 2. Thektiess
of the pile cap in pillars P3 to P8 is 3.5 m.

Systematic levelling of the railway tracks, carrieat s
by the railway administration since the end of the S
construction, revealed that the four central pillaf the
bridge, especially pillars P5 and P6, were expeimgna
sustained heave. The topographic levelling of thecture
showed that in the period from September 2002 ty Ma
2007 a maximum vertical displacement of 20 cm was
reached at deck level between pillars P5 and P& Th
heave measured at the structure evolved at higks rat =
ranging from 5 to 10 mm/month. 2

The valley where Pont de Candi viaduct is placed is ) o
located in the eastern boundary of the Ebro river Figure 1. General view of Pont de Candi Bridge in #2207
depression. The valley is the result of intenseotéc
activity, which resulted in faults and folded s&at
Sediments belong to old Tertiary formations. Thibeyais 2. Field investigations

covered in its central part by a 5 meters thickad#pof  Telve boreholes with continuous recovery of cores

soft alluvium and colluvium soils. These Quaternaryhere drilled along the axis of piles of the foutiokes of
deposits overly a 15 m thick layer of brown clay®la the four central pillars to study the state anditiegrity

gypsum levels of Eocene age. Below, there is agnamtl  f the foundations. The boreholes penetrated anfeters
claystone formation with variable contents of anftgd hio the natural ground below the tip of the pilé
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cavities were found along the piles. The studyhefwalls
of the boreholes revealed the existence of a fradtuthe
contact between the pile cap and the pile in almtghe

piles investigated. The presence of the crack wakeave phenomenon did not stabilize,

interpreted initially to be the result of a shallewpanding
layer located below the pile cap and exerting dngll
pressures against pile caps while the pile shaftsamed

firmly anchored at depth in the hard claystone. An

alternative and more consistent explanation is rgiire
Sauter et al. (2012)
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Figure 2. Geological profile along Pont de Candidii&t.

The investigation of water levels, by means of apen
tube piezometers, wells and excavated trencheseén t
bridge area indicated that a relatively shallow egattic
level, 5 m deep, exist at the lower part of theleyal
crossed by the bridge. A deep water level in thpeup
gypsiferous claystone was also identified.

Continuous and rod extensometers up to 60 m lon
were installed inside boreholes in the area betvpditars
P3 and P7 in order to study the behaviour of thesailiin
depth. Continuous extensometers recorded thatasicrg
upward vertical strains were developing at deptham
active layer, 9-15 meters thick, located below tipeof
the piles, under the gypsum level, within the amhiyd

located 30 m away from the viaduct, near pillar Pbe
evolution in time of the measured heave at the mplou
surface level followed a linear trend, and indidateat the
and it even
accelerated in some areas.
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Figure 3. Vertical strains measured by sliding mitreterSL-1.

Pillar 3 Fillazs,
. Ground surface
310
1X5 lX.E
7 AN sp7
SL1 IXD IXB o .
290 SE_LSMI\. IX6 / fixe XA Pillar?
£ Pillar 4 SL-SPSbis " pijjar ¢ SL-SPEbis S5
£ i SL-SP6
‘g 270 Pillar 5 °
IRt R
m i ]
250 —————|—~\;'£ T | ‘ i
T e 9
\\Approximate limits
230~

: Incremental extensometer of active zone

: Sliding micrometer

: Swelling recorded

. Swelling probably occurs
" at deeper locations

claystone. No significant movements were measuted a

shallower or deeper levels (Figure 3). The measerntsn
of different extensometers allowed to estimatepthstion
of the expanding active layer along the axis ofwiaeluct
(Figure 4).

X-ray diffraction analyses were performed on samsple

Figure 4. Longitudinal section along the viaductveen pillars
P3 and P8. The location of the active expandiygias shown.

