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Introduction [T —— N P E]
w P B

A large amount of tunnels in Baden-Wirttemberg g [emeno BE
(Southwestern Germany) are located in outcrops and buried 5 5 = =
formations from the Keuper (Triassic - Germanic Basin). £ 5 [wmnenes °]3
Expansive phenomena have been observed in some of  § * aunica D & [oraran N
these tunnels, specifically in stretches excavated through - - @) 2 =
anhydritic-gypsiferous claystones from the Mitlerer £ , o H e =3
Gi s . 2 : £ [ omars =3
is clearly illustrated in table 1, which indicates the location + I
of roadway and railway tnnels within the Keuper. The Tan . ome  weme ay wan S [umen <|8
swelling behavior of the Mitlerer Gipshorizont has caused T w =3

unnel Figure 1. Classc interretaton of swellng mechanisms in
st inverts of tunnels with resisting supports. anhydritc-gypiferous claystones prescnted on an orginsl u =3
prssrsagist nerts of el with esising upport psierous clysonespreene e
ccurrent damages and failures in both drainage systems B BB
and conerete flat-slabs and invert-arches have been it = =
necessary coninuous repair measures and reinforcements.  geological and geotechnical studies of the Gipskeuper | = B
The swelling potential of the Gipskeuper in general -and ~ d¢Veloped in Germany: i “ <|3
the Mittlerer Gipshorizont in particular-, has been studied The investigations by Sehlenker (1971) and Lippmann 3 [spunimssmmseon @ o
1976) focused on the quantitative mineralogical composi- : 2
deected In Weinsberger tumnel, Kappelesberg el 310 o lthe Cipebonper bost s esealed he seourines 5 | ums omaston . clels
the 199 century. high contents of interstratified expansive clayey minerals £ [wonorasoon w o |¢
rock deformation patterns i these cases were described in O the other hand, the studies by Rauh & Thuro (2006) H 3
detail by Binder (1864) and Schachterle (1926, 1929). Latet,  and Rauh et. al. (2006) showed the dependence of the ol i Y hd H
anhydrite swelling potential on their textural form, 2 [ awaoaptn w ERE
Tong-term measurements of heaves and swelling pressures  emphasizing the importance of the surface available to 215 rak!
burg Tunnel iirstwihwaer o the scling mecaniss o i ype Y ki I
periods since 1943 until 1992 (Krause & Wurm, 1975, Krause,  of rock. With regard to laboratory tests. long-term o NEIS
1976, Wichter, 1985 Nagel, 1986 Paul & Wichier 196, Cxpunans withot i1 o aenuaion ca be obseved - o
Paul & Walter, 2004), in the test gallery of Freudenstein  in both free swelling tests and swelling pressure tests on g |fanms I
wnnel between 1987 and 1998 (Kirschke, 1987; Fecker,  undisturbed samples recovered from the Gipskeuper in HEeTh BB
1992: Wittke-Gattermann, 1998; A * Wagenburg tunnel (Henke, 1976) and in the test gallery S =
in the test zone of Heslach I unnel between 1987 and 1988 of Freudenstein tunnel (Kirschke, 1987; Kirschke et. al g [Cmeen bl
(Wittke. 2000) and in their operative tube between 1991 and 1991), as shown in figure 2. Similar results are reported by = [omammn NEH
2003 (Wittke, 2006). Inall of these cases heaves and swelling  Pimentel (1996), who used a protocol of swelling under H =
pressures cvolved at high rates and without signs of  loading on undisturbed samples from the Gipskeuper. i il
senuation Nowadays certainly there s an clevated knowledge on & [fmemnuras I

Since the comprehensive studies on swelling of the mineralogical composition of the Gipskeuper and on 2 [ HEE
suphat-bering ocks were published by Sabares (1961) e phenomenolog of their svellng behavor. However. H ra b

cen generally aceepted that two uncoupled ihi situation i ot inaercment with the undersanding of -l adsiaiad ]

h when y the mechanisms behind the swelling. The “physical A . :
are soaked: (i) a short erm “physical swelling” ~due tothe  swelling” of anhydritic-gypsiferous claystones occurs even 3 . 5 £ HEE] H
expansion of clayey host matrix-, and (i) a long term in the absence of active clay minerals and is characterized & .| E sl 2] 5|32 i |z

