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Structural and hydraulic problems in a jet-grouted bottom slab for a cut-and-cover 

tunnel

Probl6mes structuraux et hydrauliques dans le radier d’un tunnel a ciel ouvert construit 

par la methode du jet-grouting

J. M. Rodriguez Ortiz -  Polytechnic University Madrid, Spain

ABSTRACT: For a subway tunnel, in a very pervious sandy ground, a bottom seal by means of secant jet-grouted columns, 2 to 3.5 

m long, was designed. The preliminary tests in order to assess the diameter and strength of the cement-treated soil are described. 

However, slight changes in the fines content and organic matter of the soil unfavourably affected the expected parameters, leading to 

some watertightness defects in the slab and reduced strength. The design of these slabs for the running tunnel (9 m span) and the station 

(14 m span) is discussed. Significant drawdowns occurred due to the ingress of water to the excavation through defective spots in the 

bottom slab, but no settlements were recorded in nearby buildings, in spite of the loose condition of the sands.

1 INTRODUCTION

The 1,038 m long section of the Bilbao Underground Line 1 

crossing the locality of Las Arenas (i.e. "The Sands") comprises 

two end ramps and a central station replacing the existing one 

aboveground (fig. 1).

The design followed the cut-and-cover method, with lateral 

diaphragm walls 0.60 m thick, an in situ cast upper slab and a 

bottom invert (fig. 2). A row of in situ piles provided an 

intermediate support to the cover slab at the station and the 

transition sections.

The works were awarded to a solution where a sealing slab was 

created under the invert by the Prepaid system, grouting 

underwater a mat of open graded gravel. Afterwards, however, 

this method was deemed somewhat risky due to difficulties in 

controlling the cementation and watertighness of the grouted slab.

After considering the possibility of the method of underwater 

concrete, the solution finally adopted was to cement the sandy 

ground by means of jet-grouted columns. Performing this 

treatment from a preexcavation close to the water table also 

provided the buttressing effect of the jet-grouted slab in advance 

of the excavation, which allowed to shorten 2 m the diaphragm 

walls. However, the subsequent behaviour would advice to 

maintain the original wall length and to put the grouted plug at 

a lower position in order to maintain in place some sand 

overburden for reducing seepage gradients. This solution, 

arranged as an inverted arch of jet-grouted columns covered by 

grouted ground has been used by Liang et al. (1993).
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Figure 1. Plan of the works showing the piezometer 

locations.
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2 GROUND CONDITIONS

As shown in fig. 6 below, the ground consisted mainly of dune 

or beach sands, over a bedrock of marly limestone. The main 

properties of the sand were:

Passing no. 200 mesh 

Mean size

Penetration resistance NSPT 

Permeability

1-13% 

0.10-0.30 mm 

12-40 

10'3 cm/s

The central part of the section was probably occupied in recent 

times by a tributary channel of the Nervion or the Gobelas River. 

This channel was progressively silted and filled by sediments and 

debris, which contaminated the original sandy ground with 

organic matter, rotten timber and remains of ancient shipbuilding 

yards.

The depth of the marls was too great to be reached by the 

diaphragm walls, which would act as cut-offs against 

underseepage.

3 THE DESIGN OF SEAL AND INVERT SLABS

where pw is the uplift pressure at the bottom of the slab; L is the 

span and a  is a coefficient which varies from 0.25 to 0.36 

according to the nature of the ground and the degree of 

conservatism.

The design of these slabs as a two-hinged beam under uplift is 

overly conservative. In fact they perform as a voussoir arch with 

some fixity at the ends, but subjected to the displacements of the 

lateral walls.

Upon excavation the slab buttresses the walls, being subjected 

to compressive forces Nw. To these stresses the compressions Na 

due to the work as a voussoir arch must be added. If Na >  Nw 

the walls are displaced outwards and the sag of the arch 

decreases. Neglecting these displacements due to the high values 

of the passive reaction of the walls, one obtains from static 

conditions (fig. 3):

Na = ql2/8z

with z = 2e/3 and q the net uplift pressure resulting from the 

water uplift minus the self weight of the slab.

