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INTRODUCTION

The so called Porto Maravilha Project consists of the re-urbanization of a 500 ha area in the Rio de
Janeiro port region. Several changes in local infrastructure are being implemented, including a
significant change in the road system, with the demolition of the former “Via Perimetral” viaduct and
construction of 4 new tunnels:

e Saude tunnel - 35 m long (Waimberg et al, 2014);

e  “Bindria tunnel” - 1012 m long;

e  “Via Expressa” twin tunnels - 1850 m long each way.

The tunnels were excavated almost completely in rock using conventional drill and blast
methodology and only some short stretches in weathered rock, associated to faults zones, residual soils
and marine sediments close to the tunnel portals.

During excavation of access shaft and “Via Expressa” and “Binaria” tunnels significant ground
settlements as well as settlements of buildings founded both on shallow and deep foundations were
measured. These values could not be associated to conventional tunneling induced settlement troughs.

This paper focuses on the “Via Expressa” tunnels, presenting a brief description of the project as a
whole, its geological and geotechnical background, monitoring results, and a discussion of possible
causes of the measured settlements.

PROJECT DESCRIPTION

The Porto Maravilha Project is an integrated multidisciplinary action on behalf of the Rio de Janeiro city
council with support from the State and Federal Governments. In addition to creating new conditions for
working, housing, transport, culture and leisure for the resident population, it also promotes expressive
economic development in the region (Portonovo, 2015).

Porto Maravilha Project is carrying out actions for the recovery of the region’s historical heritage, as
well as promoting the population’s social and economic development.



One of the main benefits of the Porto Maravilha Project is the construction of the new traffic system
in the port area, consisting of the Express and Bindrio roadways. The new project, which will replace the
current Perimetral Rodrigues Alves viaduct system, will increase traffic flow capacity by 27%.

A Light Rail Vehicle (VLT) will also be installed, integrated with several transport systems, such as
trains, subways, ferries, buses, BRT and airports. In addition to the VLT tracks, the Porto Novo
concessionaire is constructing 61 thousand square meters of public promenade, an extensive area that
integrates the cultural facilities and new ventures at the Avenida Rodrigues Alves, between Praca Maua
and Warehouse nr. 8. It is also implementing the upgrading of all of the area’s sidewalks in order to
stimulate the circulation of pedestrians and create 17 miles of bicycle paths.
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Figure 1. Overview of project area including approximate locacation of tunnels (Portonovo, 2015).

The “Via Expressa” tunnels of the Porto Maravilha Project are two parallel tunnels with an individual
length of 1850 m. Tunnel cross section area is around 110 m” with varying lining thickness. For tunnels
excavated in soil, tunnel lining consists of lattice girder, 30 cm of shotcrete as primary lining and an
additional 25 cm concrete / shotcrete layer as secondary lining. Sequential excavation method was used,
dividing the cross section excavation into 2 phases, including a provisory and a final invert. Excavation,
where necessary, was stabilized with horizontal forepolings and/or horizontal and vertical Jet Grouting.
Tunnels excavated in rock made use of mainly 4 m long 100 KN working load anchors (variable spacing,
according to rock mass classification) and fiber reinforced shotcrete, with variable thickness, according
to rock mass classification. Figure 2 shows schematically the typical cross section for stretches in soil and
rock.

For several reasons the design concept was to locate the tunnel, where possible, in rock, intending
the minimization of the impact of the excavation on the surface, reduction of costly and time
demanding soil treatment, reduction of excavation time and increase of safety. This lead to the
necessity to locate the tunnels relatively deep, below elevation — 45 m (below sea level), along a
significant part of total tunnel length.
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Figure 2. Typical tunnel cross section for tunnels excavated in soil and rock

GEOLOGICAL GEOTECHNICAL BACKGROUND

Following the design concept, the “Via Expressa” tunnels were located mainly in rock (rock
classifications | to IV using RMR), crossing two major fault zones, where the rock is significantly
weathered. Figure 3 presents a schematic plan view of the region of interest and Figure 4 a longitudinal
geological profile along the tunnel alignment.
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Figure 3. Plan view of the region with tunnel and longitudinal geological profile
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Figure 4. Longitudinal geological section along “Via Expressa” tunnels.

Figure 4 shows that the tunnel alighment was located mainly in rock. Above the bedrock (granitic
gneiss), different geomaterials were identified:
e Manmade ground of up to 11 m thickness;
e Sandy and clayey marine sediments;
e Residual soils and saprolite / weathered rock.