“chemical swelling” —due to the transformation of anhydrite by asymptotic swelling-time relationships due to it is = BlE|s|B 8 s|8|2|8|8 e5|Et e
into gypsum i an thermodymamicall open sysiem, witha  controlld by suction changes unil saturaion (Alonsp & 3 HEHH R I R L
Volumelric increase of approximately 629%, as shown in fi- Berdugo, 2008). However, theoretical considerations and H H E H g LB REE AR R AR -
gure 1. Ifthe volumetric increase is partial o totally inhibited  experimental evidences indicate that the transformation of 2 & 2 =|5|# o) LR N N
ncither of tese mechanisms, then a corresponding swelling  anhydrite into gypsum is a highly time-consuming i . x " 2 f
pressure is generated. From that time this criterion -usually  isovolumetric process in which anhydrite is dissolved as H ¥ & EH H H
called “the anhydritic theory™, is the key referent of  fastas secondary gypsum precipitates (c.¢. Holliday, 1970; z
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Figure 2. Swelling tests on undisturbed samples recovered o e brp\ku:/)u in Wagenburg tnnel and P o
x Estherienschichien 200
Orti, 1977 Pina et. al., 2000; Pimentel, 2003; Berdugo,  Muschelkalk and Keuper: but only in the latest two of g""""ﬁ .
2007). The excess in hydrated calcium sulphate (62% in these series anhydritic-gypsiferous claystones occur Hpshorlzon
volume) could be cither transported in aqueous solution or systematically. A representative stratigraphic profile of the Dunkelrote Mege! 250
it could precipitate partially in the form of gypsum in open Keuper in B: irttemberg is presented in figure 3. Bochinger Honzont
discontinuities of the host clayey rock. So. the classic . Grindgipssctichten
criterion on long-term “chemical swelling” of anhydritic- At the end of the Muschelkalk sedimentation within Lettenkeuper
gypsiferous claystones is difficult to accept and more 1 Germanic Basin descended, 5o the Keuper sediments 300
i niindyon bismpasrii) were deposited in wide flat areas. The basement received
sediments from sea currents, rivers and deltas, wind. Obsrer Muschelkalk
“This paper s a contribution (o the study of mechanisms  processes of evaporation and flash floods. At this time the
underlying long-term expansive phenomena affecting  climate was continental and arid, but changed to semi- 350 im}
I humid conditions until the end of the Keuper (Geyer & ]
nes. which uses a case from Baden-Willenberg as  Gwinner, 1991). The Gipskeuper (Middle Keuper) is a @ b

reference. Main compositional features of the Gipskeuper
are summarized and the phenomenology of expansions in
the lunnel is described. The swelling in the mml is
analyze
phenomenon using 3 theoreical framework (mmded on

sequence of clays and silty to dolomitic marls showing a

of an oxidizing environment while gray to greenish
areducing environment.

Exaporation of the saline sea water led to the formation of

anhydrite, gypsum and halite crystals (Algner, 1990).

In general, the Gipskeuper consists in heterogeneous
mixtures of anhydrite and gypsum in a hard clayey matr
as Aand table 2.

components of host clayey matrix; for example, Corrensite
has been found in Baden-Wirttemberg (Schlenker., 1971:
Gitz, 1972 Henke, 1976; Lippmann, 1976) -as illustrated
figure 5-. Corrensite is a 111 regular interstratification of

P
events as well as the identification of conditions conducing
1o either their evolution o exhaustion,

The Gipskeuper

Rocks in the Triassic Germanic Basin have been
conventionally divided into three typical series: Bunter,

Table 2. Mean composition and physical propertis of the Gipskeuper (several sources).

‘ ——— o o ]
Anh Gyp (o] Carb Qz Feld (%) (Mgm?)
[ wm  sm  om 5w 15 | awom oses  2a2e

Aul anhydrte, Gyp: gypsum, C- clay, Carb: carbonate, QU quartz, Feld: feldspar

Figure 3. (a) location of the zone under study, (b) stratigraphic profile of the Keuper in Baden-Wirttemberg.