The similarities between the vertical displacements
measured on the viaduct and the heave measurdw at t

recovered from different depths along the length ofround surface along the axis of the bridge in ghme

several extensometers. Profiles of anhydrite arfsgy
content in depth were obtained. The comparison dmtw
the vertical distribution of anhydrite and gypsuontents
with recorded swelling strains showed that swellnas
directly associated with the presence of anhydiMe.
swelling was recorded if only gypsum was present.

The expanding phenomenon resulted not only in th
heave of piles and the viaduct itself, but als@ iground
heave which could be measured by a network of sarfa
topographic marks that covered an area 200 metigls w
centred along the axis of the viaduct. In gendralmost

period of time were in agreement with the fact ttree
heave of the bridge was due to the swelling lageated
below the tip of the piles of the central pillafs.semi-
analytic analysis verified that the cracks in trep-pile
contacts observed in borings performed through some
piles were the result of the development of a non-
omogeneous heave displacement of the piles belgngi
0 a pile group (Sauter et al., 2012).

In order to investigate the structure, the existeat
fractures and the connectivity of discontinuities the
active expanding layer, a hydraulic cross-hole cEgp

significant heave were measured in an area aroned twas performed. Four hydraulic cross-hole tests were

central pillars of the bridge. In 5 months a maximu

performed on 3 boreholes, 50 m long, situated im@a

heave of 45 mm was measured in a topographic mamlth hlgh heave located downstream of plllar 5. &s
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reference, continuous extensometers in this adieated al. (2002) describes the spontaneous precipitabbn
the existence of an active layer, 14 m thick, whégtends gypsum from the supersaturated solutions in eqiuilib
from elevations 246 to 260m. In order to perforne on with anhydrite crystals in suspension in the soluti
cross-hole test 3 stretches were isolated by mefiwgo  There is no need for a pre-existing gypsum cryg&ial
packers separated 7 m on each borehole. Fourionect further gypsum crystal growth, although the preseot
tests were performed by injecting a constant flawe rof  gypsum crystals facilitates gypsum precipitatioiguFe 6
water in the central section of one borehole. Packere provides the variation of anhydrite and gypsum
lowered in steps for each successive test in otder solubilities in pure water with temperature. Sinde
investigate the response of the claystone at differ solubility of anhydrite (CaSg) is higher than the
depths. During the injection tests, the water pness solubility of gypsum (CaS©H,O) below 56°C, water in
were measured in time in thex33 = 9 stretches isolated contact with the anhydritic claystone will tenddissolve
in the three borings. anhydrite, supersaturation conditions with respézt
The analysis of the results of the cross-hole hylira 9YPSUm will be reached and the excess of dissolved
tests showed that the active expanding layer hagbem  Calcium sulphate (CaSP will tend to precipitate in
of open hydraulically connected horizontal discoutiies. ~9YPSUM crystals. This mechanism may lead, in timéhe
No hydraulic connection could be established iresigal ~ ransformation of all available anhydrite into gyps if
direction. An average (horizontal) permeability of Water in contact with anhydrite mineral exists.
2-10°m/s was calculated at elevations 2883 m. Very

low values of horizontal permeability were foundoab '5? 0.025

and below the active zone. The recovered cores fham g Anhydrite

boreholes presented an increased fracture densigpths = 0,020

of 22.5-35m. At higher depths the cores were massiv 2 B Gypsum
50

3. The swelling phenomenon § 0.010—

The cores recovered from the boreholes performethéo % 0.005 |

installation of extensometers and for the crosg-hebts §

were studied in detail. Presence of gypsum cryggtaivth S 0 T | T T

was observed on some open discontinuities in thenmh 0 40 80

recovered from depths corresponding to the active Tenpartue {*C)

expanding layer. Two different morphologies of gyms
crystals growth were found: gypsum crystal growth i
needles was observed on open discontinuities, afigirti
clogging the open fractures, oriented in a directio
perpendicular to the plane of the discontinuityd ahin

Figure 6. Equilibrium concentration of Cag@ calcium
sulphated water with respect to anhydrite and gypsum.

