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Abstract. Bricks of tunnels and bridges of Usui Pass railway But bricks showed important and fast weathering that could
(Japan) exposed to north are subject to frost damage. Aveme prejudicial to the conservation of the site. In the tun-
age depth of erosion due to detachment of angular blocks isels, bricks were entirely covered with suits accumulated
around 1-1.5cm. In order to assess this weathering and tduring the use of the railway. The bricks of the south-
understand its mechanism, an experimental study was cafacing walls showed cavernous weathering features possibly
ried out in the field and laboratory. Field monitoring showed resulting from salt weathering, while the north-facing walls
the combination of seasonal and diurnal freezing with a max-showed weathering that could be attributed to frost action
imum of heave when the freezing front reached 5cm depth(Fig. 1). Indeed, a preliminary study showed that angular
Bricks taken from the site were submitted to unidirectional flake detachments 1-6 cm thick occurred during winter. The
freezing at capillary and vacuum saturation in the laboratory.purpose of this study was to understand this weathering and
Results showed that frost damage of bricks was favoured byltimately to prevent it. Thus, field monitoring started in win-
high saturation level and repetition of freeze-thaw cycles. ter 2003. It was connected to laboratory experiments which
intended to reproduce what was noticed in the tunnels, to
understand which factor prevailed, how porous network in-
fluenced location of cracking and when cracking occurred.
The climate condition at the tunnel (600 ma.s.l.) was es-
timated from meteorological data at the nearest weather sta-

1 Introduction

The historical site of Usui Pass Railway Facilities (Gunma

prefecture, 100 km NW of Tokyo, Japan) is an 11.2 km Iongtion iq Kgruizawa (5 km west of the tgnnel, 999ma.s.l.). A
railway (7.0-miles) made of tunnels and bridges built in combination of the long-term mean air temperatures (1971—

bricks in 1893 and linking Tokyo and Nagano (Smith, 1997). 2000) at the station (Japa_nl Meteorological Agency, 2005)
Many historical buildings and bridges were built in bricks at and a lapse rate of 6.26 km™ suggested that the tunnel ex-

that time: Tokyo station (1914), Yokohama's red brick ware- P€1€Nces mean annual temperatuie of 0, 4nean coldest
houses (1908), Biwa aqueduct in Kyoto (1890), Hokkaido month (January) temperature ofL.1°C and mean warmest
government office building (1911) (Ito and Chiba, 2001). Month (August) temperature of 22@. Freeze-thaw and
Bricks of Usui Pass were made in the Nihon Brick Corpo- TSt days occur frequently between December and Febru-
ration, one of the oldest brick companies in Japan. Wherf"Y- _Snow falls also d“”r_‘g the three months, I_eadlng to a
the railway was used, tunnels were equipped with doors afnaximum depth of 26 cm in February at the station. Annual

each entrance and exit. As trains were not running during th@recipitation is about 1200 mm, 75% of which falls between

night, tunnels were closed to protect them from bad weather¥12Y and October. Although winter at the study site is rather

In 1963, the building of a bypass railway meant the closuredry’ seepage through fissures in the bedrock keep the tunnel
of this section but since then, these structures have been c:orWaII humid.
served as a heritage. At that time, doors of the tunnels were
removed and tunnels were not kept anymore.
In 1994, these structures were registered as an importarg Frost damage

cultural property by the Japanese government and a pro- o . .
gram of rehabilitation of the railway as a tourist site started. TSt action is known as an important factor of weathering
(Hirschwald, 1912; Thomas, 1938). At a macroscopic scale,

Correspondence taC. Thomachot frost action is responsible for all shiverings, flakings and ge-
(celine@atm.geo.tsukuba.ac.jp) lidisjunctions (Letavernier, 1984). Frost weathering is not
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the material is composed of swelling minerals like clays
(e.g. Matsukura and Yatsu, 1980);

3. Water freezing: expansion of ice which is about 9% and
ice segregation can create direct and indirect pressures
on the porous network and induce expansion or con-
traction of the material (e.g. Powers and Helmuth, 1953;
Everett, 1961; Powers, 1945).

During freezing of rocks, all these causes combine to di-

; late or contract the material.