Figare 4. Undisurbed sanple fom the Giprkcaper
ad & Koviri, 2001).

trioctahedral chlorite and trioctahedral smectite, also called
“swelling chlorite”. However, Illte and Chlorite dominate
the clay fraction in Triassic anhydritic-gypsiferous
claystones and non-expansive clays have been detected
as principal clay matrix components in many tunnels
excavated through the the Gipskeuper; for example,
Kappelesberg (Krause, 1976; Kurz & Spang, 1984) and
Freudenstein (Kirschke, 1987; Kirschke et. al., 1991).

In Baden-Wirtiemberg the Gipskeuper shows a
constant profile which can be divided. basically, as follows
(see figure 5): the Grundgipsschichten (basal gypsum
layers). Bochinger Horizont (Bochinger bed), Dunkelrore
Mergel (dark red marls), Mittlerer Gipshorizont (middle
‘eypsum bed) and Estherienschichten (Estheria beds). In
Stuttgart a distinction must be made between two different
layers associated with the Mittlerer Gipshorizont: () the
level, ed anh,
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level. This distinction is illustrated in figure 6 using the
case of Wagenburg North tunnel as reference. Above the
anhydritic level anhydrite has been converted into gypsur

in geological times; whereas above the gypsiferous level
‘eypsum has been dissolved and transported away by the
eroundwater (Wittke, 2000)

Information regarding the chemical composition of
groundwate in u.....da excavated in the the Gipskeuper

According 10 Krause (1976) for <xsing tnnels i the
Keuper the total discharge varies between 0.5 and 2 litres
per second and the sulphate content in groundwater near
the leached gypsiferous level is above 1000 ppm. Data on
groundwater sulphate content in tunnels have been
reported by some authors, but only concerning the
possibility of sulphate atiack to concrete. The occurrence
of macroconstituents as calcium, magnesium, sodium and
potassium -which have an essential role in the interaction

e 6. The leaching front (aypsiferous level) and th

by el n Wagenbure Newh el (Srpagon, Baden-
Wiirttember

Paul & Wichter (1996) and Amstad & Koviri (2001),

between sulphate-rich water and sulphate-bearing rocks-,
is not reported in the German literature on the subject.
Values of sulphate content reported by some authors are
presented in table 3.

‘The Wagenburg North tunnel

‘The Wagenburg tunnel connects the centre with the
eastern part of Stuttgart. Three independent structures
must be distinguished in this case; each one characterized
by particular cross sections, but affected by similar
expansive phenomena (see figure 7): (i) the North tunnel,
(i) the South tunnel, and (i) the Test tunnels. These
structures are located mainly within the Mirtlerer
Gipshorizont and strong swelling is restricted to the
innermost 250 m, just i the zone in which the tunnels cross
the transition from the leached gypsiferous level to the
uleached anhydrt lvel (sce igre ). Unforumatey,
information on the hydrogeological regime in the rock
massif is unknown

“The north tunnel was completed in 1942, It has a length
of 800 m and a maximum overburden near 80. It has a
horseshoe cross-section and a concrete lining that covers
the roof and walls, but the floor was unlined and has
remained in this state ever since construction (Gitz, 1972).
Expansive phenomena measured since 1943 until 1970 were

‘Table 3. Sulphate content in groundwater from some tunnels excavated in the Gipskeuper.

Tunnel 504 concentration (ppm) Reference
Weinberg tunnel 101500 Gremminger & Spang (1978)
Kappelesberg tunnel 1957 - 2755 Krause. & Wurm (1975)
Freudenstein W10 5600 e (1901)

> 8600 Kuvveme a. (79
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Figure 7. Localization of structures in Wagenburg tunnel system.
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Figure 8. Geological longitudinal section of Wagenburg Tunnel System

described in detail by several authors (¢.. Gotz, 1972;
Krause, 1976 and Nagel. 1986). The evolution of floor
heave in this tunnel was analyzed for this paper using ori-
ginal data by Krause (1976) and Nagel (1986), and is
presented in figure 9. After twenty seven years of
‘monitoring since 1943 a maximum floor heave of 1029 mm
was measured in the axis of the section and, in general, no
asymplotic trends were observed in any of the control
stations (see figure 9c).