The swelling phenomena present in Pont de Candi has
d een also observed under the invert of Lilla tunnel
and warped sheets of gypsum embedded in the rOé(;}(xcavated near Pont de Candi bridge in an Eocene

matrix (F'g“_re 5). ) o ~ sulphated claystone formation (Alonso et al. 20E2)d
These field observations indicated that the swgllin 550 in other tunnels excavated in Triassic claysto
detected in the active expanding layer could batedl formations containing sulphate species in Centabfe.
with gypsum crystal growth and that the presence oOfyperience in tunnels indicate that the active egpay
anhydrite plays an important role in the expandingone is located under the tunnel floor, where tighdst
mechanism. stress release is experienced and therefore thestigisk
A e of opening new or existing discontinuities occurs.
P o Precipitation of crystals occurs more easily if som
“open” space is available. Pores of claystonesigeoan
extremely reduced space and water flow is essbntial
restrained through them. But joints provide a more
favourable environment for crystal growth: the “ope
space increases dramatically, as well as the pdititga
A conceptual representation of this interpretatin
illustrated in Figure 7. Swelling will be contraflenot
only by the total mass of the precipitated gypswhi¢h
may occur at a distance from the source of anhgdrit
dissolution) but also by the geometry of precigitht

Figure 5. Gypsum crystal growth in recovered cdrem crystals and its interaction with the surroundiniy/sock.
boreholes at depths corresponding to the activeray needles The hydraulic cross-hole tests performed revedied t
filling partially a discontinuity, b) laminar gypsui crystal existence of horizontal hydraulically connectedctfuaes

growth developing inside the clay matrix in the active layer which provided the necessargnop

o space for gypsum crystals to grow and also confirthe
Gypsum crystals precipitate from supersaturate@mwat presence of circulating water. The process of pitation
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jacking effect pushing apart the rock mass, capalble 0
opening discontinuities and inducing swelling stsai a(ps(l_fa_ C"anh_(”gyp)) +
U )
/\/ 3 +U [E(ps (1_ O~ Papn— (”gyp))a} =
Precipitation /
Precipitation ( )
0\ PaypPayp K du]_dmy,
\ ot +U [%(pgyp%yp)a_ i (2)
’ ANHYDRITE GYPSUM ;
N\ k 0( PantPanh) dul_ dm,
I Anhydrite %-F O [](panhqaanh)a = dtnh (3)

m

' Gypsum crystal growth

The first equation describes the mass balance ef th
insoluble clay. It is the classical equation forsmbalance
of solid phase in standard soils, pgy, andpan are the
Hlensities of the insoluble minerals, gypsum anddrite,
andu is the displacement vector, which is accepted as a
unique field for the porous medium. The rates of
precipitated or dissolved mass of gypsum and aiitieydr
(dm/dt) are introduced in the mass balances oftthegble
solid phases (gypsum and anhydrite) described in2Eq
and Eqg. 3. Combining the three equations and aiccept
that the densitiesps, pgyp and p.nn are constant, the
variation of porosity in time becomes,

D du 1d 1d
An embankment 33 m high over the lowest elevatibn o —Stw:(l—(p)Dtéal— r;btyp - r:inh (4)
the valley was built partially filling the valleyf ®ont de Payp Panh
Candi viaduct from October 2009 to August 2010.sThi Ds(') d(-) du
remedial measure was inspired by the belief thptyam WhereT:d_+d_
vertical stress on the active layer would redueerdte of t t t
heave and eventually would be able to eliminatdlite Eq. 4 indicates that the variation in porosity imet
rate of measured heave on the structure after theas two components, the volumetric strain ratedediby
construction of the embankment decreased. Slidingolid displacements and the volumetric strain iradeiced
micrometers measured a decreasing rate of vesigihs Dy the precipitation or dissolution of crystals.
in the active layer after the construction of the The kinetics of precipitation/dissolution of gypsum
embankment. Compressive strains were also measuredand anhydrite are described by means of two mass ra
the layers above the active layer some time after t equations with the same structure, one for eaclemainin

Figure 7. Conceptual model for gypsum precipitation

The development of the swelling phenomena in dept
is thought to be associated with the constructibrthe
bridge. The boreholes drilled at the beginning loé t
design stage and the construction of the piles ected
the upper aquifer with the deep fractured claystdrre
water entrance into the horizontal open fracturiggéred
the swelling phenomena.

