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ABSTRACT: The paper deals with the investigation, treatment and monitoring activities performed to 
allow the construction of a large underground parking in Bari downtown. The construction of parking, 
which has three floors underground, required the excavation of a basin a 13 m deep, 7 m of which under 
the water-table natural level. Furthermore, the perimeter of the structure is very close to the historical 
buildings facing on the Square. To allow the excavation and construction activities in safe and dry condi-
tion, grouting treatment were designed and performed, to create a bottom plug under the entire area, 
and an impervious and firm curtain along the perimeter. The excavation was successfully completed, in 
safe and dry condition, the residual water inflow being less than 4 l/s over a total wet surface of about 
10,000 m2.

These circumstances, and the presence of his-
torical buildings in the immediate boundary of the 
construction site, required a very accurate study of 
the geotechnical and hydrogeological issues, and 
the analysis of the interference between site condi-
tions and new structures.

Thereafter, to allow the excavation and the con-
struction activities in safe and dry condition, the 
design required the construction of a bottom plug 
under the entire excavation area, an impervious 
curtain along the perimeter, and the strengthening 
of the excavation walls.

2 GEO-HYDROLOGICAL CONDITION

2.1 Geological condition

At site, the ground and road level is 4 to 6 m a.s.l. 
The southern part of the construction area was 
covered by debris of bioclastic deposits (Tirrenian 
age), overlaying the Cretaceous bedrock (“Bari 
Limestone”), which outcrops in the northern 
portion.

The Cretaceous bedrock is thousands of meters 
thick. It is composed of a sequence of limestone, 
dolomitic limestone and dolomite. The thickness 
of the layers, measured in situ by coring, ranges 
from a few centimeters to 70 cm.

Overall, the Mesozoic Carbonate Sequence 
endured tectonic activities that produced mild 
folding and created fractures, mostly sub- vertical, 
crossing the limestone-dolomite strata. This con-
dition triggered the karst phenomena, at site 

1 INTRODUCTION

The underground parking built at Cesare Battisti 
Square, in the Bari Downtown (Fig. 1), is a com-
plex structure, because the urban context and the 
special geomechanical and hydrologic condition. 
The structure is 156 m long and 45 m wide. With 
an area of about 7000 m2 it covers almost entirely 
the Cesare Battisti Square.

The building includes three floors underground. 
The construction required the digging of about 
85,000 m3 of  rock, with an excavation 13 m deep 
over an area of about 7040 m2.

At Cesare Battisti Square, the ground level is 
approximately 5 m above the sea level, while the 
groundwater table is 0.5 m a.s.l. Thus the excava-
tion had to be carried out 7 m under the natural 
water-table level.

Figure 1. Map of Bari Downtown and Location of the 
Cesare Battisti Square (A = construction Site, Google 
Map 2010).
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resulting in frequent small cavities and open joints. 
Voids and joints are partially filled with the “Terra 
Rossa”, the typical red clay derived from the resid-
ual dissolution of the limestone.

The fractured limestone houses the aquifer, 
where the groundwater flows primarily through the 
fractures and open joints. The permeability of this 
aquifer is generally estimated in 10−3 to 10−4 m/s.

The water table is characterized by a low 
hydraulic gradient, the groundwater flowing from 
the inland to the sea. The freshwater aquifer stands 
on the sea water. The transition zone between fresh 
and salty water has thickness and position variable 
as function of the piezometric load and aquifer 
peculiarity (Cotecchia, 1977).

The Cesare Battisti Square is located about 
750 m from the sea coast, and the tidal fluctuations 
influence the piezometric level of the groundwater 
table. At site, the hydraulic gradient values vary 
daily on regular basis, ranging between 0.016% and 
0.068%; and the transition zone is located between 
−24 and −30 m a.s.l.

2.2 Hydrogeological condition

An extensive investigation program was carried 
out, both in the project area and neighborhood, 
to acquire hydrogeological information about the 
aquifer behavior in the area interested by the con-
struction works.

The data obtained from 58 piezometers, dis-
tributed on the downtown area, were carefully 
analyzed. Likewise, tests were carried out to inves-
tigate the chemical-physical characteristic of the 
groundwater.

To measure the actual hydraulic conductivity of 
the aquifer at site, three boreholes were drilled at 
Cesare Battisti Square. Tests were carried out by 
pumping water from the three wells, under various 
flow-rate steps, up to a max of  9 l/s. During all 
the tests, the water level unchanged, both in the 
well and in the surrounding piezometres. These 
results confirmed the high permeability of  the 
rock mass at site, and the estimated values of  10−3 
to 10−4 m/s.