afficted the foundation material in Wagenburg north tunnel,
as illustrated in figure 10. Krause (1976) reported that

the carly 70 -and also in Kappelesberg tunnel-, have shown
that the original anhydrite was converted almost completely
o gypsum in the heaving floors without showing any visible
increase in volume. Except fo sirongly leached sections, the
sulphate rocks have remained essentially compact”.
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800 | Analysis of swelling mechanisms In opinion of Wittke & RiBler (1976) and Wittke &
Pierau (1979) the water supplied by the natural ventilation
600 Background was the triggering event for expansive phenomena that
Observations by Krause (1976) in Wagenburg North  fTected Wagenburg North tunnel. These authors indicate
400 - tunnel reveal that transformation of anhydrite into gypsum  that during the warm period and just after construction the
is not a reasonable explanation for long-term expansive  &ir flowing into the tunnel -with a water vapour concentra-
200 | phenomena that affected the foundation material. In fact, tion between 8 and 15 g/m’-, provided to the unlined floor
--- these observations are unequivocal evidences of the approximately 6 10 10 m* of water daily and caused both
B ot: A 1543 epitaxial growth of gypsum on anhydrite; a process that  the weathering and the swelling of the rock (see figure 11),
LA L B B B T T ‘generates a gypsum film protecting the anhydrite from the ‘Therefore, a mechanism of “physical swelling” of the clayey
350 400 450 500 (m) wateraction (Orti, 1977: Pina ct. al, 2000; Berdugo, 2007).  matrix is defined as triggering event for expansions
1000 1 enntinusis monks pantaal o
ity | W e e
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Figure 11, Possible quantity of condensation water as a consequence of natural ventilation in
d after Wittke & Pierau, 1979)

r heave in Wagenburg north tunnel afier 27 years of monitoring
 after Krause, 1976 and Nagel, 1956). jagenburg North Tunnel (mo
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The hypothesis of Wittke and co-workers was discu- naturally and was concentrated due to gravity in damaged 100 ] 100 P
ssed by Pimentel (2003) as follows: «ln the past is was zone. The leached gypsiferous level is a weathered mate- Cas04 2H:0 (% | Cdngied
incorrectly assumed by Wittke & Rissler (1976), that  rtial formed by anhydrite dissolution; therefore. it is
during the driving of a tunnel and before lining, the — reasonable to assume that high contents of calcium (Ca®) = = a0+
swelling process will be activated on the surfaces exposed  and sulphate (SO42) are dissolved in the groundwater. & & vapour
0. air circulation with high but not saturated relative  Finally, tunnelling make it possible the interaction of the ] g effect of transher
Jumidity. This concept does not consider unloading and  environment imposed by the natural ventilation -namely, 3 3
gravitation. On the other hand, exposed clayey rock will  relative humidity, temperature and wind velocity-, with the 2 3 60 - wentiation
in contact with circulating wet air, although its  damaged rock causing cither wetting or drying due o [ £
Igroscope ropeny, dry ot and srink outnof swell,  vap e £ Tr— £
o il ol i oport e v RE ot o e gountr o, o : st |2 w0
to this evaporation, the salinity in the diffuse layer will ViS¢ Versa, depends on the difference between the relative H () Delagectaiose) | = saturated solutions. 4,
vt e ks o e e e il oo DUHIE imposed by the vntlation and the aqucons 5 || Ay
losing water molecules 1o the free water, which will be system. In this sense, the transfer occurs in the direction ® (5) this research & 2047 £
also evaporated. Additionall, it must be considered thar  ©F the media with the lower relative humidity at rates e sl ‘o,
due 1o unloading, shrinkage of the diffuse layer and due regulated by the temperature and the wind velocity. MazS04 (4) & £ o MgSO47Hz0
© Ma2SO04
10 the surface tension of water, negative pore pressure Vapour transfer in Wagenburg North tunnel was 80 e ] b | ; 1
will be generated, producing water meniscus and tensile  evaluated for this paper using data on extreme values for b w0 20 W 40 s 81 o . B ©

siresses. This tensile siresses can open some latent cracks.
In summary, the exposition of rock surfaces with wet air
with relative humidity less than 90% will contribute 1o a
weathering process but not activate a swelling process».

