ISRM Congress 2015 Proceedings - Int’l Symposium on Rock Mechanics - ISBN: 978-1-926872-25-4

DANIEL–JOHNSON MULTIPLE ARCH DAM, QUÉBEC, CANADA - ROCK FOUNDATION
SAFETY ASSESSMENT
Marco Quirion
Hydro-Québec Production
Unité Expertise en barrages
75, boul. René-Lévesque Ouest, Montreal, Québec, H2Z 1A4
CANADA
(quirion.marco@hydro.qc.ca)

ISRM Congress 2015 Proceedings - Int’l Symposium on Rock Mechanics - ISBN: 978-1-926872-25-4

DANIEL–JOHNSON MULTIPLE ARCH DAM, QUÉBEC, CANADA - ROCK FOUNDATION
SAFETY ASSESSMENT
ABSTRACT
The Daniel-Johnson dam, formerly named Manicouagan-5 (Manic-5), is located 800 km northeast
of Montreal (Quebec) in Canada. This is the largest multiple-arch concrete dam in the world consisting in
13 arches and 14 buttresses. Since its construction in 1969, various type of cracks have appeared on both
downstream and upstream faces of almost all the arches of this concrete dam. As a part of the DanielJohnson’s dam safety assessment program, Hydro-Québec is currently performing structural analysis of the
dam with advanced numerical models to better understand and predict the dam behaviour. Because the
buttresses transmit all the arch loads to the rock mass, determination of the properties of the dam
foundation should not be neglected in dam global safety analysis and also to insure that reliable input
parameters are used in the dam numerical simulations. This paper summarizes the past and the more recent
investigations of this foundation used to assess its safety and stability. Moreover, the use of rock mass
classification to estimate the deformation modulus, based on empirical equations, gives values in the range
of 30 to 40 GPa that are higher than expected values. Using those values in the numerical simulations for
dam structural analysis gives an excellent correlation with displacements monitoring of the buttresses.
KEYWORDS
Dam, Foundation, Rock Mass Properties, Deformation Modulus, Safety Assessment.

INTRODUCTION
Daniel-Johnson dam is the largest multiple arch dam in the world consisting in 13 cylindrical
arches and 14 buttresses (Figure 1). Except the central main arch, and those immediately adjacent to it, all
the arches are similar in shape. The concrete thickness at the base of the main arch reaches 25 m and the
other arches have 8.5 m in thickness. The construction took place between 1962 and 1968 and filling of the
reservoir, which covers an area of 2000 km2, was not completed until 1977. Before the end of the dam
construction, various types of cracks started to appear. A series of cracks are located at the base of almost
all the arches. Those cracks, which daylight at the upstream face, plunges in the downstream direction but
do not reach the downstream face. Those are called plunging cracks. Another series, called oblique cracks,
are very fine cracks that are visible at the downstream face (Bulota et al., 1991; Saleh et al., 2002). At the
time, different actions were taken to insure safety of the dam: in-depth analysis, monitoring, drainage and
grouting. As a part of the safety assessment plan, inspections on a regular basis are made during dam
operation. The dam performs very well and is structurally sound. In 2014, Hydro-Québec had to submit a
detailed safety assessment study for this dam, including the rock foundation, as required by the Quebec
Government.
GEOLOGICAL SETTING
An internal report by Charalambakis (1963) states that the preliminary studies indicated that
geologically, the site presented excellent foundation conditions and the only major engineering problem
appeared to be the dewatering of an alluvium-filled gorge underneath the river. Regarding the rock mass,
the granitic type rocks at Manicouagan 5 are of high competency being nonporous and very strong.
Therefore, it was the structural weaknesses of the rock that demanded extreme care and attention as
jointing is common throughout the area.
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Figure 1 – Schematic of the Daniel-Johnson multiple arch dam. C-1 to C-14 identifies the buttresses
centerline.

