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Abstract
Mt Bold Dam impounds the largest reservoir in South Australia. The dam wall comprises 19 concrete
monoliths, 11 forming a central arch section and 8 forming gravity sections on the left and right abutments.
The upstream face of the arch section is vertical, but the top portion overhangs on the reservoir side. The
dam was originally constructed in the 1930s, and was raised by 4.3 m in the 1960s. In this upgrade the
gravity abutments were raised using mass concrete blocks and the arch non-overflow crest was raised with
hollow, reinforced concrete portals. On the spillway section a pier and gate system was installed on top of a
hollow ogee section. The maximum height of the dam in its current configuration is 58 m.
GHD has been conducting a staged safety review of Mt Bold Dam since 2011. This included a detailed finite
element nonlinear, time-history seismic analysis of the dam-foundation-reservoir system. The analysis was
carried out using finite element techniques and included a detailed 3D model of all major components of the
dam and different domains of the foundation rock. The nonlinearity of the model was included by explicitly
incorporating contact elements at the dam-foundation interface, at the monolith contraction joints, and at
some identified unbonded horizontal concrete lift joints within the dam wall. The seismic analysis was
conducted for three different accelerograms corresponding to Maximum Design Earthquakes (MDEs) with
1 in 10,000 Annual Exceedance Probability (AEP).
This paper explains the purpose of the study, the adopted methodology and material properties, the results
of the modelling phases, and the anticipated seismic behaviour and damage on the main components of the
dam resulting from the MDEs. Finally, a conclusion is made in regards to whether or not Mt Bold Dam
passes the adopted performance criteria for seismic loading.
Keywords: Arch, gravity, seismic, nonlinear, damage prediction.

Introduction
The full safety review of Mt Bold Dam conducted by GHD included linear and nonlinear time-history seismic analyses,
for both the Operational Basis Earthquake (OBE) and the Maximum Design Earthquake (MDE), as well as linear and
nonlinear static analyses for different flood cases. This paper however, focuses only on the nonlinear analysis of the dam
for the MDE with 1 in 10,000 Annual Exceedance Probability (AEP). This paper presents a detailed description of the dam
wall, the adopted methodology used to model and assess the dam, and the description of the anticipated seismic behaviour
and level of damage on the different components of the dam.
Linear analyses conducted in previous stages of the safety review indicated that Mt Bold Dam would be overstressed in
the unlikely event of the MDE. Owing to the limitations of the linear elastic analysis, it was not possible to conclude
whether the observed overstress would translate into a credible failure mode that may jeopardise the safety of the structure.
The objective of the nonlinear time-history analysis of Mt Bold Dam was therefore to include, at least partially, the
nonlinear behaviour that is typically observed in concrete dams subjected to earthquakes (opening and closing of vertical
contraction joints, cracking along the dam-foundation interface, etc.).
Standards for design and construction of dams are constantly reviewed and improved. There were no dam standards at the
time of the original construction of Mt Bold Dam in the 1930s, and at the time of the dam raising in the 1960s, the then
current standards were most likely taken into consideration. However, through new research, innovation and observation
of the performance of dams, stricter standards are required today. As part of the South Australia Water Corporation (SA
Water) portfolio of dams, Mt Bold Dam is regularly reviewed against the up-to-date dam safety guidelines and standards.
SA Water has an on-going investment program to address risks identified in these reviews in a prudent and efficient manner.