The criteria by Wittke and Pimentel are correct, but only
partially. As shows figure 10b weathering and swelling
certainly affected the foundation material of Wagenburg
North tunnel, but in a more complex form than only due to
condensation or evaporation of pure water. The growth of
eypsum crystals in discontinuities and fissures of the
expanded rock is an unequivocal indicator of rock
weathering and swelling in the presence of calcium
sulphate-rich water. Then, it is reasonable to assume that
the swelling that affected the rock was related, almost
partally, with gypsum crystal growth; but as a consequence
of other mechanisms than just the anhydrite gypsification
suggested by the “anhydritic theory”

Theoretical THCM analysis

Realistic mechanisms associated with the expansive
phenomena observed in Wagenburg North tunnel can be
formulated if the tunneling induced rock damage, drainage
and ventilation are properly taking into account

It s suggested that the tunnel excavation caused a
damaged zone below the unsealed floor consisting in
discontinuities along sedimentation planes and fissures -
which is a typical effect of stress relief in underground
excavations-. Below the damaged zone the rock can be
considered nearly waterproof. In addition, tunnelling
generated seepage of groundwater from the leached
‘eypsiferous level located in the overburden, which drained

the vapour density suggested by Wittke & Pierau (1979)
‘The partial pressure of vapour (u,) was calculated using
the law of ideal gases (Eq. 1), assuming constant vapour
densities of 0.008 and 0.015 kg/m” in the temperature range
between 20 and 40°C (see figure 11). On the other hand,
the vapour pressure imposed by pure water at atmospheric
pressure was calculated using (Eq. 2). In these conditions
3 heortical dependence of the relarve humidiy (1)
on the temperature in the tunnel was obtained. So,
el was assumed fo he an ideal hermodsnamically
closed system. Due to the chemical composition of
‘groundwater in the tunnel is unknown, characteristic values
of relative humidity imposed by saturated sulphate
solutions have been used as representative of the in situ
conditions (see figure 12a).

n RTINS o) (Eq.1)
M,

u, - partial pressure of vapaur
[}

p, ~vapour density [m_
R runiversal g5 constant (8314 J mat ! T}
TG

M, :molacular mass of watar (0.018 kg mai '}

U, =1367510° o Pl (q.2)

Temperature [°C)
()

o 20 30
Temperature (C)
1b)

Figure 12. Analysis of vapour transfer for Wagenburg north tunnel based on relative humidites imposed by saturated sulphate
solutions and values of vapour density suggested by Wittke & Pierau (1979).

‘The results of this analysis are presented in figure 12b.
Ttis clear that if an ideal thermodynamically closed system
holds for Wagenburg North tunnel, the relative humidity
of the incoming flow of wet air is lower than the relative
humidity in equilibrium with ideal saturated-sulphate

Therefore, the long-term swelling of the foundation material
in Wagenburg North tunnel could be related with a
mechanism of solvent-way gypsum crystal growth, which
evolved systematically due (0 an effective vapour transfer
from the groundwater to the tunnel atmosphere in a

solutions within a wide temperature range
of the tunnel operation. Therefore, theoretically the vapour

be only possible from the sulphate-rich
roundwater accumulated in the damaged zone towards
the tunnel through the unsealed floor, causing groundwater
evaporation and rock drying, just in opposition to the
hypothesis by Wittke and co-workers.

