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Abstract. The Valtorno-Mourdo dam, in the municipality of Vila Flor, is intended to create
a water supply reservoir with a total volume of 1.12 x10° m>. The embankment has a crest
length of 150 m, and a maximum height of 32 m. It has a homogeneous profile including a
sub-vertical filter. The construction of the dam took place between July 2004 and January
2006.

During first filling, the comparison of the results obtained from monitoring with the
predictions from the Monitoring Plan, led to the conclusion that the dam was not behaving
as expected, with regards to both the amount of flow, which was roughly ten times higher
than expected, and for the pore pressures measured by piezometers. Given this scenario, it
was decided to stop the first filling of the reservoir to allow for a diagnosis of the
deficiencies. As a result, a new grouting treatment of the foundation was carried out, so that
currently the dam exhibits the behaviour desired.

This paper aims to describe the fundamental characteristics of the dam and foundations,
some aspects of its construction, the diagnosis of the disabilities, the treatment performed
and, finally, the behaviour observed to date.

1 INTRODUCTION. DESCRIPTION OF THE DAM

The Valtorno-Mourao earth dam is located in the municipality of Vila Flor. Its main purpose
is to supply water to Vila-Flor and other towns located nearby. The dam has a homogeneous
profile with a maximum height of 32 m above the foundations, and includes an inclined filter
and a drainage blanket to control the seepage (Figures 1 and 2). The fill material came from
reclamations located in the local area of the reservoir is mainly constituted of fills resulting
from schist decomposition.
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Figure 1: Cross-section of Valtorno-Mourdo dam

Figure 2: Plant and downstream view of Valtorno-Mourdo dam

The crest of the dam is straight and has a length of 150 m and a width of 6 m. The
downstream slope has 1(v):2(h) gradient and includes a bench at an elevation of 453 m. The
upstream slope is less steep having with a gradient of 1(v):3.5(h).

The foundations of the dam are constituted of schist and granite. The former has been used in
the right abutment, where they are very weathered. Schist also appears in the left abutment,
upstream of the grout curtain. Granite appears downstream of the curtain in the left abutment.
Seepage control in the foundation is achieved by a grout curtain, formed after the cleaning of
the foundation surface and the creation of a plinth.

2 BEHAVIOUR DURING FIRST FILLING

2.1 Monitoring and First Filling Plans

According to Portuguese dam regulations (RSB)' the dam has to be monitored during its
entire life and especially during the first filling. This particular phase of the dam’s life also
has to comply with a first filling plan® where the filling stages, maximum rates for raising
the level of the reservoir, and monitoring frequencies are also defined.
Considering the dam type, and the failure mechanisms usually associated with dams like
Valtorno/Mourdo, it was decided to monitor the following parameters:

* Reservoir level

* Pore water pressure in the dam body due to reservoir level and construction
» Pore water pressure in the foundations

* Surface displacements

* Total seepage flow.
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To accomplish this task, the dam was monitored with level meters, open standpipe
piezometers (20 piezometers in three different cross-sections), vibrating wire piezometers (6
units), surface marks (13 in the crest and bench), and weir flow meters (2, one receiving the
flow from the drainage blanket and other receiving the flow from the foundations).

The Monitoring Plan® also indicates the frequency of data collection for each phase of the
dam’s life. In particular, for the first filling phase the frequencies in Table 1 were
recommended.

When establishing the first filling plan, in the first place one should consider the dam’s safety
but also other issues such as the incoming flow and the water supply needs, among others. In
the case of the Valtorno/Mourdo dam, as there is currently a severe drought in the interior
north of Portugal, it was decided to maximise the availability of water, considering only one
filling step.

This step corresponds to 41.3% of the reservoir’s storage capacity and to 72.4% of the load
(Figure 3). According to the plan, the water level should be kept within the range of 456.5 m
to 459.5 m during 2 months, to permit an assessment of the structural and hydraulic
behaviour.