Description of the dam wall
Mt Bold Dam is located on the Okaparinga River and provides potable water to the Metropolitan Adelaide Water Supply
System. SA Water manages and operates the storage, spillway and outlet works.
The original Mt Bold Dam was constructed in the period 1932-1938, comprising a 54 m high concrete gravity-arch dam
with an uncontrolled spillway in the central valley, flanked by concrete gravity dams on each abutment. The combined arch
and gravity portions of the dam are composed of 19 monoliths separated with shear-keyed contraction joints, which were
grouted in the 1960s. The original dam included an uncontrolled spillway over the arch section.
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The dam was upgraded in the period 1961-1963, when the dam was raised by 4.30 m. The gravity abutments were raised
with mass concrete blocks that have vertical upstream and downstream faces. The arch non-overflow crest was raised with
hollow reinforced concrete portals with vertical upstream and downstream faces; the Northern (right) are two-bay portals
(on top of monoliths M13 and M14), and the Southern (left) are single-bay portals (on top of monoliths M4 to M7). The
spillway was raised by means of a reinforced cantilever ogee crest structure anchored to the downstream face of the original
ogee crest. Piers, vertical gates, and road and operating bridges were also provided in the spillway section as part as this
upgrade. In its current configuration, Mt Bold Dam has a maximum height of 58.27 m and a total crest length of 227 m,
with the Full Supply Level (FSL) at EL 246.9 m. Photos of the dam wall are shown in Figure 1. A plan view and elevation
section of the dam which labels the monoliths and features is shown in Figures 2 and 4 respectively. Three typical cross
sections are presented in Figure 3. All figures depict the current configuration of the dam wall.
In 1973 the upper parts of monoliths M4 to M7 were post-tensioned after water was observed spurting from a few points
on unbonded lift joints at levels EL 238.82 m and EL 238.50 m (refer to Figure 4). The post-tensioning consisted of 14
tendons with 8 strands of 12.5 mm diameter.
Around 1998-99 steel brackets with Hilti anchor bolts were installed to connect the upstream wall of the Southern (left)
portals on monoliths M4 to M7 to the crest of the original dam. The brackets, presumably installed to provide additional
sliding and overturning stability to the portal, were installed inside the portal void. No brackets were installed in the
Northern (right) portals M13 and M14.
Based on the previous description and on other observations during the completion of the safety review, examples of the
complexity of the configuration of Mt Bold Dam are presented in the list below, some of which are discussed in more detail
throughout this paper.
 The top portion of the arch section overhangs on the reservoir side beyond the vertical upstream face of the wall.
 The 1960s dam raising of the spillway consisted of a cantilevered-type reinforced concrete structure that forms a hollow
section underneath (refer to Figure 3 – Section A).
 The 1960s raise of the gravity abutments was not provided with adequate joint treatment. Water jetting to expose the
aggregate of the existing concrete before casting of new concrete was nominated in the specifications for the 1960s
raise. However, the permanent leakage through this lift joint, and the observed joint conditions from core samples of
the joints, showed that there is no bonding between the original and the concrete raise (refer to Figure 8).
 The non-overflow arch section of the dam wall was raised with reinforced concrete portals, resting directly on the crest
of the original dam without a structural connection other than a small shear key and light steel bolts and brackets
provided in the Southern portals. There are no shear keys in between the portals to prevent differential movements.
 The raised segments of the arch monoliths were not constructed with shear keys, and the reinforcement used in the
raising consisted of plain bars with minimal concrete cover.
 The field investigation phase (core drilling) indicated that approximately 50% of the concrete lift joints in both the
original dam and the dam raising are unbonded.
 Mt Bold Dam has no provision of a drainage gallery to alleviate uplift pressures at the dam-foundation interface.
However, it does have a rubble drain at the dam-foundation interface.

Seismic environment of the Mt Bold Dam area
A specific seismic hazard assessment of the Mt Bold Dam area was conducted as part of the safety review. This included
the development of response spectra for different periods of return and for 5% structural damping. The deaggregation plot
for an event with 1 in 10,000 AEP and for a structural period of 0.25 s, indicated that the most damaging ground motions
at the Mt Bold Dam site will be from earthquakes with magnitudes in the ML6.7 to ML7.4 range, at distances approximately
2 to 28 km from the dam site.
Acceleration time-histories considered representative of the tectonic environment of Mt Bold Dam were also developed as
part of the safety review of Mt Bold Dam. Since there is an extremely low probability of occurrence of a 1 in 10,000 year
earthquake and there is no previous earthquake data on record for seismic events of this magnitude in the Mt Bold Dam
area, foreign earthquake data was used. Based on foreign earthquake records from a worldwide database, three MDEs for
1 in 10,000 AEP events that matched the response spectra of the Mt Bold Dam area were chosen and scaled to match the
expected acceleration amplitudes at the site. Each MDE included three directional components (upstream / downstream,
cross valley and vertical). The selected earthquakes used to generate the acceleration time-histories with 1 in 10,000 AEP
for Mt Bold Dam are presented in Table 1. The horizontal component with the larger acceleration spike on each of the
generated time-histories is presented in Figure 5.
Table 1: Selected ground motions
Distance (km)