The results obtained from site investigation 
and tests allowed the construction of a conceptual 
model of the aquifer: This was utilized in the numer-
ical analysis of filtration phenomena performed by 
finite element method, with the computer code 
SUTRA (Satured-Unsatured-TRAnsport), version 
2D3D.1, a computer program that simulates fluid 
movement and the transport of either energy or 
dissolved substances in a subsurface environment.

degree An accurate study was performed to 
assess the effects related with the construction of 
the underground car-park, and namely to evaluate 
how the creation of an underground impervious 

“box” may affect the groundwater levels, both in 
the short and long period.

The analysis evaluated in few centimeters the 
changes of the upstream water-table level, and 
demonstrates that this negligible value does not 
affect the natural groundwater flow, neither the 
equilibrium between groundwater and seawater, 
and the safety of the next structures. The results 
obtained from the calculation and analysis are 
discussed in detail in Cotecchia et al. (2007) and 
Cotecchia & Scuro (2010).

2.3 Geomechanic characteristics

In the initial phase of the works, a detailed explora-
tory campaign was carried out to define the geologi-
cal profile and the mechanical characteristics of the 
rock layers at site. Ten boreholes were drilled along 
the perimeter and within the construction area.

The boreholes were drilled by continuous cor-
ing, to a depth of 25 m. The recovered coring and 
RQD values showed the presence of a limestone 
with marked stratification, and joint spacing in the 
order of decimeters. At site, the limestone is thor-
oughly fractured and characterized by small karst, 
locally filled with red clays (see photos in Fig. 2 
and the typical lithological profile in Fig. 3).

Figure 2. Photos of limestone at site.
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On the base of this data, the limestone was clas-
sified as heterogeneous and anisotropic rock.

Nevertheless, as described by Cotecchia & 
Tafuni (2007), considering the frequency of these 
discontinuities and based on the rock-mechanics 
knowledge, it was possible to define the geome-
chanical behavior of a rock mass “equivalent” to 
that actually existing at site. This rock mass was 
assumed be characterized by parameters ranging 
between the A and B types described in Table 1. 
The paper (Cotecchia & Tafuni, 2007) explains 
the geotechnical and structural analysis that were 
implemented to estimate the stability of the exca-
vation (base and side walls) during the construc-
tion phase, and the global stability of the structure, 
once the construction is completed.

3 PROJECT DEFINITION

This underground parking is a complex structure, 
because the urban context and the site peculiar geo-
mechanical and hydrological condition. As antici-
pated, the construction required the digging of 
about 85,000 m3 of rock, within an excavation 13 m 
deep, and 7 m under the water-table natural level.

To allow the execution of these excavation activ-
ities in dry and safe condition, special grouting 
treatments were designed, to consolidate and seal 
the fissures and the cavities in the rock mass sur-
rounding the structure.

Namely, these works were devoted to minimize 
the seepage water into the excavation, and to ensure 
the stability of the excavation walls on which are 
founded the nearby historic buildings.

The goal of this treatment is essentially provi-
sional, fulfilling both static and hydraulic functions 
during the excavation and construction works. 
Once the structure construction is completed, 
the hydraulic and static stability is assured by the 
reinforced-concrete structure itself, calculated and 
planned on purpose: the hydraulic stability of the 
whole structure is guaranteed by its own weight, 
while the stability of the rock side walls is ensured 
by the reinforced concrete walls built onto the rock 
and counteracted by the horizontal structures 
(Fig. 4).

To study the stability of the side walls during 
the transitional stage, numerical analysis were car-
ried out with the finite element method, utilizing 
the computer code Plaxis 2D (Tafuni & Cotecchia, 
2007).

The analysis were performed in the bi- dimensional 
condition, on the cross section of the structure 
 (Fig. 5). The rock mass was considered as a solid 
elastic—entirely plastic, adopting the geotechnical 
parameters of Table 1. The model took into account 
the filtration due to the lowering of the groundwater 
level to the bottom of excavation.

The analysis results gave a safety factor 
F = 1.75; this taking into account the seismic 

Figure 3. Typical lithological profile at site.

Figure 4. Final assonometry of the underground 
 parking (Cotecchia e Tafuni, 2007).

Table 1. Estimated geomechanical parameters for 
 limestone. (Cotecchia & Tafuni, 2007).

