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SYNOPSIS: An excavation in sand under the w ater table was required for th e  construction of an underground car park in the im m ediate vicinity of 

the  cathedra] of San Sebastián, Spain. Because of the close proximity of this stru c tu re  and other old buildings, stric t control of ground movements 

was of param ount im portance. The excavation procedure involved diaphragm  walls continuously s tru tted  by the  floor slabs. This was achieved by 

constructing th e  floors from the  top downwards. T he diaphragm  walls were prolonged until reaching a  deeper impervious silt layer. This implied th a t 

special m easures were required to connect hydrulically the  foundation ground of th e  cathedral, which would have become isolated otherw ise, to  the 

w ater levels prevailing around the  site. A comprehensive m onitoring system was set up to  confirm the suitability of th e  construction procedure adopted. 

T he excavation was com pleted successfully w ith ground movements well below the  average displacements m easured in o ther excavations reported in 

the literature. P iezom eter observations also indicated th a t the hydraulic connexion m easures performed satisfactorily.

INTRODUCTION

T he construction of an underground car park in the  centre of the  town has 

involved the  perform ance of an excavation th a t surrounds the cathedral 

of San Sebastian, Spain, on all four sides (Fig. 1). T he design of the 

excavation has been strongly influenced by two facts:

-  a  high w ater tab le level th a t required special ground w ater control 

m easures

-  the  close proxim ity of the cathedral and o ther buildings th a t required 

a  stric t control of the ground movements caused by the  excavation.

T he cathed ra l of San Sebastian is a  neo-gothic building erected in the 

19th century th a t  exhibits a t present a  good condition. As Fig. 1 shows, 

th e  distance of the  excavation to  the  transep t, eastern nave and the 

apse of th e  cathedral is approxim ately 1 m eter. T he highest loads of 

th e  building are in. fact applied in the transep t zone. Somewhat larger 

distances to  the  excavation (5-7 m ) exist around the  rest of the  cathedral. 

On the  opposite side, the  excavation is a t a  distance of 2-3 m eters from  a  

series of old buildings with load-bearing masonry walls very sensitive to 

ground movements. A num ber of those buildings are of some historical 

significance.

T his paper describes first the local ground conditions in relation with 

th e  proposed work. A fterw ards, the basic design features are highlighted 

w ith special em phasis on the  measures adopted to  control the  hydraulic 

conditions of the  site. Finally some aspects of the  perform ance during 

construction as revealed by the m onitoring program m e are discussed.

GROUND CONDITIONS

Soil Profile

T he site investigation was carried out in two stages. The first stage 

com prised eight boreholes of lim ited length. In the second stage, five 

m ore boreholes of greater length (up to  42 m) were sunk. In addition 

five cone penetrom eters and two pum ping tests were also perform ed. 

E xam ination o f the  samples retrieved from the  boreholes revealed the
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F ig . 1 . P lan  view of the  underground car park excavation
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following m ean geotechnical profile:

-  From 0 to  6  m etres deep. Fill containing sands, gravels, boulders and, 

occasionally, rem ains of building m aterials. SPT values ranged from 

20 to  40.

-  From 6  to  22 m eters deep. Fine to medium grained, poorly graded 

sand. The results of the  SPTs are in the range of 20-50 although, 

locally, higher values have been m easured. T he cone resistance varies 

between 40 and 160 k g /cm 2. In a limited area of the site the  superficial 

p a r t  of th is layer has a  higher silt content and includes organic m atte r. 

O therw ise the  content of fines is below 4%.

-  FYom 22 m eters deep. Soft low plasticity silt (w l=32-38; Ip=4- 

9) containing a  significant am ount (l% -3% ) of organic m atte r. In 

general the  percentage of fines is above 80%. On occasions however, 

th is proportion  falls to  20-30% and the soil classifies as a  silty sand. 

T he values of undrained shear streng th , cu, obtained in unconfinjed 

compresion tests range from 16 to 25 kPa. O edom eter tests give 

compression index values Cc= 0 .13-0.23.

Because it had  direct relevance to  the type of design adopted, a  priority 

concern of the site investigation was to check the continuity of this 

s tra tu m . A minimum of 6  m thickness was observed th roughout the  

site. Below this layer, a  rock substra tum  appears m ade up of lim estone 

and m arl beds arranged in a  flysch-type facies. Because of its depth 

it has no direct bearing in the excavation problem. Some of the 

boreholes were intended to investigate the  type, extent and depth of 

the  foundation of the  cathedral, especially in the areas closest to  the 

excavation. The foundation depth detected is generally around 6 m eters 

a lthough, occasionally, larger foundation depths were detected.