Table 1: Monitoring frequencies for the first filling

Parameter Minimum frequency Required readings
Reservoir level Daily non applicable
Surface displacements fortnightly start, end of each filling step, end of filling
Piezometric levels fortnightly start, end of each filling step, end of filling
Total flow Weekly start, end of each filling step, end of filling
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Figure 3: Characteristics of the filling step of the Valtorno reservoir

2.2 Monitoring of Results

After an initial survey, the Portuguese authority for dam safety (INAG) gave permission to
initiate first filling. The level of the first filling step was attained after 40 days, in October
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2006, giving an average rise of the water level of 22 cm per day (Figure 4).
The displacement records at that time were quite normal. The maximum settlement was
recorded at the cross-section P3, which at the time was about 5 cm. This value was inside the
expected range.
On the other hand, seepage flow recorded at the dam’s toe was much higher than expected.
According to the FEM model established in the monitoring plan (Figure 5), the total flow to
the maximum water level, should be about 2.6 I/s. Instead, values recorded were up to 10
times this value.
Figure 6 plots the reservoir’s water level and the measured flows against the date. As can be
seen from the figure, the flow rates recorded in December 2006 and January 2007 were even
higher than 20 I/s, but for the first filling step instead than at the MWL as forecasted by the
model.
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Figure 4: Water level and crest displacement records
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Figure 5: FEM model results (equipotential lines)

According to a statistical analysis of the data, the following expression was deduced for the
seepage flow (SF) (from 2006 to September 2007):
SF(1/s]=0.7799—0.018 N+ 1.607 | WL— 466 (@)
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where N represents the number of days from an arbitrary date and WL represents the water
level in the reservoir.

According to this model, the forecast for the MWL is (perhaps optimistically) roughly 30 1/s.
This situation posed two serious issues. The first was safety-related, because with that
amount of flow the dam foundations could experience erosion problems. The other issue was
related to the storage itself. According to the figures, with no indraught, the reservoir would
lose almost all of the stored water in one year time.
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Figure 6: Water level and seepage flow against date

In addition to these issues, there were other symptoms of poorly functioning foundations.
The standpipe piezometers located in the foundation, downstream of the grouting curtain,
exhibited high water pressures, and the piezometers located above the drainage blanket also
recorded pressure. These piezometers should never record pressure under normal conditions
as the drainage blanket should contain all the seepage.

3 REINFORCEMENT OF FOUNDATION GROUTING

3.1 Execution Project

The project for the waterproofing reinforcement of the foundations was based on the results
of the injections made during construction of the first curtain, prior to the construction of the
embankment, and the one made at the end of the earthworks, from the crest and the sill of the
spillway (Lemos, 2007)*. This envisaged the injection into the ground of 2 existing curtains,
one in the reservoir near the entrance to the spillway and another along the reference axis of
the dam. These curtains were not related.

Regarding the proposed curtain treatment by the dam axis, the main subject of this paper, the
waterproofing reinforcement consisted of the injection of grout via 29 holes from the crest,
with an initial spacing of 3.0 m and inclined by 60° to the abutments, except for three holes
in the central zone that were to be vertical to avoid intersection with the base outlet conduit.
These set of holes did not cover the entire foundations of the dam, especially in abutments
and in the valley.

Due to executive procedures, to avoid damaging the earthfills, filters and drains, the project
stated that the drilling of the embankments would be undertaken in dry conditions by
continuous auger and using coating. In rock, the drilling would be carried out by rotation
with continuous recovery of samples and systematic Lugeon tests.

To protect the earthfill against water return circulation during drilling, it was decided that the
coating tubes should penetrate about 0.50 m into the foundations on solid rock and the
connection was to be sealed by cement grout (Tecnasol, 2007)°.
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3.2 Reinforcement of the Grout Curtain

The treatment by injection of the curtain in the dam’s foundations was carried out over 170
m of length, between the right and left abutments, with a height ranging between 15 m at the
bottom of the valley and left abutment and 30 m on the right abutment. The total area of the
curtain created by this treatment was 3200 m?, including the area under the spillway (Figure
7).

The injections were made by the successive approximations method. Initially the treatment
consisted of injections via the primary and secondary holes provided for in the project and
still some holes to the reinforcement of the abutments, where a lot of uncompressed solid
rock with open joints was detected.

Given the difficulties in obtaining refusal and the high consumption of cement, resulting
from the poor quality of the rock foundation, it was decided to continue treatment with a
second phase of injections with tertiary and quaternary holes in the most critical zones, near
contact with embankments and those identified by the geotechnical zoning.

The extension of the curtain at the right abutment, under the spillway, has required the
implementation of specific work procedures, because of the presence of a longitudinal drain
under the foundation. It was necessary to cut the drain in the curtain zone and to conduct the
grouting under the spillway with occasional injections through 9 holes in a star arrangement
termed as "mini curtain". Due to the interruption of the longitudinal drain in the spillway it
was necessary, for stability reasons, to anchor the entrance structure with nailing rods with
corrosion protection.