Evaporation is a two-step process that consists in a
first step involving the transition from liquid to vapour
phase at the liquid- »apmm-erfm(vaponmmn) followed
by a second step of vapour transport fom the high

oncentration arce t the evaporating surface o the low
concentration area of the ambient air

evaporation of calcium sulphate-rich water
unconditionally leads to high concentrations of dissolved
calcium (Ca*) and sulphate (SO4>). This could be the
riggering event of both the supersaturation in these species

o
in open discontinuities and fissures of the damaged zone

weathere
At first, this interpretation is in agreement with the
occurrence of gypsum crystals on the unleached anhydrite
of the foundation material of the tunnel

Discussion

In reality, ideal thermodynamical closed conditions do
not oceur in tunnels, as it was assumed in the analysis
presented here. Erratic variations of the environmental
Telative humidy imposed by ventiation -without  clear
dependence on tempersure, even durinthe same sessor,

been observed in several tunnels from different
Chnatie s or example: Orange-Fish tunnel in South
Africa, excavated through carboniferous expansive
‘mudrocks from the Permian Beaufort formation (Olivier,
1987); Tournemire tunnel in France, excavated through
Jurassic claystones and marls (Rejeb & Cabrera, 2006);
ECRB cross drift of Yucea Mountain in USA, excavated
through Tertiary ignimbrites (Ghezzeh 04): and
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Lillatunnel in Spain, excavated through Triassic anhydritic-
gypsiferous claystones from the Lower Ebro Basin
(Berdugo, 2007). Nevertheless, measurements in these
tunnels indicate that relative humidity due to ventilation
is usually below 70%, with seasonal variations that also
affcthe temperature and ot he wind velocity and the
wind d These values are sufficient to cause the
evaporation of groundvater

When drying in the presence of poorly mineralized
groundwater shrinkage of clayey rocks occur due to a loss
of water mass without an effective transfer of solute mass.
On the contrary, in the presence of highly mineralized
groundwater an important precipitation of salts is possible
and swelling due to erystal growth takes place.

The systematic solvent-way gypsum crystal growth
explains the evolution of long-term swelling of anhydritic-
ypsiferous claystones without a clear limit. On the other

and, the eventual exhaustion of this swelling mechanism
would be related with exhaustion of the water supply from
the tunnel overburden, changes in the chemical composi-
tion of groundwater, seasonal changes in tunnel ventilation
—including variations in the wind velocity-, self sealing of
fissures, and local instabilities within the damaged zone as
aresult of rock degradation by wet vapour flow.

Conclusive remarks

Lessons learned from Wagenburg North tunnel indicate
that the presence of anhydrite does not unconditionally
leads to the development of expansive phenomena in
tunnels, showing the shortcomings of the classic
“anhydritic theory” on swelling of anhydritic-gypsiferous
claystones. Mechanical and hydraulic boundary condi-
tonsars mportant 0 e the phenomenology of -
term swelling in ough

Ventilation imposing relative humidities below the charac-
teristics values for calcium sulphate-rich water causes a se-
ries of processes: (i) vapour transfer from the groundwater
accumulated in the damaged zone towards the tunnel
of the agueous system, and (iv) precipitation/erystallization
of gypsum in discontinuities and fissures of the damaged
zone. As a result of gypsum crystal growth rock swelling
oceur, evolving at high rates if an effective vapour transfer
from the groundwater to the tunnel atmosphere is permitted
and rock discontinuities remain open.

Following the considerations presented above, it is
suggested that swelling induced by gypsum growth in
tunnels excavated through anhydritic-gypsiferous
claystones is mainly a consequence of drying: an opposite
concept to the usual consequences of drying in argilla-
ceous materials, which result in the development of
shrinkage strains. This understanding seems to be
consistent with observations in Wagenburg North tunnel.

Finally, it should be added that mechanisms behind
expansive phenomena in anhydritic-gypsiferous claysto-
nes cannot be fully identified at the scale of laboratory
experiments. The field scale is unconditionally needed to
understand the relevant processes.
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nevertheless, the role played by et in e presence
of highly sulphate groundwater should be properly
considered in the study of riggering and exhausting events.

A thermo-hydro-chemo-mechanical (THCM) criterion
for the interpretation of tunnelling induced swelling in
anhydritic-gypsiferous claystones was presented. It is
suggested that the occurrence of relict or induced
discontinuities in the rock massif, a highly sulphated
groundwater and the tunnel ventilation are indispensable
requirements for generation of strong long-term swelling,

Experience indicates that tunnelling causes rock damage
due o unloading, as well as wetting/drying cycles due to

o.
role of permanent source-sink for liquid and gascous phas
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