Figure 2 – Plunging cracks located at the base of the arch 5-6 (from Gallagher and Léger, 2014).
Lithology
The granitic bedrock found at the site is one of the main rock constituents of the Canadian Shield
and is typical of the Grenville geological province. More precisely, the bedrock is made up of various types
of orthogneiss and paragneiss but the basic component is paragneiss. It consists of fine-grained dark bands
of biotite and hornblende, with lesser constituents of plagioclase and quartz interbedded with mediumgrained light bands of acidic feldspar and quartz with small percentages of biotite and hornblende. The
nomenclature "paragneiss" is confirmed by the occasional occurrence of interbanded quartzite at the site
and by outcrops of recrystallized limestone slightly downstream. Concentrates of the darker bands form
mafic zones which are considered to be amphibolite. Orthogneiss has been injected into the paragneiss and
appears as a medium to coarse-grained, pinkish granite. The metamorphism of the two rock types was so
severe, that it is now frequently difficult to visually determine their limits. When such a case occurs in a
large mass, it is then identified as hybrid gneiss. The produced foliation is frequently indistinct but
indicates a high degree of local folding and apparently trends in a north-westerly direction. The rock mass
is frequently intersected by injected pegmatite dykes of varying width (2 cm to 6 m).
Structure
The major joint sets on the west bank, interpreted from a stereogram of 150 joints, are (strike/dip)
1) 125/85, 2) 240/75 and 3) 205/80. The results of a stereonet analysis for the east bank gave similar
results. Tectonic structures exhibiting low angle dips are very rare in the area. Faulting has definitely
affected the topography and condition of the west bank in the buttress C-6 sector. This zone is fault
controlled by a structural weakness 1 meter wide that dips at high angles to the west. This zone is
composed of brecciated, altered granite, partially healed by hydrothermal solutions (traces of gouge,
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epidote and chlorite were seen in minute quantities). This fault is accompanied by a parallel, but smaller
fault which runs between buttresses 5 and 6. During the construction stage, rebound and its related sand
seam was discovered. The 200 feet deep alluvium-filled gully was suspected of being fault-controlled.
However, drilling indicated, and excavation proved, that it is an erosional feature.
ROCK MECHANIC PARAMETERS
Intact Rock Properties
On the right bank, from buttresses C-1 to C-5, the rock is mainly fine grain hornblende and biotite
gneiss. On the left bank, going from the inner gorge under the main arch up to the buttress C-9, the
foundation is formed by hybrid gneisses. From buttress C-9 to C-15, the rock varies from a granodioritic
gneiss to a massive granite. Brown et al. (1970) report some testing results the intact rock of the foundation.
In terms of uniaxial compressive strength, the authors only give a range of value of 78 to 110 MPa without
references to the different types of rocks. According to ISRM, this corresponds to strong to very strong
rocks. Tests were performed more recently and the results confirmed that the intact rocks forming the dam
foundation are strong to very strong rocks. Table 1 presents the values of uniaxial compressive strength
(UCS) with tensile strength, elastic modulus and Poisson ratio. Plotting values of UCS and intact rock
elastic modulus in a σc – E diagram (Deere et al. 1966) shows that the rock is in the high strength range.
Rock Mass Investigations
As stated earlier, during construction of the dam, it is the structural weaknesses, mainly joints, of
the rock mass that demanded extreme care. Considering dam geometry and site topography, rock
excavations varying from 3 to 10 m in depth were made next to the removal of overburden that could reach
a maximum thickness of 5 m. During construction, some special surface treatments, including grouting and
supplemental excavation, on specific locations (Main arch, Buttress no.9, Arch 2-3, Right bank) of
foundation were done. Those works were required mainly where important joints, in some case filled, or
blocky rock mass was encountered (Brown et al. 1970).
At a larger scale, dam stability requires building a grout curtain and a drainage curtain that covers all the
rock foundation to avoid uplift pressures at the base of the arches and, more important, under the buttresses.
Figure 3 shows the location of those curtains and it can also be seen the drainage tunnel, excavated in the
rock foundation, at an average depth 40 m below the base of the dam. This tunnel allows accessing the
foundation to measure the water seepage through the rock and also water pressures as piezometers are
installed in the vicinity of the concrete-rock interface.
Rock foundation was surveyed using a borehole televiewer in some of the drainage holes of arches 3-4, 4-5,
9-10, 11-12 and 12-13. Those surveys permit to assess rock mass quality and perform joint opening
measurement. Also, a very detailed mapping of rock discontinuities visible in the drainage tunnel was done
using a scan line method to be used in the determination of rock mass classification.
Rock Mass Rating
To evaluate the quality of the foundation, a detailed mapping of rock mass was done. This
includes the measurement of joint spacing, evaluation of the roughness (JRC) using a contour gage,
evaluation of joint opening range and a visual assessment of water inflow from drainage holes (inflow
measurements are discussed below). RQD values were calculated with the formula proposed by Priest and
Hudson (1976) using spacing values measured on the rock wall of the tunnel. Also, some RQD values were
measured on rock cores recovered in the past from different drill holes. Using all the determined values,
calculation of RMR values was done for all the scan lines that cover almost the entire length of the
foundation.
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Table 1 – Mechanical Properties of intact rock
Rock Type
Uniaxial
compressive
strength (MPa)
Paragneiss
99
135
126
128
106
72
130