3.3 Geological Characteristics of the Rock Foundation

The dam is located in the complex of metamorphic formations of the formation of Ervedosa,
in very close contact with the granite of Mourdo. The rock around the curtain mainly consists
of various types of schist, from very hard graywacke schist to soft clayey schist. At the right
abupment, the schists are traversed by numerous veins and enclaves of migmatites, granulites
and on occasion pegmatites. A mass of coarse-grained granite appears at the base of the left
strand. The quartz veins, either compact or very fractured, are also common in the schists
along the curtain.

Increasing the lithologic complexity of the rock, there occurs a pronounced partitioning
characterised by open and intense fracturing and numerous tectonic faults and tectonics bands
of variable thickness. The fill material of these tectonic fractures consists of crushed material
of with variable resistance, consisting of clay, breccia and micro-cracked rock fragments. In
the valley, in a band about 20 m wide, the solid rock is very homogeneous and strongly
tectonized, and it was presumed to be a regional fault with a NNE-SSW direction.

In the slopes, the schists present a profile of quite evolved rock stratum disintegration, with
decomposed rock, which is on average about 5 to 6 m deep. Below this horizontal surface,
the rock is slightly altered or sound with decomposed parts vanishing with depth.

Signs of water movement in the fractured rock are apparent on the slopes up to the riverbed.
On the righthand slope a band where the oxidation of the fractures is deeper and results in a
more permeable zone was identified. This singularity behaved as a path of preferential
seepage through the foundation with significant contribution to the downstream flow of the
dam, as noted during the injection process.

3.4 Geotechnical Zoning

The analysis and systematization of the waterproofing treatment results in real time, was
done by a geotechnical zoning of the rock foundation, which allowed the most critical areas
of the curtain that required particular injection procedures to be individualised. This zoning
divided the area of the curtain into six geotechnical zones.
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Figure 7: Results of the waterproofing reinforcement injections
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As previously noted, zones A, B and C are in the right abutment, the zone D in the valley and
zones E and F on the left abutment (Cenorgeo, 2008). The partial areas of each zone are
shown in Table 2.

Table 2: Areas of geotechnical zones

Geotechnical zone A B C D E F Total
Parcial area (m?) 310 250 1140 52 400 580 3200
Percentage 10 8 36 2 13 18 100

The most permeable zones, where higher intakes of cement were observed and/or it was
difficult to achieve the prescribed pressure or refusal, were zones A and E and, to a lesser
extent, zone B, totalling 30% of the curtain. The remaining 70% was related to zones C, D
and F, with low to moderate permeability, but with high grout consumption, which includes
the lower horizon of the curtain, and corresponded to about 30% of the overall treated area.

3.5 Grout Cement Composition

The composition of grout resulted from a preliminary study undertaken before the start of the
works, and subsequent adjustments according to the results obtained and also according to
the empirical knowledge of Tecnasol. It was decided to use traditional methods of injection,
using three compositions of cement and water, without bentonite. Table 3 indicates the
composition of the grout cement used in the works.

It was later decided to join fine sand in the stretches of injections registering very high
intakes of water. This was a quartz sand, calibrated with dimensions 0-2 mm. The
composition of the sand is presented in Table 4.

Table 3: Grout composition based on cement and water

Trace C/A  Water Cement Values of control tests during
manufacturing
Q) (kg) Viscosity (s) Density
172 200 100 28-29 1.24 -1.26
1/1.5 200 135 30-31 1.34-1.36
1/1 200 200 32-33 1.44 —1.46

Table 4: Grout composition based on cement, sand and water

Trace Water Cement Sand Values of control tests during
C/W manufacturing

Q) (kg) (kg) Viscosity (s) Density
1/0.7 140 200 40 37 -38 1.56
1/0.6 120 200 40 42 1.66
1/0.7 140 200 60 No injection

At the quaternary injections of the dam curtain, and for the injections in the final holes in the
spillway, sodium silicate was used as an accelerator for curing. This allowed for better
control of the cement consumption. The accelerator was only used on sections where the
gauge pressure was zero, when the circuit was interrupted and after achieving the maximum
recommended volume.

The criterion that was used for the shift from a fluid grout to thicker one is expressed in
Table 5. This criterion only applied when the injection pressure was very low compared the
maximum pressure set for refusal. When the sand started to be used in the composition of the
grout, the volume of the grout was disregarded and the injections were only stopped at the
end of the working day.
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Table 5: Criteria for changing the grout composition

Grout composition (C/W) Maximum quantities of injection
Cement (kg) Grout Volume
(m’)
1/2 400 1
1/1.5 1080 2
1/1 2220 3

3.6 Main Quantities

Table 6 shows the figures of the consumption of the reinforcement of the curtain of the dam,
constructed by the traditional method, for the 1st and 2nd phases.