; _ o Dilation will depend on the properties of the material

a) SO b) v S (mineralogical composition, porous network, transfer prop-
erties and tensile strength: Hirschwald, 1912) and climatic
Fig. 1. Weathered walls of one of the tunnels of Usui Pass railway. conditions such as water availability and the rate and inten-
(a) Bricks of north-facing walls are fractured by frost actiofh) sity of freezing. Regarding the water availability, it has been
Bricks of south-facing walls are weathered by salt efflorescence. ghown for a long time that high saturation causes larger ex-
pansion (Thomas, 1938). When a porous network is partly

saturated, some trapped porosity remains occupied by air. Ice

due to isolated factors (Cady, 1969). Freezing processes dgen extrude toward these trapped pores without creating any
pend on the porous network of the material (pore structurespessyre on the porous medium. Critical saturation, below

transfer and mechanical properties), the moisture regime (&g hich dilation due to crystallization of ice is insignificant,

gree of saturation, water supplied during the freezing), anddepends on materials. For concrete and limestone, critical

the freezing conditions (Freezing intensity, rate and dura-gagration is around 70% of total porosity (Mamillan, 1967),

tion). Cracking occurs when stresses due to freezing override,, prick it is 90% (Dietzel and Wiesner-Kieffer, 1953) but

the medium rupture resistance. _ _ ~ for rocks in general, it is between 65 and 100% (Matsuoka,
To assess frost action on material, a variety of dlrect2001)_

and infirect methods are used. Direct methods are quali- |t the material is supplied with water during freezing, it
tative (e.g. visual description, fragment study, microSCOPYcan |ead to different behaviours. Because of migration of
or holography) or quantitative (e.g. weight loss, dilatome- nfrozen water during freeze and thaw, the presence of water
try, volume changes or mercury porosimetry). Indirect meth'supply is important (Matsuoka, 1990). For some rocks with
ods measure the variation (usually a decrease) of one phygsigh transfer properties like tuff and sandstone, expansion is
ical parameter that depends on the structure of the materigligher when there is water supply. Saturation increases in the
(e.g. P wave velocity, resonance frequency, elasticity, me-¢oyrse of cycles (Aubry and Lautridou, 1974). These rocks
chanical strength, capillary absorption). A threshold value,are more sensitive to water migration than to ice expansion.
below Wh'ch damage happens, is thus deter_mlned. On the other hand, for rocks with low transfer properties
Frost resistance scales result from experimental measurgie schist and andesite, expansion is higher when there is no
ment and are seldom reliable. Indeed, they are based on oRgater supply. In these rocks where water migration is low, ice
particular protocol that may be different from natural con- expansion is the main cause of weathering (Matsuoka, 1990).
ditions and often emphasizes one factor. Moreover, thesgrthermore, high freezing rate causes high expansion (Mat-
scales are most often based on the study of a type of magygka, 1990: Weiss, 1992). And if a sample is maintained
terial (especially calcareous rocks: Letavernier, 1984; Remygt 5 constant negative temperature, contraction occurs due
1993). to plastic deformation (Matsuoka, 1990), pressure melting
Dilation studies on rocks submitted to frost action ini- of jce under pressure (Thomas, 1938), thermal contraction
tiated by Thomas (1938) and followed by Fahey and(weiss, 1992) and/or migration of unfrozen water from the
Dagesse (1984), Pissart and Lautridou (1984), Mat-mjcropores to the trapped macropores (Prick, 1995; Pissart
suoka (1988), Weiss (1992), Prick (1995) and Thoma-gnd Lautridou, 1984).
chot (2002), have contributed to show the importance of A dilation method was chosen for this study because itis a

wetting-drying phenomena and to minimize the effect of girect method that measures at the same time, water, vapour
freezing in weathering mechanisms. and ice movements.

Causes of dilation of materials can be:

1. Temperature variations (thermal dilation): materials 3 Material
contract when temperature decreases and expand when
temperature increases (e.g. Hall, 1999); Samples of bricks were collected from the study site and sub-
mitted to frost experiments. They were original bricks stored
2. Moisture variations (hydric expansion caused by cap-inside the tunnel along the wall since its construction. They
illary pressures): expansion will particularly increase if were first subjected to mineralogical, chemical and physical
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_ Mercury porosimetry (Fig. 3) was also measured on three
b) Pore radius (um)

samples of 1cm cubes with a Micromeretics AutoPore IV
9500.
Fig. 3. Mercury porosimetry curve of brick at Usui Pass displaying
the large distribution of poreqa) Invaded porosity curve(b) In- 3.2.1 Method
cremental pore volume curve. Captions: Cd: dispersion coefficient;
ra: pore threshold;go, rso and go: pore accesses corresponding to This apparatus quantifies the total porosity and the pore
the invasion of 20, 50 and 80% of the porous network. access radius distribution of the material. According to
the method, the pore access radius ranges fromn80