Tensile strength (MPa)
Direct
Indirect
11
7
6
5

Elastic
Modulus (GPa)

Poisson
Ratio

73
58
53

0.33
0.21
0.23

11
13
9

9
9
Orthogneiss

Massive
granite

107
117
112
154
46

Highly foliated

98
174

a)
b)
Figure 3 a) Typical section of dam foundation with location of grout curtain and drainage tunnel
b) picture of drainage tunnel under arch where surveys and mapping was conducted.
Histogram of the calculated RMR values is shown on Figure 4. On this graph, the scan line number is
identified on the x-axis. The length of a scan line varies form 15 to 25 m approximately and the total length
covered is 712 m. Also, the position of some buttresses is identified to give and indication of the location
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along the dam foundation. From those RMR values, it can be stated that the dam sits on a good rock
according to this classification. Some zones of less quality are identified under arches 4-5 and 9-10 but still
in the good and fair rock classes respectively. It should be emphasized that those RMR values were
determined using an intact rock compressive strength range of 100 to 250 MPa as most of the compressive
strength test results fall in that range (Table 1).
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Figure 4 – RMR values determined for 39 scan lines along the foundation drainage tunnel. Numbers in
circles correspond to the butress locations as previously shown in Figure 1. Filled and outlined bars are
RMR values for the right and left bank respectively. The continous line is the JRC average values
measured.
Joint characterization
Joint characterization includes roughness evaluation on the field using a contour gage. Few values
were recorded and visually compared with the the JRC profiles presented in the chart proposed by Barton
and Choubey (1977) From those measurements, an average value was calculated for each scan line and
reported on the graph of Figure 4. Joint openings were determined using borehole televiewer surveys with
the use of both digital and acoustic images. Of course, regarding the joint opening, it is admitted that the
viewing is limited at the borehole wall and it is not possible to guarantee on what extent the measured
opening is valid but this is considered satisfactory. The data presented in Figure 5 represent the opening
measurement distribution of 1385 joints taken from the surveys of 24 drainage drillholes in the foundation
(Fig. 4) at different depth between the drainage tunnel and the dam concrete-rock contact. From Figure 5, it
is seen that the joints are mostly closed or partially opened. The latter means that a joint is identified on the
televiewer images but it is not possible to measure with precision the opening because it lies below the
0.8 mm resolution of acoustic images (1.3 mm of digital images) or because the joint opening is not
countinous on the images.
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Figure 5 – a) Histogram of joint openings measured from boreholes televiewer images b) Digital images of
boreholes wall at left and the corresponding acoustic survey images at right.
A shear strength testing program was done to determine friction angle shear strength parameters
of the different discontinuities in the dam: concrete joints, concrete-rock interface and rock joints required
for the stability calculation of arch 3-4. For this program, 11 holes were drilled, from an inspection gallery,
through the concrete and down to the rock foundation. Core sampling enables to perform many shearing
tests on the different interfaces including few rock joints on core samples of 83 mm in diameter. The
essential component of the laboratory testing frame used for those tests is thoroughly detailed in
Mouchaorab & Benmokrane (1994). It should be noticed that since that time, many improvements were
made on this frame allowing now to test 150 mm samples. Figure 6 presents the τ-σn graphs with the peak
and residual angles of friction of approx. 48° and 40°. Apparent cohesion was considered to be zero and
some specific studies on this parameter are on going.
0,8
Peak
Residual

0,7

Shear Stength (MPa)

0,6

φ = 47,7°

0,5
0,4
0,3
φ = 39.6°
0,2
0,1
0
0

0,1

0,2

0,3
0,4
0,5
0,6
Normal Stress (MPa)