Ground W ater and Permeability

Two of the boreholes of the  second stage were equipped with piezometers 

which allowed the  long term  observation of the w ater table. T he m ean 

w ater table depth during the  site investigation oscillated around 5 m eters, 

close to  the  fill/sand interface. Small tidal variations of around 20 cm 

were detected. Larger seasonal changes (1 m approxim ately) were also 

observed.

T he perm eability  of the sand layer was evaluated by means of pum ping 

tests . A narrow  range of values 1.3 - 2.6 x 10~ 2 cm /s was found. 

T he perm eability of the underlying soft silt layer was determ ined from 

falling head perm eability tests performed in the laboratory. Lower values 

exhibiting a  much larger variation were found: 2 x l 0 -4  - 10 ~ 7 cm /s, 

depending on the  proportion of particles of silt and clay size in the soil.

BASIC DESIGN FEATURES

Excavation and foundations
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F ig . 2 . Representative cross-section

single piles. I t was decided to  use piles of lim ited length in order to  keep 

th e  pile ends as far away as possible from the  soft silt layer. T he adoption 

of piles of 9 m length and 1.25 m  diam eter resulted in a  separation of 

abo u t 4 diam eters between pile ends and the  silt stra tum . T he excavation 

for the construction of th e  piles was supported by bentonite m ud.

I t was considered th a t a  diaphragm  wall, propped a t all stages of 

excavation, provided the solution m ost likely to  minimize ground 

m ovem ents (Fig. 2). Continuous s tru ttin g  by the concrete floor slabs was 

achieved by constructing the floors from the top downwards. Only in an 

area  reserved for ea rth  removal operations the excavation was supported 

by two rows of tem porary  ground anchors.

The thickness of the  diaphragm  walls was determ ined from the  bending 

m om ents predicted during excavation and from the  requirem ent to keep 

ground m ovem ents as small as possible. A wall thickness of 80 cm was 

adopted for the  diaphragm  wall corresponding to  the zone where the 

cathedral is closest to  the  excavation. In the rest of of the inner wall and 

throughout the outer wall a  60 cms thickness was used. In Fig. 2 the  

successive excavation levels are indicated. T hey were chosen in such a  

way th a t  the  m axim um  bending m oments were similar in all three stages 

of excavation.

T he perform ance of the ‘top-down’ m ethod of construction is eased 

considerably if th e  load bearing columns of the  structu re  are founded on

Hydraulic Uplift

T he final depth  of the diaphragm  wall is partly  controlled by 

considerations of hydraulic uplift. T he variability of th e  perm eability 

in tb e  silt s tra tu m  makes it  necessary to  consider the  possibility th a t 

a  horizontal layer of relatively higher permeability, associated w ith a 

m ore g ranular parting , m ay appear a t any depth  within it. This requires 

th e  lengthening of the  diaphragm  walls until reaching a  depth  for which 

an adequate factor of safety against hydraulic uplift is obtained. An 

additional requirem ent is th a t  a  sufficient length of th e  impervious silt 

layer is p enetra ted  by the diaphragm  wall to  ensure an acceptably low 

inflow of w ater. In this la tte r  case, it  is possible to use an average layer 

perm eability since vertical continuity o f higher perm eability zones are far 

less likely.

B oth  these criteria  were achieved by term inating th e  diaghragm  walls a t 

a  dep th  3 .5  m eters below the  sand /silt interface resulting in a  m ean wall 

dep th  o f 26.5 m eters. T he p a rt of diaphragm  walls w ithout a  s truc tu ra l 

function was only lightly reinforced.
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Ground Water Control

Because the diaphragm walls penetrate in the underlying impervious 
silt layer, no special drainage measures were required during excavation. 
However, the solution adopted implies that the ground below the 
cathedral becomes hydraulically isolated. This fact makes the foundation 
of the cathedral liable to rapid changes of water levels due to either inflow 
of water during rainfall or outflow of water into the excavation. Both 
cases may have deleterious effects on the overlying structure. It was 
therefore imperative to ensure the existance of a hydraulic connexion 
between the ground inside the inner diaphragm wall and the general 
water table around the site both during and after construction.

During excavation this was achieved by leaving an opening in the 
diaphragm walls protected by two plastic bentonite-cement walls (Fig. 1). 
Once the excavation was completed a number of hydraulic connexion 
tubes (HCTs) were installed. They connect the inner ground zone to 
the general hydraulic levels prevailing around the site. In total six 
tubes were installed in the positions indicated in Fig. 1. To enable the 
opening of the holes required for the installation of the metallic tubes 
through the diaphragm walls the ground in the immediate vicinity was 
temporarily frozen using liquid nitrogen (Fig. 3). The end of each tube 
was protected by a geotextile with adequate filtering properties placed 
on porous concrete and was hydraulically sealed against the wall. To 
increase the water intake capacity a vertical borehole equipped with a 
perforated pipe was placed in the immediate vicinity of each tube end. 
Once the hydraulic connexion tubes were installed and operational the 
concrete diaphragm walls in the temporary opening area were completed 
and the bentonite-cement walls were demolished.