. . . . (0.009 MPa) to 0.0018m (409 MPa). Thus, pores of larger
analys_es '”C'”d'”g X-Ray diffraction, X-Ray fluorescenc_e, access radius like the macropores of 0.1 mm diameter viewed
scanning eIectromc microscope (SEM), wgter total POrosity, \ - 4er SEM are not taken into account.
mercury porosimetry and capillary absorption. This method also determines the pore thresholiwhich
allows the biggest part of the porous network to be filled. On
the curve, the pore threshold is at the intersection of the two
tangents at the top of the curve (Fig. 3a, Katz and Thompson,
1986). Spreading of the curve can be defined by the scatter
coefficient Cd) calculated from a ratio of injection pressures
(Wardlaw et al., 1988; Remy, 1993):

3.1 Mineralogy and chemistry

Analyses by X-Ray diffraction and X-Ray fluorescence
showed that bricks are composed of tridymite (high tem-
perature SiQ), quartz (SiQ), hematite (Fg0s), albite
(NaAlSi30g) and anorthitg (Ca Na)AlSi>Og) and had no

clay minerals. c Pgo— P20 r20—rso
d = =

Psp 50 @)
3.2 Porous network
where Pg0, P50 and P>0 are the injection pressures corre-
Water total porosity was measured under vacuum. Aver-sponding respectively to the filling of 80, 50 and 20% of the

age value of total porosity is 35%. SEM showed threeporous network. As one injection pressure corresponds to
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Fig. 5. Erosion mapping of a north-facing wall of the tunn@l) Location of erosion (DT1-4 indicate the location of displacement transducer).
Eroded bricks are marke¢b) Erosion depth frequency.

one pore radius, the scatter coefficient corresponds also to eonnected pores. The slope of this curve is called the A
pore radius ratio. 1Cd<1, the pore distribution is concen- coefficient (gcnm2h=1/2) and is relative to the weight in-
trated around one pore radius and the pore threshold value isrease of the sample. At the top of this first linear part, the
significant. IfC4>1, the pore distribution is spread. It means value of weight increase indicates the free porosity. Next to
that the porous network is partitioned in several domains ofthis point, saturation of the porous network is slower with

different pore sizes (Remy, 1993). a weaker incline. And this corresponds to the filling of the
trapped porosity by diffusion of air through water. There is
3.2.2 Results more or less trapped porosity depending on the pore distribu-

tion and on the nature of fluids used. The slope of the second

The average total porosity determined by mercury injectiongyrve, relative to the migration of the wet zone, corresponds
was 36.90.9%, which was 2% higher than the water total g the B coefficient (cmh/2).

porosity under vacuum. This was due to the difference be-

tween the two techniques (Hammecker, 1995). Average pore.3.2 Results

threshold was 0.3%0.4um (Fig. 3a) but the scatter coeffi-

cientC, was 2.1, indicating a spread pore distribution. Thus, Measurements showed fast absorption kinetics. B coefficient

in this case the pore threshold was not significant. Indeedrelative to the migration of the wet fringe was 15.6 cnit

viewed on the curve of incremental pore volume over pore ra-and A coefficient relative to the weight increase per surface

dius (Fig. 3b), there was no dominant pore radius but a homounit was 4 g cm? h~1/2 (Fig. 4). Furthermore, free porosity

geneous zone from 0.1 to 1®n. This confirmed the SEM represented 71% of the total porosity of bricks. This showed

observations that bricks had a large distribution of pores.  that even if bricks had a large pore size distribution, the dis-
tribution was homogeneous and the porous network was well

3.3 Transfer properties connected.

Absorption kinetics of bricks was measured.
4 Mapping of erosion
3.3.1 Method
Erosion of the bricks was mapped on a part of the north-

The bottom of the samples is placed in water in a tub whereacing wall of one tunnel (22 n?) located 25 m from the en-
relative humidity is kept constant at nearly 100% to avoid trance and intensively eroded. The height, width and depth
drying. The weight increase per surface unit (the first curve)of erosion of the wall were measured to assess the relation
and the capillary height (wet fringe which is measured by between the size and the location of debris and also to assess
naked eye, the second curve) are plotted over the square roochanges during the winter (Fig. 5). Mapping on 21 Novem-
of time (Fig. 4), according to the Washburn law. The first ber 2003 showed that 30% of the surface of the wall was
curve is characterised by a two-part progression. At the befractured. Most of the hollows were shallower than 2cm
ginning of the experiment, the weight increase curve is lin-(Fig. 5b). Hollows less than 12cm in width had a height
ear and corresponds to the progressive filling of the inter-between 1 and 7.5 cm, whereas those with a width exceeding
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12 cm had a constant height of 7.5 cm (corresponding to the
height of each brick). In this way, dimensions of bricks
seemed to control the size of the hollows. Furthermore, there
was no relation of the height of intensive erosion with the
capillary rise from the ground (Fig. 5a), but erosion was more
intensive in the upper part of the wall than in the lower part.