The maximum compressive stress is

2 N, N

A field test of 12 columns was conducted in order to establish the 

attainable diameters and the properties of the treated soil through 

reasonable variation of parameters. The finally adopted values 

were

Expected diameter 1.40 m

Spacing between centers

(triangular pattern) 1.20 m

Cutting pressures 45 MPa

Rotation rate (rpm) 8-10

Water nozzle (1) diameter 3,5 mm

Grout nozzle (2) diameter 8 mm

Cement consumption (kg/m) 930

Water-cement ratio 0.8

Injection rate (1/min) 130

Grout specific gravity (kN/m3) 16-17

The unconfined compressive strength of cores taken from the 

columns with varying mix types ranged from 3.2 to 13.3 Mpa, 

with many values above 6 Mpa.

Following some predesign calculations the thickness of the 

grouted slab was fixed in 2 m for the 9 m span and a stepwise 

variable thickness from 2 to 3,5 m for the 14 m span at the 

station (fig. 2).

A review of similar jet-grouted slabs shows that the adopted 

thicknesses comply with the expression

P*-L

y w

The second term is usually very small, in the range of 200-400 

kN/m2. This allows to express the necessary thickness as

e — I

The allowable compressive stress is taken as low as 0.3 to 1 

MPa in many countries as Japan, although recent projects carried 

out in Spain have considered values between 2 and 3 MPa. In this 

case, after the first problems (see below), the tested cores showed 

compressive strengths between 2.7 to 7.7 Mpa.

Interesting theoretical developments have been published by 

Stimpson and Ahmed (1992) and Sofianos (1996). However the 

end conditions of the jet-grouted slabs are quite different from 

those prevailing in plane mine roofs.

By means of the FEM the stress-displacement behaviour of the 

slabs has been investigated. The results show (fig. 4) that the 

pressures and rotation of the walls maintains the lower part of the 

slab under compression, the tensile stresses being restricted to the 

center of the upper part.

Figure 3. Static scheme of the voussoir arch.

Figure 4. Principal stress trajectories (solid lines 

represent compression and dashed lines 

represent tension).
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For the two thicknesses of 2 and 3 m and the 14 m span under 

uplift pressures of 120 kN/m2 the following values have been 

obtained:

e = 2 m  e = 3 m

Max. compressive stress 2.3 MPa 1.8 Mpa 

Max. tensile stress 1.9 Mpa 1.5 Mpa

Max. upwards deflection 1.8 cm 1.4 cm

Obviously the tensile stresses are excessive for the jet-grouted 

columns. This results in some separation or cracking at the upper 

part of the columns and transference of forces to the bottom of 

the slab. However the increased compressions do not exceed 4 

MPa.

More refined results could be obtained by means of no-tension 

models but it is difficult to introduce this condition only on the 

vertical contact surfaces between columns.

The computations also showed some rebound effects by 

unloading on the base of the slab which must be added to the 

uplift in case of delayed deformations between excavation and 

hardening of the grout.

4 WATERTIGHNESS PROBLEMS

The jet-grouting treatment was initiated without complications, 

but some cores showed strong strength variations within the 

columns as well as some non treated sand inclusions between the 

columns.

This led to an increase of the cement content and the 

corresponding specific gravity of the mix.

In spite of these corrections the first excavated sections showed 

a number of deffective spots, with intrusion of water and sand 

discharges in amount up to 500 1/min.

A total of 27 spots were detected in a length of 250 m of slab, 

without any systematic location, although the more frequent ones 

appeared at 1 m or 2,50-3,20 m from the walls. Contrarily to 

expectations no leakages developed at the slab-joint contact nor 

around the in situ piles. Maybe the longer columns at these 

contacts prevented upwards flow.

The reasons of said deffects are yet not clear. Vertical cracking 

of the slab can be excluded as well as forgetting some column. 

Washing of the fresh grout by underground flow was also very 

improbable due to the work within diaphragm walls. Even the 

quality of the equipment and workmanship was taken into account 

as two different companies were involved in the works and the 

problems mainly arose in one of the lots.

However, other effects might also be important such as:

The setting problems of the grout due to some organic 

matter content in the ground, not present in the test field. 

The corresponding reductions in diameter.