0,7

0,8

a)
b)
Figure 6 – a) Peak and residual friction angle of rock joints from laboratory testing b) shear testing frame
allowing 100 mm diameter test samples (shear displacement along vertical direction and normal force
along horizontal direction)
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Deformation Modulus
Rock mass deformation modulus is a parameter that is not generally required for standard stability
analysis of existing dams. However, for the Daniel-Johnson dam, extensive numerical simulations of the
behavior of the concrete arches are performed as some cracking appears since the end of the construction
(Figure 2). Also, for design purposes of arch dams, this value becomes an important imput parameters and
it was the case for Daniel-Johnson multiple arch dam. The investigation program in the 1960’s include in
situ seismic surveys using a seismic refraction and reflection instrument type. Figure 7 shows that dynamic
deformation modulus could reach as high as 60 GPa (Brown & al., 1970; Charalambakis, 1963). Lower
values of modulus were associated at the time with tectonic accidents namely shear zones and faults. It is
interesting to see that the location of those low modulus values corresponds to today’s low RMR observed
on the right bank in the vicinity of buttress C5 (Figure 4). However, for design purposes, a value of 21 GPa
(3 × 106 psi) was used at that time.

Figure 7 – Dynamic modulus determined in 1960 and 1961 using seismic surveys (Brown et al., 1970)
When using the RMR estimation of the rock mass quality, an average intact rock elastic modulus
of 60 GPa with the more recent equation (Eq. 1) proposed by Hoek and Diederichs (2006) it is possible to
propose some values for the modulus of deformation of the rock mass. To use equation 1, RMR values
presented in Figure 4 were converted in GSI values using the relation shown with equation 2. The
reliability of equation 2 was studied by Ceballos (2014). From those calculations, it is proposed a rock
mass modulus values in the range of 31 to 44 GPa to be used for the dam foundation with sound rock.
Comparing displacements calculated with the numerical model developed for the assessment of the
concrete structure, the use of a rock mass modulus average value of 40 GPa gives a better correlation when
compared to the measured displacements with the pendulum installed in buttress C-3 (Figure 8). Similar
results are obtained with buttress C-4.



1− D

2
ERM = Ei  0.02 +
 ( 60 +15 D − GSI )  
11 
1 + e



Eq. 1

With
GSI = RMR -5

Eq.2

Values obtained with large plate load test performed at the Manicouagan-3 dam site and at La
Grande 2 underground powerhouse in northern Québec show also some high values of deformation
modulus. While those sites are located away from Daniel-Johnson dam, the rock mass features in terms of
rock types and jointing are quite similar.
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a)
b)
Figure 8 – a) Location of inverted pendulum in buttress C3 b) Displacements of buttress C-3 in the
upstream-downstream direction. Pendulum measurements compared with numerical simulation using
different rock mass modulus.
DISCUSSION
The study of the geological setting and the geomechanical parameters for the rock foundation of the
Daniel-Johnson dam allow to establish the following for this foundation:
•
•
•

•

•
•

Rock foundation is homogeneous in terms of rock type as it is mainly composed of gneissic and
granitic rocks;
Intact rock mechanical properties allows to classify the rock in the range of “high strength” rocks;
Joints are present throughout the foundation but the majority of those joints are closed or with low
partial opening as determined with borehole televiewer data analysis. This is correlated with the
very low inflows measured in the foundation;
Joint shear strength test performed on rock joints allows determining peak and residual friction
angles of 48° and 40° respectively; while cohesion was fixed to zero, test graphs show that some
dilation occurs as those tests are performed at low normal load. Stability calculations show a high
factor of safety against sliding in the rock foundation;
Complete survey of the foundation drainage tunnels allows measuring joint spacing and roughness
to be used for RMR determination. The quality of the rock mass is in the good rock range;
Deformation modulus of the foundation rock mass was established to 20 GPa for the design. This
value is considered valid for the more fractured rock mass as observed in the zones of arch 4-5
and locally below arch 9-10. However, estimation using RMR values and comparisons with
displacement measurements from inverted pendulums indicate that a value in the order of 40 GPa
should also be considered for numerical analysis of the arches founded on zones of good quality
rock.
CONCLUSIONS

Using the geological information combined to rock mechanics parameters, it is concluded that the
major part of the rock foundation of Daniel-Johnson dam is sound and is a good quality crystalline rock
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mass. A zone of more fractured rock mass is identified in the vicinity of buttresses 4 and 5 but the majority
of rock joints are closed rendering the rock mass almost watertight. As mentioned before, the dam suffers
from some cracking detected early after construction. From this study, it is proposed to use for the
numerical simulation of the dam, a higher modulus of deformation in the zones where good rock mass is
encountered. Regarding the dam safety assessment, this rock foundation is considered of high quality
without concerns for sliding stability in the foundation. It is planned to perform dilatometer testing together
with full wave form sonic probe to determine static and dynamic deformation modulus.
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