It corresponded to the water seepage at the upper part of thes

7 \"Ihj p 3l
1 ’n)h“’\] | |
| U’\ i ‘\“ I

| "‘ JJ' i”ul JnyH ! /!
i

— Mobile average (4 days)

Temperature (°C)

e
—
—

S b o N Ao o

53 3383 383835333333 35 35 3
L O L D T~ S - B S 1 -

wall § 2 2 8 8 8 = 8 & & 58 8 2 & EE
. N < k&4 8¢ &2 2 K 2 F & 7 < 0%

o 2
&

Fig. 7. Data of field monitoring from October 2003 to May 2004.
(a) Dilation of eroded (DT1, 3) and intact bricks (DT2, 4) with
zones of large frost heave. Zones 1 to 4 represent significant di-
lation events enlarged in Fig. &) Temperature of bricks (surface,

. Lo ) . 5cm and 10 cm depthjc) Air temperature.
Field monitoring of temperature and displacement of bricks

started in winter 2003 to understand mechanisms of weath-

ering and eventually to prevent the decay of bricks (Fig. 6).

To assess changes in climatic conditions in the tunnel, copcurred (zones 1-4: Fig. 7a). All of them were associated
per and constantan thermocouples were placed in the tunna¥ith subzero temperatures. Regarding air temperature data,
to measure air temperature, at the surface of bricks (0cmyone 1 (13 January 2004-20 January 2004) and the early
and at depths of 5 and 10 cm. The precision of recorded tempart of zone 2 (22 January 2004-25 Jamuary 2004), were
peratures was 0°C. Horizontal displacement of bricks was related to continuous freezing, whereas the later part of zone
measured with four displacement transducers placed perper- (25 January 2004-30 January 2004) and zones 3 (5 Febru-
dicular to the wall: two on eroded bricks (in a hollow) and ary 2004-12 February 2004) and 4 (5 March 2004-11 March
two on intact bricks (at the surface) (Fig. 6). Both tempera-2004) were related to the repetition of diurnal freezing al-
ture and displacement were recorded at 1-h-intervals in dat&hough inner parts of the bricks were nearly continuously
loggers, but temperature data were missed from 12 Februarffozen (Fig. 8). Intact bricks produced higher heave than al-
2004 to 16 March 2004 at 5 and 10 cm depths. New frag-ready eroded bricks (Fig. 7a). Maximum frost heave (zone
ments of bricks were collected during the winter with a box 1) occurred when the freezing front reached 5cm or deeper

5 Field monitoring

5.1 Methodology

placed at the base of the wall. (Figs. 7b and 8a). During this period, heave of the two eroded
bricks reached 1.1 and 1.8 mm, whereas heave of the two in-
5.2 Results tact bricks was 2.7 and 3.7 mm. Large heave was probably

due to the frost penetration that allowed the formation of ice
Air temperature records in the winter of 2003—2004 showedlens at different depths of the bricks. As the wall was sup-
a combination of short seasonal freezing which were com-plied with water percolating in the tunnel, maximum frost
pleted within two weeks and repetitive diurnal freezing heave was also probably associated with water supply. Heave
(Fig. 7c). During the winter, four major heave events oc- corresponding to the other zones was smaller and shorter
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Coo]jngplalc. [ Oﬂ
Strain gauges (2, 4, 6, 8, 10cm)
lte tmpesre oom)
Thermocouples for x 3 cm
E: EE (e g, 120wy
e S " “Thermocouple for
s T 3em
x 2 cm
Fig. 9. (a) Attachment of sensorgb) Experimental assembly. n
Scm
than heave in zone 1: around 0.5 mm for the eroded bricks x 2 ¢m
and 1 mm for the intact bricks.
New fragments of bricks fell mostly in the period from 12 7cm
February to 16 March, which included a warm period fol-
lowing zone 3, a freezing period of zone 4 and a subsequent x 2 ¢cm
warm period. This implied that thaw penetration following
intensive frost heave and/or diurnal frost heaving triggered 9¢m
the detachment of heaved blocks. The sizes of fragments,
mostly 7cm long, 5cm wide and 1-2 cm thick, were simi- x 2 cm
lar to the size of the mapped hollows. Thus, field monitor-
ing showed that large heave corresponded to frost penetration 11 em
to 5-10 cm during continuous freezing and that most of the
detachments occurred during thaw penetration following the
intensive frost heave and/or periods of repetition of diurnal
freezing.
6 Laboratory experiments