MONITORING AND PERFORMANCE

Instrumentation

In view of the importance of the buildings that might be affected by the 
excavation a comprehensive monitoring system was set up both during 
and after excavation. In addition to surface surveying, piezometers, 
inclinometers and extensometers were installed as well as clinometers

P-8 P-7 M-6

VIBRATING WIRE PIEZOMETER

Fig. 4. Instrumentation layout. Section P-P’

attached to the various adjacent structures. The locations of the various 
instruments are indicated in Fig. 1. In general instruments of different 
types have been concentrated at.a number of selected zones, giving 
priority to the cathedral side, in order to obtain a fuller understanding 
of the overall performance of the solution. The most comprehensive set 
of instruments was placed in section P-P’ (Fig. 4). It was specified 
that every stage of excavation would start in that zone so that observed 
and expected performance could be compared before proceeding to 
other, more critical, areas. Inclinometers were installed adjacent to 
the diaphragm walls whereas extensometers, of the sliding-micrometer 
type (Kovari et al., 1983), were placed at various distances from the 
excavation. Piezometers were installed both inside and outside the 
excavation to confirm the effectiveness of the excavation sealing systems 
and of the hydraulic connection devices. To ensure a more rapid response, 
vibrating wire piezometers were installed in the silt whereas standpipes 
were used in the sand.

LATERAL DISPLACEMENT ( nvn ) 

0 0.5

0.5 1m

SETTLEMENT ( mm )

1 2 3

Fig. 3* Hydraulic connexion tube end
Fig. 5. Lateral wall displacements (1-6) and settlements (M-6 and M-7)' 

observed in section P-P’
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Performance

The performance of the excavation procedure adopted was closely 
monitored using the instrumentation just described at all stages of 
construction. In general, movements were quite small, typically about
3 mm settlement and 0-0.5 mm horizontal wall movements. Example 
of distributions of horizontal and vertical movements with depth are 
shown in Fig. 5 for the instruments of section P-P\ The maximum 
observed displacements were 6 mm settlement (extensometer M-2) and 
1.5 mm wall lateral movement (inclinometer 1-2). The situation of 
these instruments are indicated in Fig. 1. Fig. 6 shows the maximum 
movements measured compared with those of other case histories 
collected in Clough et al. (1990). It can be observed that the 
displacements caused by the excavation fall well below the mean values 
reported in the literature. The readings of slope changes given by the 
clinometers installed on the various structures adjacent to the excavation 
were very small, generally of the order of the accuracy of the apparatus. 
The maximum value, 0.69 x 10-3, was observed in clinometer C-6 
(Fig. 1) but the initial wall inclination had been largely recovered at 
the end of construction.

Typical evolution of piezometer readings with time are shown in Fig. 7 for 
some of the piezometers included in the instrumented section P-P’. It can 
be noted that the head differencê between the piezometer located inside 
the area delimited by the inner diaphragm wall (P-8) and outside the 
outer diaphragm wall (P-19)is minimal confirming a successful hydraulic

MONTH

Fig. 7. Evolution of piezometric head elevations in section P-P’

connection at all stages of construction. The piezometric levels measured 
in piezometer P-13, inside the excavation, show the lowering of the 
water level which accompanied the succesive excavation stages. It is 
noteworthy that the P-13 vibrating wire piezometer placed in the silt 
responds very slowly to water level changes in the sand. The eventual 
long-term lowering of piezometric levels in the silt layers in the vicinity 
of the excavation will cause some additional settlements. Calculations 
indicate, however, that because of the depth at which those movements 
originate, their effects at the foundation level of adjacent structures will 
be very muted.

C O N C L U D IN G  R E M A R K S

20 30

Depth of Excavation , H ( m )

Fig. 6. Comparison of measured maximum displacements with previous 
results reported in Clough et al. (1990). a) Maximum soil 
settlement, b) Maximum lateral wall movement

A.n excavation has been performed in sand under the water table without 
affecting some important historical buildings located very close. It may 
be concluded that movements caused by such an excavation can be 
limited to very 6mall values if an adequate construction procedure is 
selected. Because the solution adopted involved the hydraulic isolation 
of the foundation ground of the cathedral, special measures have been 
undertaken to ensure the connexion of that area with the water levels 
prevailing around the site.
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