Below groundwater level, manmade ground consists mainly of fine sand, probably hydraulic fill used
to reclaim land from the sea in the late 19" and early 20" century. Figure 3 shows current shoreline with
the existing quays and an indication of the probable shoreline prior to the land reclamation.

Local soils where investigated only by SPT blowcount, which showed significant variability, but in
average the following SPT blowcount ranges can be associated to each of the above mentioned layers:

e Manmade ground and sandy marine sediments — 5 to 20;
e (Clayey marine sediments —2 to 8;

e Residual soils — 10 to 30;

e Saprolite — above 50.

MONITORING AND MONITORING RESULTS

Porto Maravilha Project area is densely populated, with several historic and heritage buildings located
nearby. For this reason, an extensive monitoring program was conceived and implemented. The
monitoring program consisted of the installation of facade leveling points, surface leveling points, rod
extensometers, and piezometers. Inside the tunnels, displacements were measured by conventional
convergence and settlement measurements using total stations.

In addition to conventional displacement monitoring, during drill and blast excavations, sensitive
structures, like historic buildings, were monitored using seismographs. Blasting parameters were chosen



to avoid damages, using the well known DIN 4150 control parameters, relating peak particle velocity -
PPV and frequency.

During design phase no significant settlements were anticipated: the tunnels were to be excavated
in rock, crossing two fault zones, but still in hard / compact soil or saprolite.

However, when shaft construction began, some settlements started to be measured, even at
significant distances from the location where actual excavation was occurring. As an example, figure 5
below presents the settlements of building nr. 43 of Venezuela Street. This building is founded on direct
footings and located at a distance of around 75 m from one of the access shafts: shaft construction using
initially conventional excavation and, along approximately 75% of shaft depth, drill and blast, induced
settlements around 8 mm. As tunnel excavation approached the building, settlement increased
significantly. Even when the excavation fronts of the tunnels were more than 100 m away from the
building, settlements continued with a decreasing rate and reached around 90 mm. Figure 6 shows a
“zoom” of Figure 5 for the periods between 13/10/2013 and 2/3/2014. It is noticeable that the
settlement velocity decreased at the end of December. During the time interval from Christmas to New
Year Eve, almost all activities at the site were stalled, which could be an explanation to the different
behavior. In general, average settlements rates varied between 0,1 and 0,6 mm / day.

Another indication of a “non-conventional” behavior was an apparent decrease of settlement
velocities during weekends, when no excavation works were done. Figure 8 presents an example of 2
superficial settlement point measurements, where, during the weekends, a well defined change in
settlement behavior was detected.

Figure 8 shows average surface settlements along an almost 200 m long stretch, with maximum
settlements around 90 mm. Figure 9 shows, on the same graph, tunnel crown settlements along the
same stretch and surface settlements during the same time interval, eliminating settlements that had
occurred prior to the installation of internal monitoring sections. It is interesting to note that
consistently surface settlements are higher than tunnel crown settlements, showing that the material
between the surface and the tunnel crown reduced its volume.
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Figure 5. Settlements of Building nr. 43 (settlement point 18), Venezuela Street
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Figure 6. Settlements of Building nr. 43, Venezuela Street — between 13/10/2013 and 2/3/2014
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Figure 7. Settlement point measurements at station 1145. On almost all weekends (exception 3™ and
4™ of May) settlement velocities decreased, when compared to the rest of the week.

Stations (20 m each)
1152 1150 1148 1146 1144 1142 1140

-10

-20 .
-30 \

-40 S, -

-50

-60

o \ \ /

-80 ¥

-90 \/
-100

Settlement (mm)

Figure 8. Average surface settlements along an approx. 200 m long stretch
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Figure 9. Tunnel crown and surface settlements of the same stretch (Figure 8) measured during the
same time interval. Surface settlement is higher than tunnel crown settlement, showing soil volume
reduction.

POSSIBLE SETTLEMENT CAUSES

Causes for settlements in tunneling are normally associated to 2 different mechanisms:

the so called ground or volume loss, leading to settlement troughs which have often the
approximate shape of an inverted normal distribution. This type of settlement normally starts
when tunnel excavation fronts are at a distance of less than 2 tunnel diameters and ceases
when tunnel excavation front has reached a distance of around 2 tunnel diameters.
groundwater lowering, leading to an increase in effective stresses and, therefore, settlements.
The shape of the time x settlements graphs, like the one presented in figure 6, could be
interpreted as being associated to groundwater lowering.