The experlments aimed to reproc_juce the CraCkm_g that OCI'-'ig. 10. Attachment of sensors and corresponding zones for the
curred in situ, to understand which factor prevailed, how .giculation of total heave.

the porous network influenced the location of cracking and
when cracking occurred. The experiments simulated a
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Note that the heave scale is 2.5 larger than Fig. 10.

unidirectional freezing, since in the field condition only one Fig. 12. Computed total heave of bricks and corresponding cooling

surface of stones is submitted to temperature change.

6.1 Methods

In these experiments, bricks¥5x 15 cn?) were isolated in
thermal insulator except for the top surface on which a Peltie
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cooling plate was placed to control the freezing temperaturqty was filled with water)

(Fig. 9). As the wall inside the tunnel was supplied with wa-
ter coming from the inner upper part and thus maintained a
nearly constant saturation, the bottom of samples was als
submerged in water during the experiments. Thus, the expe
iments reproduced the layout of the walls of the tunnel, ex-
cept that freezing progressed vertically rather than horizon-

i

Two kinds of freezing regimes were chosen from air tem-
erature data corresponding to the heave periods in the tun-
el (Fig. 7a): continuous freezing (zone 1 corresponding to
the maximum heave: Fig. 8a) and diurnal freeze-thaw cycles
(zones 3 and 4: Figs. 8c and d).

tally. The whole apparatus was placed in a cold room. Be-g 1 1 cContinuous freezing

fore freezing, the cold room and the cooling plate were main-

tained at 8C until thermal equilibrium was reached. During The average air temperature when the wall was frozen in
the experiment, the temperature of water at the base of thegne 1 was about-3°C. Thus for the continuous freezing

sample was kept constant at€3

attached at a side surface (2, 4, 6, 8 and 10cm) (Fig. 9)g days.

The thermocouples were horizontally installed at 2 cm from

the side surface. To estimate the heave amount of the se@.1.2 Diurnal freezing

ment represented by each strain gauge (2cm), the original
strain values were multiplied by 2cm, except for the 2cm Air temperature fluctuated diurnally around@ during

192 216 240 264 288

plate temperature. Bricks submitted(&) continuous freezing(b)
to diurnal freezing.

saturations: capillary saturation (71% of the porosity was oc-
rcupied by water) and vacuum saturation (100% of the poros-

simulation, temperature of the cooling plate was maintained
Temperature and heave of the samples were measured dugt —3°C for 3 days. Then, to assess the effect of freezing in-

ing freezing using thermocouples placed at different depthsensity, the cooling plate was maintained-&°C for 3 days

(at1,2,4,6,8, 10and 12 cm from the top) and strain gaugesnd at—8°C for 3 days. Total duration of the experiment was

471

deep gauge which represented the uppermost 3cm segmenbnes 3 and 4 (not more than one week), reaching a mini-

(Fig. 10). Then total heave was computed by adding heavenum temperature (from-2°C to —5°C) around 6 a.m. and
amount of each segment. It represented the dilation of the@ maximum temperature (from +0G to +3.5C) around

brick from the top to 11 cm. As the freezing front did not 3 p.m. Average temperatures of a freeze-thaw cycle were

reach deeper than 11 cm during experiments, we assumelom +2°C to —3°C. Thus, for the diurnal freezing simula-
that computed heave was representative of the whole bricktion, bricks were submitted to 24-h freeze-thaw cycles: 4 cy-
Two samples were concurrently tested at two different initial cles from +2C to —3°C (average cycle) and then 4 cycles