4. Remedial measures

[0(s) is the material derivative.

application of embankment loading (Figure 8). the case of gypsum kinetics:
5. Model formulation 2 7
Th . o dMyyp - o _

e swelling phenomenon has been formulated within r OKE gyPaynl (5)
general framework of hydro-mechanical analysis for L a{s:t,gyp( ,p)
saturated and unsaturated porous media. The niateria
involved in the swelling mechanism is not a staddar
material. The formulation of the specific problenfi o a{"—cqm
swelling due to gypsum crystal growth has to taht® i where = satop (6)
account the presence of gypsum and anhydrite, wdnieh P ‘(4“ - a{“‘

sat, gyp

soluble minerals, apart from the insoluble clay endts.
The model needs to follow the transport of solkso
the processes of dissolution and precipitationuiptsate ~ Where, of" is the mass fraction of dissolved sulphate in
minerals and its mechanical and hydraulic effeetsehto  water. The precipitated or dissolved mass of mingra
be described by the formulation. time depends on: the “degree” of superasaturation o
A porosity is defined for anhydrite and gypsumundersaturation, the volumetric fraction of mineral
crystals,ann and @y, Which describe the fraction of total Crystals, ¢ and gy, the specific surface of crystals,
volume occupied by crystals. The mass balance lid so (N of crystal surface/fnof crystal) and a rate constant
phase now requires three balance equations, oneatdr  (kg/(s-nf)). The equilibrium mass fraction of calcium
solid Species (the insoluble solids and the So|gb|@5um Sulphate in water at saturation conditions WItl’p&E‘.’s to
and anhydrite minerals): gypsum (a{S“at gyp) and with respect to anhydrite are
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considered dependent on temperatufe,and on the
prevailing pressure acting on crystgts,as described by
Scherer (1999):

eX &
il

where,v is the molar volume of the cryst& is the ideal
gas constant, andT is the absolute temperature.
Temperature was constant in the case analyzed.wdss
probably the situation in the active region beltw pile’s

tip.

—_ m
o, =y,

(7)
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Figure 8. Evolution of the integral values of vedi strains
measured between pillars P6 and P7 by an slidingamnieter.

maﬁﬂté%}wmtﬁmﬁq -DO ") =

z_d"byp[l_ﬂafnJ_d”Anh(l ]

dt Payp dt

In this equation the produgh «f” is the concentration of
sulphate in water in units of mass/volume. The term
DO " accounts for the diffusive rate of flow following
a Fick's law. D is the diffusion coefficient. The
precipitation and dissolution of sulphated minerate
treated as a source or sink of calcium sulphaigesol

This formulation was included in the Finite Element
program for coupled thermo-hydro-mechanical analysi

porous media CODE BRIGHT (DETCG, 2010 and DIT-
UPC 2002)

_Aq"
panh

(10)

6. Simulation of Pont de Candi expanding mechanism

A column 15 m wide and 55 m long of the foundation
material at the central pillar of the bridge (P®stbeen
modelled under plane strain conditions. Figure 8wsh
the geometry of the model. The active layer, 15hiokt
was included at the position estimated by the rajdi
micrometers. Below and above the active layer tikis

Gypsum precipitation incorporates molecules of watenon expansive. The column of foundation materiak wa

in its crystalline structure. This process is takato
account in the source/sink term of the mass baladce
water equation.