For the reinforcement injections for the curtain 513820 kg of solids (cement and sand) were
consumed, which corresponds to an average specific consumption of 393.7 kg per metre, of
which 474.2 kg/m was in the 1st phase and 264.2 kg/m in the 2nd phase.

In the 1st phase, the average specific consumption of solids per square metre of curtain was
119.3 kg/m*. These generic data show that the consumption was very high, both in the 1st
and 2nd phases. There are many sections with several tons of injected cement. In relative
terms, the consumption was higher in zones A, B and E, with values of between 418 kg/m
and 2050 kg/m in the 1st phase. In the 2nd phase there was a sharp reduction in consumption,
however it remained high in some sections for the quaternary holes. Although there are
sections of the quaternary holes with high consumption, it was decided to finish the
treatment, leaving in the most critical areas, some holes reserved for possible future grout
reinforcement.

Table 6: Figures of consumption and drilling by geotechnical zones

Zone  Area (m?) 1st phase 2nd phase
Drilling (m) Dry Consumptio  Drilling Dry
Mater(kg)  n (kg/m) (m) Mater(kg)
A 310 84 210450 2505.4 88 89950
B 250 70 29290 418.4 93 8740
C 1140 306 26150 85.5 134 4510
D 520 118 10330 97.5 34 3930
E 400 106 102600 967.9 91 25370
F 580 121 2880 23.8 61 620
Total 3200 805 381700 474.2 500 132120

This high consumption resulted from easy penetration of the grout into the rock mass, filling
the voids, which were sometimes quite open, and from the migration of grout at the remote
areas of the curtain. On the other hand, there were no signs of any damage to the filters and
drains due to the grouting operations.

3.7. Flow Infiltration Monitoring

The efficacy of the waterproofing injections, when the injections were made to the dam
curtain, was verified by reading, almost daily, the influx to flow meters located at the foot of
the downstream embankments. The turbidity of the water was also controlled, as a indicator
of the the communication of the grout with the internal drainage system of the dam. The
turbidity of the water was never observed. The total flow measured was 1.7 1/s at the start of
treatment. During the injection process the flow gradually decreased, with two sharp declines
that could be associated with injection of two of the more permeable zones, with the oxidized
fractures located below the fossil bed of the River. Before the water in the reservoir was
raised, the flow had stabilized at 0.2 I/s. Following the raising of the water level in the

9
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reservoir to a height of 460.8 m (1.8 m above the 1st level of filling) the flow increased to
1.3 I/s. The reduction achieved was better by a factor of 15.

4. Observations during the Refill

After conclusion of the treatment, the filling of the reservoir re-started according the same
plan that was initially established. As regards to percolate flow, the behaviour of the
foundations was substantially different than that previously registered. It was verified that,
although the percolates flows were higher than predicted by the model, an acceptable
behaviour of the foundations had been achieved.

Figure 8 presents all the readings taken following treatment and the attempts to adjust the
model with the hyperbolic progress data available. The curve obtained can be expressed by
the equation:

6.07X10°WL

1—2.13%10 WL

Flow|l/s|=

According to the variations observed in the flows, as a result of the water level in the
reservoir, it seems that for the higher levels, the existing cracks in the foundation opened
allowing the passage of a higher flow rate, and outpacing a linear relationship between the
two quantities. For lower levels, the proportion seemed to remain the same.
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Figure 8: Valtorno dam seepage flow measurements and model

According to the results obtained, it seems that although the foundation treatment of the
Valtorno dam may be considered successful, its behaviour at higher reservoir levels is still of
some concern. The type of behaviour observed suggests that the flow significantly increases
with a rise in reservoir level. This possibly means that some joints open with the increased
pressure, thus increasing the water flow.

5. Final Remarks

The Valtorno-Mourdo dam became an important case study, showing that an Observation
Plan and First Filling Plan are fundamental documents in safety control. Beyond this, it is
also necessary to emphasise that for these plans to meet their objectives, the owner of the
work must have an accurate idea of their responsibilities and skills, as was the case here.

10
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The importance of how the processing operations of the foundation were undertaken should
also be noted, there is a need to ensure the technical capacity to adjust the treatment to the
actual conditions of the solid rock and the dam, to optimise treatment at minimal cost.

The Valtorno-Mourdo dam is currently operating in appropriate and satisfactory conditions
of safety. As yet, there are concerns about the behaviour of the foundation, it is imperative to
maintain the observation activities with at appropriate frequencies, in particular at the higher
levels of the reservoir.
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