The deviations of the vertical of the grouting rig. Drilling 

lengths in excess of 8 m can be very risky for this 

treatment.

The barrel shape of the columns due to the combined 

effects of retreat and hydrostatic pressures of the mix 

against the ground.

The "shadow" effect from the first made columns upon 

the contiguous ones, especially in heterogeneous ground. 

The above-mentioned effect of separation between 

columns due to the tensile stresses developed in thin slabs.

These circumstances led to some modifications in the grid of 

drillings, reducing the spacing between centers to 1.10 m.

Several solutions were taken into account for correction of the 

faulty sections as groundwater lowering from wells drilled close 

to the walls, extending down the walls by tangent jet-grouted 

columns, etc. However, they were discarded by reasons of cost 

and time.

Grouting around the spot with water-reactive polyurethan resins 

was ineffective due to the high gradients which washed out the 

grout. Only after covering the sources with a heap of pea gravel 

in order to reduce exit velocities, and repetitive grouting with 

dense cement mixes, the seal of the leaky spots was achieved. 

However, new leaks opened very often under the increased water 

pressure after the sealing operation.

Then it was decided to allow some water to enter the 

excavation but with limited sand entrainment. In fact this resulted 

in a significant lowering of the water table around the excavation, 

with reduced seepage. The leaky spots were partially clogged 

with cloths and a pipe was installed in them, with a valve atop, 

in order to control the discharges and to limit pressures under the 

slab which could give way to new leaks.

A drainage sheet of rigid plastic was laid on the jet-grouted 

slab after some necessary trimming of irregularities, thus 

conducting the water to the advancing front of excavation 

(downwards) where it was pumped outside. This allowed to place 

almost in the dry the reinforcement and to cast the concrete 

invert.

The forced lowering of the water table by pumping raised some 

concern about induced subsidence in nearby buildings. A 

longitudinal recharge pond was constructed for compensating 

drainage, but it soon became ineffective due to clogging by fines. 

A network of standpipe piezometers showed important 

drawdowns close to the diaphragm walls, in the sections were 

blow-outs occurred (fig. 5). Although this corresponded to a 

transient condition with maximum pumping maintained only some 

hours in the section to be cast, the succession of blow-outs 

resulted in a quasi-permanent groundwater lowering in long 

sections during weeks.

In addition to the observed drawdowns, the piezometers 

showed a clear ''barrier effect" in the central part of the section 

(fig. 6), with levels increasing up to 0.70 m. This can be 

explained by the longer walls of the Station as well as by the 

concavity of the lay-out in plan, facing the incoming waters from 

the mountains. On the other hand, however, descents of the water 

levels were quite similar on both sides of the tunnel and much 

more important than in the rest of the sections in spite of the 

reduced number of blow-outs. An explanation for this can be the 

reduced flow in this area due to a lesser depth of pervious sands.

Levelling points fixed to the buildings showed negligible 

subsidences, between 0 and 1,5 mm, well below some settlement 

calculations with deformation moduli of the sand of 2,5 to 4 

MPa. In fact, similar experiences in sandy ground, even with 

moderate density, reflect very slight influence of groundwater 

lowering.
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Figure 5. Record of piezometer C showing drawdown peaks 

due to nearby blow-outs.
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Figure 6. Geotechnical profile showing the fluctuations of the groundwater levels.

The criterion imposed by the Owner was to limit to 2 m the Stimpson, B. and Ahmed, M. 1992. Failure of a linear Voussoir 

maximum drawdown close to the back of the walls. arch: a laboratory and numerical study. Canadian Geot.

Journal, 29, 188-194.

5 CONCLUSIONS

The jet-grouting method can be very effective in sandy ground 

as a bottom seal provided that the right diameter and length of 

the columns be established. The tests should cover the different 

ground conditions to be expected.

The strength of the treated ground is not so important as the 

thickness of the slab because watertightness is the more severe 

requirement.

The deeper the treatment the longer the columns must be in 

order to compensate unavoidable deviations from the vertical.

The risks of deffective sealing clearly increase with drillings 

longer than 12 m and when the base of the jet-grouted slab bears 

on gravels or very pervious ground.
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