The settlements measured during tunnel and shaft excavation at the project showed a pattern that
could not be fitted into the “conventional” models:

displacements were measured even at significant distances from the shaft and tunnel
excavation fronts. Figure 5 shows that settlements were still occurring when the excavations
were advancing at distances greater than 100 m (around 7 tunnel diameters);

settlements at the surface were higher than settlements of tunnel crown, showing that the soil
above tunnel crown was reducing its volume (Figure 9). This type of behavior could, in principle,
be associated to groundwater lowering (increase of effective stresses leading to additional
compression and volume reduction). However:

measured settlements showed that, apparently, settlement velocities varied according to
excavation activities, with reductions during weekends and holidays (Figures 6 and 7).

A third possible cause for the volume reduction and consequent settlements at the surface could be
the densification caused by blasting induced vibrations. Coutinho et al (2007) presented the same
possible cause for settlements (that lead to severe building damages) measured in loose to medium
density sands, also in Rio de Janeiro.

To evaluate this hypothesis, a simplified analysis was performed to:

estimate the distance blasting induced vibrations could reach;
verify if local soils could possibly be compacted and reduce void ratio due to vibrations.



Saliba et al (2014) presented site specific vibration propagation parameters, obtained from

backanalysis of the drill and blast excavations of General Osério Station, in Rio de Janeiro:
-

R
PPV =K (W_ﬁ)
where PPV = peak particle velocity, R = distance from blasting source, W = maximum explosive
charge, K, a and [ are site specific variables.
For the granitic Gneiss of General Osdério Station (similar to Porto Maravilha bedrock), K =450, 3 =
0,5 and o = 1,45. Figure 10 presents estimated PPV for 5, 6,65 and 10 kg explosive charges, which were

individual charges used during tunnel excavation (the average charge was 6,65 kg).
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Figure 10. PPV as a function of distance to blasting source.

It can be seen that for a 100 m distance estimated PPV varies between 1,8 and 3 mm/s, depending
of the assumed blasting charge. Seismographic measurements from the project showed reasonable
compatibility with these estimates and that for PPV in this order of magnitude, peak accelerations in
horizontal and vertical directions between 0,1 g and 0,15 g were measured. Additionally, the
seismographic measurements showed that vibrations due to blasting lasted between 6 and 10 seconds.
Therefore, it can be stated that vibrations, even at distances equal or greater than 100 m are not
negligible.

For the local geological profile consisting partially of clean uniform sand, and a horizontal
acceleration of 0.15 g, using Seed and Idriss (1971) simplified approach to estimate liquefaction
potential, a CSR (Cyclic Stress Ratio) value of 0,15 can be estimated. If this value is compared to the
empirical graph proposed by Seed and Idriss (Figure 11), for a magnitude 7,5 earthquake, local soil is
liqguefiable. Even when a MSF (magnitude scaling factor) is applied, reducing the magnitude to a 5,5, the
low NSPT blowcount clean uniform sand can still be considered liquefiable.

In the light of the presented simplified evaluations, it is possible to state that:

e Blasting activities generate not negligible ground motion, even at distances greater than 100 m;

e |ocal soils, especially the clean, uniform sand below groundwater level, are “liquefiable”.

In addition to the simplified analysis presented, from a conceptual point of view it is well known that
granular material is compacted using water and vibration, which, in the project case, are, respectively,
the groundwater lever and the vibrations due to blasting at bedrock level. However, settlement



velocities, when compared to intentional densification / compaction or even soil liquefaction, were
relatively low, probably due to the relatively short vibration times and high frequencies.
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Figure 11.Correlation between CSR and (SPT N1)60 values for a 7,5 magnitude earthquake (Seed and
Idriss, 1971).

Therefore, it is the authors’ opinion that, at least a significant part of the surface settlements
measured during the tunnel excavations can be associated to blasting induced vibrations.

CONCLUSIONS
During the excavations of the tunnels of the Porto Maravilha Project significant settlements at the
surface occurred. These settlements could neither be associated to volume loss, because along
significant stretches the tunnels were excavated in rock and very small movements were measured on
them, nor to groundwater lowering induced settlements.

Qualitative analyses showed that the probable cause of these settlements was the volume reduction
of loose, clean and uniform sands, due to blasting induced vibrations.

Therefore, in similar environments where tunnels are excavated in rock, but nearby loose sand
deposits can be affected by blasting vibrations, significant settlements can be expected. It is interesting
to emphasize that this type of settlement cannot be mitigated, without previous extensive and costly

soil treatment.
At present date the phenomenon is being further investigated.
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