The mechanical effects of gypsum crystals predipita
are taken into account in the momentum balancehef t
medium. The strains induced by precipitation of gyp
are calculated from the amount of precipitated mauof
gypsum and the prevailing stress acting on crystals

dg _ y dmyy,
dt oy, dt
1=Vertical (z) ; 2, 3= Horizontal (h)

, i=1,2,3 ;
(8)

The parametey; is a coefficient that takes into account
the effect of the stress applied on crystals onstingins
induced by precipitation.

Vi = Ve ™ for 0,>0,i=1,2,3 (%)

Vi = Vnax for 0, =0,i=1, 2, 3 (9b)
A given volume of precipitated crystals is expected
induce higher swelling strains under a lower cdnfin
stress.

assumed to be confined laterally. An inert matewals
used at both sides of the column to facilitatede@nition

of the flow boundary conditions. The horizontal vilo
conditions in the active layer were reproduced.hfeptic
level was defined above the active layer and azbatal
flux of water was imposed in the active zone. The
fractured and highly permeable sulphated claystoas
modelled as a porous material with high porositQ9).

Phreatic level

\Q&

$>,
i B

The model needs to keep track of the minerals

dissolved in water. Dissolution of anhydrite ancgym
results in calcium sulphate solute (CapOTrhen, one
equation for the mass conservation of solute imédated
for calcium sulphate solute transport:
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Figure 9. Finite element model geometry.

The initial mineral porosities were approximateolnfr
observations in recovered cores. The compound ikinet
coefficient, o.-x, was back calculated by matching the
swelling records with the calculated heave. Therdwytic



characteristics of the material were defined byittigal  located below the tips of the piles originated shstained
open porosity and the intrinsic permeability. Tiniial  heave of the structure and also of the ground serfa
open porosity (0.09) was higher than gonventei’onal The swelling process is related with gypsum
porosity to account for fissures. The permeabiiit?-10°  crystallization in fissures. The crystallizationgypsum in
m" found in the cross-hole hydraulic tests was adbfie  giscontinuities produces a jacking effect pushipwards
the intrinsic permeability in the active layer. Agotropic  the soil and rock layers above the active zonayelsas
linear elastic behaviour was considered for theen®itof  the pridge pillars. The hydraulic connection in detive
the column. The initial state of stress was givgrah at expanding layer, revealed by hydraulic cross-helst
rest earth pressure coefficierg=%. explains the presence of water and the existence of
The comparison between the calculated heave at thHiactures, necessary for gypsum crystal growth.isit
surface of the column and the evolution of the keavbelieved that the set of boreholes and foundatibes p
measured by topographic levelling at the groundaser connected the upper aquifer with the deeper fissure
level is represented in Figure 10. The verticaias due anhydritic claystone, triggering the swelling phememon.
to crystal growth only occur in the active layerdathe Heave rate was reduced to a small value by thehieig
material located above the active layer is pushmuands. added by an embankment 33 m high which partially fi

The calculated vertical displacements reproduced ththe original valley.

field heave records in the four years period medellrhe A model was developed for simulating the expansion
construction of the embankment was simulated with bin sulphated rocks due to gypsum crystal growthe Th
applying a loading at the upper boundary of theuew. presence of soluble sulphated minerals and thercsme
The model reacts to embankment construction and thaf precipitation and dissolution of crystals haveeb
calculated vertical displacement reproduces thdd fie considered in the formulations. The sensitivity Igsia
measurements recorded after the “construction” hef t performed indicated that the initial anhydrite ajgbsum
embankment (t=924 days in Figure 10). content, the concentration of sulphate in equilitriwith
respect to gypsum and anhydrite and, especiallg, th
confining stress have a relevant effect on the laveel
strains calculated in the model developed. A sitiataof
the conditions in the foundation material of Poat@andi
has been performed. Measured heave is reproducttby
model. The tool developed is believed to constituttep
forward in the analysis and prediction of swelling
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Figure 10. Measured and calculated surface heave.
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