γ 
(kN/m3)

c′
(kPa)

φ′
(°)

E′
(kPa)

σT 
(kPa)

ν
(−)

Fractured 
Rock—A

24 150 32 3.00
E06

 20 0.3

Fractured 
Rock—B

25 200 40 5.00
E06

100 0.3
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actions implemented with pseudo-static method, 
using the horizontal coefficients of  seismic 
intensity kh = 0.075 and the vertical coefficient 
kv = kh/2, as required by the Technical Code 
(Cotecchia & Tafuni, 2007).

Depth and thickness of the bottom plug have 
been designed in order to guarantee the  stability 
against the uplift during the transient phase, 
namely when the excavation phase has been com-
pleted but the reinforced concrete structure is not 
built yet (Fig. 6).

The grouting treatment was designed to  create 
a bottom plug under the base of  the  excavation, 
and a vertical cut-off  along the side walls at the 
perimeter. Along the perimeter, the grouting 
treatment was also aimed to consolidate the rocky 
side walls, in order to ensure the stability of  the 
excavation against the hydraulic pressure result-
ing from the high water-table level outside the 
digging area.

Therefore, boreholes were drilled and grouted 
over the entire area, to create a bottom plug 4 m 
thick, whose top end is located 2.2 m under base 
of the excavation. On the perimeter, along the 
designed excavation wall, the grouting was per-
formed on the whole excavation depth, from the 
grade to the base of the bottom plug. The founda-
tion plan geometry and sections are illustrated in 
the drawings of Figures 7 and 8.

Finally, to allow a better control of  possi-
ble residual water inflow during the excavation 
phase, the area (7040 m2) was subdivided in 
three portions, by means of  two internal sepa-
ration walls. These cutoff  walls were obtained 
by grouting two rows of  boreholes on the entire 
length, from the bottom plug to the working 
platform.

Figure 5. Stability tests carried out by FEM method 
(Plaxis 2D). Discretisation model adopted in the 
calculation.

Figure 6. Hydraulic stability scheme.

Figure 7. Parking foundation. plan geometry and 
 longitudinal section.

Figure 8. Parking foundation. cross Section.

4 EXECUTION OF GROUTING WORKS

4.1 Grout mixes

Three different kinds of mixes were grouted 
at site. The compositions and the main character-
istics of the utilized mixes are listed in Table 2.

As a rule, the Mix A was injected in the Primary 
and Secondary holes. This mix is stable against the 
decantation, and is characterized by a fair viscos-
ity. It can permeate joints and fissures having rela-
tively wide opening (millimeters). Once in place, it 
adequately fills and seals the voids.

The Grout B (Mistra Mix) is very stable against 
both decantation and filtration under pressure. 
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As well, it is characterized by low viscosity and 
cohesion. These features allow the permeation of 
fine fissures, over relatively long paths (De Paoli 
et al., 1992). As a result, this grout can permeate and 
seal the fissures left untreated by the Standard Mix. 
Generally, the Mix B was grouted in the Tertiary 
and Quaternary holes.

The “Expanded Mix” (also known as “coulis 
mousse”) is a “Low Mobility Grout”, character-
ized by high viscosity and volumetric yield. Once in 
place the mix swells, filling large voids and cavity, if  
any. This type of grout was utilized in the northern 
part of the site (see Fig. 13 in the following), where 
the exploratory holes discovered a very weathered 
and fractured rock with voids (decimeters). This 
Mix C was grouted in a preliminary phase, in the 
very first Primary Holes. It was useful to decrease 
the volume to be grouted, avoiding dispersion of 
mixes out of the area to be treated.

All the grouts were prepared in the mixing plant 
installed at site. According to the good grouting 
practice, routine controls included density, viscos-
ity and bleeding tests, carried out at least twice per 
shift on the grouts sampled at the mixing plant. In 
addition, specimens were prepared and delivered to 
the specialized laboratory, to be tested for strength 
(UCS) and permeability (k) after 28 days of curing. 
As an average, the following values were measured:

Mix A: UCS ≅ 1.3 MPa, k ≅ 4 × 10−9 m/s
Mix B: UCS ≅ 1.1 MPa, k ≅ 1 × 10−9 m/s
Mix C: UCS ≅ 1.0 MPa

4.2 Grouting method, pattern, and sequence

The consolidation and waterproofing treatment 
was realized by permeation grouting, utilizing the 
MPSP—Multi Packer Sleeved Pipes—method 
(Bruce & Gallavresi, 1988).