472 C. Thomachot et al.: Frost damage of bricks composing a railway tunnel monument in Central Japan

H 5°C
A ot Wt e Basc,
o ' I e
[} M ¢ 15cm
g 0 AL MW Elggr‘:“ Expansion
é 5 J.ﬂp»—-'\u«v | Mwww jz: Expansion
- 2em
8 e wc s s o Tap. Contraction { | 1 [ 1 1 1 1
[ﬂ m Cryometion g -
" haeC +3°C g -8C Cantraction {
‘ ‘ ‘ ‘ ‘ . ‘ e
9 0 24 43 7 % 120 144 168 192 @‘ PC Unfrozen Cryosuction Conlracti‘m{ trrres
Time (h) Cafroxen Cryosuction
T ‘ Unfi
6 3 3 o " o nfrozen
: H +3°C —3°C +3°C
4 2em / i
<2 / ‘ g e Fig. 14. Layout of totally saturated brick samples at each equilib-
8 ; . . . . ) .
& 3 rium stage of continuous freezing simulation. Cooling platéat
i —3°C, (b) —5°C and(c) —8°C.

b) Time (b) downward and stabilised at 7cm depth (Fig. 12a). Expan-
sion of the bricks followed the migration of the freezing front
Fig. 13. Temperaturda) and calibrated heav@) at each depth of ~ 3-27x10™* at 2cm and 0.3910°* at 4cm. At 6, 8 and
a brick sample submitted to slow freezing at vacuum saturation. 10 cm depth, below the final freezing front, only contraction
occurred.

Next 3 days (top of sample at5°C): The freezing front
from +3°C to —5°C (extreme cycle). Further 4 cycles from further progressed to 9 cm depth. Significant expansion oc-
+5°C to —8°C were added to assess the effect of a more in-curred at 6, 8 and 10 cm depth. No additional expansion hap-
tensive freezing and to compare results with those of continpened at 2 cm depth.
uous freezing at-8°C. Each freezing and thawing phase was  Final 3 days (top of sample at8°C): The freezing front
maintained for 12 h. progressed to 11cm. Expansion occurred at 8 and 10cm

Temperatures were set instantaneously. These climatigepth.
conditions simplified the field data where freezing and thaw-  Figure 14 illustrated the behaviour of the brick with frost
ing were progressive. penetration. During this continuous freezing simulation, no
Two tests were performed for each type of freezing andvisible cracking occurred. Expansion which followed the
they guaranteed the reproducibility of data; the second tesprogression of the freezing front was fast and short and

of each was presented in the following. reached a maximum within 10 h. This reflected the fast cap-
_ _ _ _ illary kinetics of the bricks. Indeed, the homogeneity and
6.2 Simulation of continuous freezing the good connectivity of the porous network were likely to

have facilitated ice growth and extrusion. Below the freezing
front, contraction was probably due to migration of water to-

Freezing expansion was insignificant near the surface, bu\fvards.the fregzmg fr_ont (cryosuction). As expansion was
short-lived while cooling temperature was maintained, sin-

slightly increased as the freezing front approached the wa-I f . i Id be insufficient f duci
ter level (8 and 10cm) because of higher saturation of thed © 'TE€2ING event would be Insutticient for producing a new

porous network and possible water supply by cryosuction.craCk‘ The repetition of freeze-thaw cycles WOU!d probably
Pressures that could be caused by ice growth were probabl ? Eecessar.y to create cracks. ghe kt)otal expansion at the end
relieved by the presence of air filled pores (trapped porosity) the experiment was computed to be 1718 (Fig. 12a).

where ice could extrude and by the good transfer propertie
of bricks that facilitated this extrusion. The total expansion

of the whole brick at the end of the experiment was computedrpe first experiment with continuous freezing showed:
to be 1.5um in total (Fig. 12a).

6.2.1 Capillary saturated brick (Fig. 11)

$.2.3 Summary

. _ 1. For capillary saturated bricks, freezing expansion was
6.2.2 Vacuum saturated brick (Fig. 13) insignificant near the surface and increased towards the

) . water level, but much less than at vacuum saturation.
First 3 days (top of sample at3°C): The first stage of

ice growth below the cooling plate led to contraction of 2. For fully saturated bricks, freezing expansion occurred
the brick below the freezing front. Contraction was largest mostly between 0C and—1°C at each depth and con-

(—1.65x10~4, Fig. 13b) at the shallowest strain gage (2cm traction just below the freezing front suggested desic-
depth) and decreased with depthQ(78x10~* at 4cm and cation due to water migration (Fig. 14). Due to fast
—0.44x10~* at 6¢cm). Then the freezing front progressed capillary kinetics, expansion duration was short. With
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Fig. 15. Temperaturéa) and calibrated heay®) of bricks submit-  Fig. 16. Temperaturéa) and calibrated heav®) at each depth of

ted to a diurnal freezing at capillary saturation. Note that the heavea brick sample submitted to diurnal freeze-thaw cycles at vacuum
scale is 4 times larger than Fig. 14. saturation.