The method consists in subdividing the hole by 
permanent packers, creating sections (2–4 m long) 
to be grouted individually. The permanent pack-
ers (“bags”) are installed on a pipe equipped with 
sleeved valves, and the pipe is inserted in the hole 
already drilled to the full depth. Once in place, the 
bags are inflated with a suitable water cement grout.

Thereafter the grouting treatment can start. 
Using a small double-packer, lowered into the pipe, 
the grout is injected through one of the valves in 
the section confined by the bags.

The general grouting pattern and spacing 
adopted at site is shown in Figure 9. At first, was 
completed the consolidation and waterproofing 
of the rock at the perimeter (boreholes X, Y, Z), 
thereafter the waterproofing of the bottom plug.

In general, the boreholes were drilled by the 
roto-percussion system, with down the hole ham-
mer and temporary casing.

To allow the gradual sealing of the gaps, and the 
evaluation of the progressive effect of the treat-
ment, the injections were performed in a sequence 
of primary, secondary, tertiary (and quaternary) 
holes, drilled and grouted with the splitting spac-
ing system.

As a good practice, no drilling activity was per-
formed within a radius of at least 6 m from the 
hole ready to be grouted, or under grouting.

All the grout activities were performed accord-
ing with the Standard EN 12715, with the proce-
dure described in the following

4.3 Drilling and grouting of holes on the perimeter

The grouting holes were drilled from the exist-
ing road level (El. +4 ÷ 6 m s.l.) to the base of the 

Table 2. Composition and main characteristics of grout 
mixes.

Grout mix
type

Type A
standard

Type B
mistra

Type C
exp. grout

Composition kg/m3

 Cement (§) 425 365 785
 Bentonite 13 18 16
 Water 850 867 628
 Admixture − (*) (#)

Characteristics
 Density (g/cm3) 1.29−1.31 1.25−1.27 1.40−1.45
 Marsh 35−40 31−35
 Viscosity (l/s)
 Bleeding 2−4% �1%
 Volume yield 160–170%

(§) Cement 
CEM-IVA-32.5

(*) Mistra admixture
(#) Expansion agent

Figure 9. Grouting holes—pattern and spacing.
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 bottom plug (El.−12.0 m). The grouting-hole mesh 
included three parallel rows: two rows (Z and Y) of 
vertical holes 1.5-m spaced, one row (X) of holes 
3-m spaced and slightly inclined (7°) (see Figs. 9 
and 10.

Each grout hole was subdivided in 6 stages 
by MPSP packers. Each stage was individually 
grouted, with the specific criteria designed as func-
tion of depth, sequence and spacing. In general, 
the parameters values were within the following 
limits: Vmax = 250 ÷ 500 l/m, Pmax 8–18 bar, Pmin 
6–11 bar.

Once started, the grouting each stage was con-
tinued without interruption, until the refusal crite-
ria were reached, i.e. the max grout take Vmax and 
the minimum pressure Pmin, or the refusal pressure 
Pmax.

Where in the first pass the Vmax was injected 
without reaching the Pmin, within 24 hours the 
grouting was resumed injecting additional grout, 
until the required Pmin was obtained.

Locally, where drilling founded large pocket 
of red clay, steel micropiles were installed to 
strengthen the excavation side walls (Fe510 steel 
pipe, 88.9 mm in diameter, 10 mm thick).

4.4 Grouting of bottom plug

Before starting the drilling activity, excavation and 
earth movement were completed to lower the work-
ing platform from approx El +5 m to +2 m s.l.

The grouting holes were located on a square pat-
tern, with a final distribution of 1 hole each 4 m2 
(see Figs. 9 and 12).

The holes were drilled to the final depth 
(El.−12.8 m, i.e. the designed base of the grouted 
bottom plug), and grouted only in the deepest 
4 meters. Each hole was divided in two stages, 
clogged at top by the MPSP permanent packer.

As anticipated, in the northern portion of the 
site (characterized by extremely weathered and 
fractured rock), the very first Primary Holes were 
pre-grouted with the Expanding Mix.

Afterward, the treatment was carried out by 
drilling and grouting a sequence of Primary, Sec-
ondary and Tertiary-Quaternary holes, positioned 
with the splitting spacing method.

The grouting was performed implementing 
the design parameter, without interruption until 
the refusal criteria were reached (Vmax = 400 l/m, 
Pmax = 19 bar). Where the Vmax was injected with-
out reaching the designed Pmin = 10 bar in the first 
pass, the grouting was resumed within 24 hours, 
injecting additional grout until the required Pmin 
was obtained.