frost penetration, expansion at different depths cumu-4 cm was submitted to freeze-thaw cycles (Fig. 16a). During
lated to increase progressively total frost heave of thefreezing of the first cycle, before the freezing front reached
brick. Deeper freezing favoured large total heave and2 cm depth, contraction{1.3x10~%) occurred at 2 cm prob-
could explain the largest heave in zone 1 observed inably due to cryosuction of water towards the freezing front
the tunnel, but it did not lead to cracking. (Figs. 16b and 17a). Expansion (2.50~%) occurred at 2 cm
] depth after the freezing front reached. The amount of expan-
Maximum heave had to be located and repeated at a samgqn, was nearly constant during the 4 cycles. At 4, 6, and
depth to lead to cracking. Large heave did not mean cracking o, depth, the sample contracted slightly during freezing

but distribution of ice lenses at different depths. And the 5 gilated during thaw. The contraction was larger near the
good transfer properties of bricks prevented the growth of reezing front:—0.5x 10~ at 4 cm,—0.3x 10~ at 6 cm and

thick ice lens at one depth. This suggested that frost damage g 1,104 at 8 cm. In course of the next cycles, expansion

of the brick was favoured by: and contraction at each depth were nearly the same. At the
end of these 4 cycles, there was only a small residual expan-
sion at4cm (0.&10°%).

Cycles from +3C to —5°C: During these cycles, the freez-

2. Repetition of freeze-thaw cycles, which was the topic of ing front reached 6cm depth at the end of the freezing.
the next experiments. At the end of thaw, the entire sample was at abol€ 3
(Fig. 17b). During freezing, expansion occurred at 2 and

4cm (respectively 7.010~* and 3.4<10~%) whereas con-
traction occurred at 6 and 8 cm (respectively.6x 10~ and
—0.2x1072). As cycles went, expansion at 2 and 4cm in-
creased to respectively %10* and 4.5¢10~4, whereas

No significant heave occurred in the capillary saturategcontraction at 6 and 8 cm was similar to during the first cy-
bricks (Fig. 15b). Only a slight expansion occurred near th c!e. At the end of these_ cycles, there were residual expan-
water tank at 8 and 10 cm, probably due to the increase of satt'ons at 2 an(jll 4cm which 4cumulated with cycles (respec-
uration of the brick by capillary absorption. Total residual ex- ively 1.3x10" and 1.2<107%, Fig. 12b).

pansion at the end of the experiment was; @2 (Fig. 12b). Cycles from +8C to —8°C: During these cycles, the freez-
ing front reached 8 cm depth at the end of the freezing. At the
end of thaw, the entire sample was &C5 During freezing,
expansion occurred at each depth from 2 to 8cm when the
freezing front progressed, which followed contraction due to
cryosuction just below the freezing front. During the first
cycle expansion at 2cm was 16604, then it decreased

1. High saturation level before freezing and water supply
during freezing (Larbi, 2004);

6.3 Simulation of diurnal freeze-thaw cycles

6.3.1 Capillary saturated brick (Fig. 15)

6.3.2 Vacuum saturated brick (Fig. 16)

Cycles from +2C to —3°C: At the end of freezing, temper-
ature at 4cm depth reached@ At the end of thaw, the
entire sample was warmed to 2€3 Thus the uppermost
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Fig. 17. Layout of totally saturated brick samples during freezin¢g)f+2°C to —3°C cycles,(b) +3°C to —5°C cycles,(c) +5°C to —8°C
cycles.

during the next cycles to reach only 5004 at the 4th Cycles from +5C to —8°C were stronger than freeze-thaw
cycle. At 4cm, expansion was 5@0~* at the first cycle  cycles recorded in the tunnel. They led to a maximum heave
and increased as cycles went to reachx1@“. Atthe  at4cm and 6cm which increased as cycles went, whereas
last cycle, expansion at 4 cm was larger than expansion agxpansion at 2 cm decreased due to drying of the top of the
2cm. At 6 cm expansion also increased as cycles went, fronorick. If such a strong freezing were to happen, it would lead
3.3x10*t0 5.2x10~4. At the last cycle, expansion at 6¢cm to bigger detachments than those found in the tunnel. For
was as large as at 2cm. At 8 cm expansion fluctuated irregthe capillary saturated bricks submitted to diurnal freezing,
ularly between 0.8 10~ and 2.5¢10~* during the 4 cycles.  freezing expansion was insignificant.

During these cycles, expansion at 2 and 4 cm decreased at a At the end of the experiments, although drying of the
constant cooling plate temperature that induced slightly low-bricks was minimized, vacuum saturated bricks slightly
ering subfreezing temperature at each depth. Possible causdsed and 93% of the porosity remained occupied by wa-
of the contraction near the surface could be the desiccatioter. This indicated desaturation of near-surface macrop-
due to (1) sublimation of ice from the surface, (2) the re- ores. On the contrary, bricks tested at capillary saturation
laxation of strength by ice melting due to pressures, plasticslightly increased their moisture content during the exper-
deformation and thermal contraction of ice and/or (3) the ex-iments. Cryosuction and water supply from the tank con-
trusion of ice into the dried pores (Fig. 17c). Atthe end of the tributed to the increase of moisture content from 71% to 74%.
experiment, residual expansion occurred at each depth with a

total amount of 11.;xm (Fig. 12b). As the freezing front did

not reach deeper than 8cm, we can assume that computed Discussion

heave was representative of the whole brick. _ ) _ )
Bricks of Usui tunnel facing north and regularly supplied

with water seem frost sensitive. Angular detachments of
less than 2 cm thick occurred during winter. Field monitor-

) , ing during the 2003—-2004 winter showed expansion of bricks
Tests at vacuum saturation showed that during cycles fronburing the freezing periods. Recorded frost was a combina-

+2°Cto—3°C,thefreezing front penetrated from the surface ;) ot continuous slow freezing of less than 15 days and

tﬁ 3—4cm depth. Explansmn occ%rre_d o?ly Et 2 cmldepth an(iliurnal freezing with various ranges (the maximum range for

the amount was nearly constant during further cycles. one cycle was from-5°C to +3C). The laboratory experi-
During cycles from +3C to —5°C, freezing front pene-  ments reproduced unidirectional freezing with water supply

trated to 5-6.cm depth. Expansion occurred at 2 and 4 cMhat operated on the bricks of the tunnel, although freezing
depth and increased as cycles went. Expansion was stiljas simplified.

largest at 2cm depth. These two types of cycles were rep-

resentative of the field conditions recorded in the tunnel dur-7.1  Moisture condition

ing winter. The location of maximum heave at 2 cm could

explain the size of brick hollows. As the residual expansionTwo moisture conditions were tested, with capillary and vac-

increased when submitted to %3 to —5°C cycles, bricks  uum saturations. Results showed that any freezing was in-
would be more sensitive to diurnal freezing-t6°C thanto  significant on bricks subjected to simple capillary absorp-

—3°C. tion during a few days even 71% of pores were filled with

6.3.3 Summary
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water. Only fully saturated bricks showed significant dila- of short-term freeze-thaw cycles was effective in cracking at
tion. This meant that in natural conditions, frost was efficient shallow depth.

only on bricks regularly supplied with water for a long time  |n summary, field monitoring and laboratory simulations
as they had time to saturate by diffusion of air through water.combined to show that the continuous water supply and the
Furthermore, the laboratory simulation showed that moistureepetition of diurnal freeze-thaw cycles were most important
content could increase due to ice segregation (cryosuctionjn weathering of the bricks.

Indeed, mapping of erosion showed the relationship between rrqq winter 2005, the entrance of the tunnel has been
the location of intensive erosion and water seepage from the|yseq by a plastic sheet. During the working of the rail-

wall. way, the tunnels were closed during the nights; and at that
) time bricks did not show so strong frost weathering. Placing
7.2 Type of freezing this sheet will reproduce the layout of the railway during its

) , working. It will prevent the inner part of the tunnel from high
When bricks were well saturated, the magnitude of expanyange of temperature like diurnal freeze-thaw cycles. Mon-

sion depended on the location of freezing front in the sam-jy,ing will assess the consequence of closing the tunnel on
ple. During continuous freezing expansion followed the frost 4; ation and weathering of bricks.

penetration (up to 11 cm depth), whereas during repetition of
diurnal freeze-thaw cycles expansion occurred and increased _ .
in all the frozen part but mainly near the surface. Continuouscknowledgementsie would like to thank C. T. Oguchi and
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7.3 Intensity of freezing
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