4.5 Grout take and final pressure

During the injection phase, the grouting param-
eters for each section were carefully monitored and 

Figure 10. Drilling of the boreholes on the perimeter.

Figure 11. Grouting on the perimeter, to create an 
impervious grout curtain and to consolidate the walls of 
the designed excavation.

Figure 12. Drilling and grouting of the boreholes under 
the entire area to create a bottom plug.
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recorded. Once the grouting of a series of holes (in 
a stretch of the area) was completed, the analysis 
of the actual grout-take and pressure behavior was 
performed. On the basis of the results achieved, 
it was decided how to proceed in the adjacent 
holes, adjusting the type of grout and grouting 
parameters.

Figure 13 graphically illustrates the grout-take 
value recorded for each hole, and expressed in 
terms of liter per meter (l/m) of grouted length.

Considering the hole spacing and the grouted 
thickness, the volume of mixes injected can be for-
mulated as percentage of grout-take referred to the 
volume of treated soil/rock.

The bottom-plug holes (square pattern, 2 m 
spacing) were grouted over a length of 4 m. The 
holes on the perimeters (triangular-irregular pat-
tern, 3.0 ÷ 1.5 m spacing) were grouted over a 
length of 12.5 m.

In average, the resulting percentage of grout-take 
is 15–20% of the grouted rock volume. This value 
is close to the expected one, and comparable to 
those recorded in other similar projects completed 
in the neighborhood (Andidero building on Perotti 
Waterfront, Teatro Petruzzelli, and others).

As said, the grouting pressure had to reach a 
certain minimum value, before considering com-
pleted the grouting of the hole. Thus, for almost 
all the holes, the grouting was continued until this 
minimum value was obtained. About the 20% of 
the sections reached the refusal pressure (Pmax) 
in the first pass. Most of the other boreholes 
reached the designed value of minimum pressure 
(Pmin) in the first or in the second pass.

5 VERIFICATION WATER TEST

After the grouting activity completion, before start-
ing the excavation phase, site water tests were per-
formed, to check the treatment results and measure 
the residual permeability. Twelve boreholes were 
drilled within the area, to test the bottom plug; 

16 boreholes were drilled along the perimeter, to 
test the lateral grout curtain (see Fig. 14).

To avoid the punching of the bottom plug, the 
drilling was always stopped at least 1 m above the 
base of the treatment. The tests were carried out 
utilizing a packer to confine the portion of rock 
to be tested. The tests were performed under low 
pressure, to avoid the risk of hydrofracturing. The 
test in the bottom plug involved the entire treated 
length. The borehole in the lateral curtain was 
tested in three stages.

The permeability test results are summarized in 
Table 3, and detailed in the diagrams of Figures 15 
and 16.

Figure 13. Hole grout takes.

Figure 14. Location of piezometers and testing 
boreholes.

Table 3. Summary of the water test results, after grouting.

Permeability, average values (m/s) after grouting

North
side

East 
side

West
side

South
side

Grout curtain
El. +0 to −2 m s.l. 2.5E-07 3.5E-07 2.8E-07 3.1E-07

El. −3 to −5 m s.l. 1.8E-07 5.6E-07 2.6E-07 2.5E-07

El. −6 to −8 m s.l. 2.1E-07 3.3E-07 2.9E-07 9.6E-07

North 
sector

Central 
sector

South 
sector

Bottom plug
El. −10 −12 m s.l. 4.6E-07 6.4E-07 1.8E-07

Figure 15. Results of water test after grouting—bottom 
plug.
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As shown, these values are very smaller than 
those recorded before the treatment, the final aver-
age permeability being less than 4 × 10−7 m/s.

6 CONCLUSIONS

Preliminary site investigation and accurate geo-
mechanical and hydrogeological analysis were per-
formed to evaluate the site condition.

The grouting works were started on April 2006, 
and completed on April 2007. After that, the con-
struction works were suspended, due to adminis-
trative matter.

The activities were resumed during the 2009 
spring. Coring drillings and site water tests were 
performed, to measure the residual permeability 
and check the quality of the treated rock, provid-
ing very good results. Thereafter, the construction 
of the underground parking R.C. structure started 
with the excavation works. During the digging of 
the 80,000 m3 of rock, the nearby historical build-
ings were continuously monitored.

The excavation activity was successfully com-
pleted (2009 spring) in safe and dry condition, the 
residual water inflow being less than 4 l/s over a 
total wet surface of about 10,000 m2 (Figures 17 
and 18).
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