Scaled PGA (m/s2)

6.9

29

4.4

7.1

8.5

6.4

6.7

14.7

4.1

Earthquake

Station

Year

Ms

Loma Prieta (California, USA)

Gilroy – Gavilan College

1983

Cape Mendocino (California, USA )

Cape Mendocino

1992

Northridge (California, USA)

Canoga Park, Santa Susana

1994
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Figure 1: Downstream (left) and upstream (right) photos of Mt Bold Dam

Figure 2: Plan view of Mt Bold Dam
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Figure 3: Typical cross-sections of Mt Bold Dam

Figure 4: Structural components and geological zones at Mt Bold Dam – Downstream elevation

Figure 5: Acceleration time-histories (only most demanding horizontal component shown)

Seismic assessment of the dam
Factors of safety and adopted acceptance criteria
In general, the structural integrity of an arch dam is maintained and the dam is considered safe if minimum Factors of
Safety (FoS) are achieved for the various failure modes, such as overstressing and sliding. The minimum FoS for different
failure modes, presented in the guidelines for design of arch dams by USACE (1994), were adopted as the basis to define
the acceptance criteria for this study.
In the case of Mt Bold Dam, a minimum FoS of 1.0 for the tensile strength of concrete, as recommended by USACE (1994)
and FERC (1999), seemed inappropriate due to the limited sampling and testing carried out on the concrete of the dam, as
well as the uncertainty associated with the method used to determine the concrete tensile strength. As described in detail
in Lopez and McKay (2014) a tensile strength reduction factor of 0.6 was adopted based on recommended values by ACI
(2008) for mass concrete. From this strength reduction, the minimum FoS for the tensile strength of concrete was calculated
as 1.7 (i.e. 1.0/0.6).
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A summary of the acceptance criteria adopted for the seismic assessment of Mt Bold Dam is presented in Table 2.
Table 2: Adopted acceptance criteria for Mt Bold Dam
Load condition

Minimum Factors of Safety for:
Compressive Stress

Tensile Stress

Sliding Stability

Usual

4.0

1.7

2.0

Unusual

2.5

1.7

1.3

Extreme

1.5

1.7

1.1

Unusual

2.5

1.7

1.3

Extreme

1.5

1.7

1.1

Static

Dynamic

Material properties
Foundation rock
Field investigations and testing were undertaken during the safety review, and were combined with historical records to
prepare a geological model of the foundation of Mt Bold Dam. In general, the foundation rock consists of predominantly
“phyllite” comprising closely spaced, very thin, beds of metapelite, interbedded with laminations and very thin beds of
metapsammite. The rock is weathered on the valley sides to depths of approximately 20-25 m. The dam-foundation
excavations appear to have been taken further down and into slightly weathered to fresh rock. The description of the
significant zones identified in the geological model of the foundation is presented in Table 3 and can be seen in Figure 4.
Table 3: Description of the foundation rock zones
Zone

Rock Type

Strength

Rock Modulus

1

Description
Moderately to highly weathered rock.

Phyllite

Medium

1.4 GPa

2

Mainly slightly weathered rock.

Phyllite

High

8.7 GPa

3

Mainly fresh rock. The arch section is founded on Zone 3 rock.

Phyllite

High

15 GPa

Parent concrete
During the field investigation phase concrete cores were extracted from the mass concrete of the original dam, the gravity
raising on the abutments and the reinforced concrete of the raised spillway and portals, for testing of compressive, tensile
and shear strength, modulus of elasticity, Poisson’s ratio, and density. The concrete coring was also used to examine the
intercepted concrete lift joints of the original dam and joints between the original and raised portion of the dam. The adopted
properties for parent concrete, separated into dam areas, are presented in Table 4.
Table 4: Adopted material properties for parent concrete
Mass concrete in
original dam

Mass concrete in raised
portion

Reinforced concrete in
raised portion

Density (kg/m3)

2,400

2,400

2,400

Static Compressive strength (MPa)

38.3

26.5

48.2

Dynamic Compressive strength (MPa)

49.8

34.5

62.7

Static Tensile Strength - Direct (MPa)

1.8

1.2

-

Static Tensile Strength – Splitting (MPa)

4.6

2.4

-

Dynamic Tensile Strength – Direct (MPa)

2.7

1.8

-

Dynamic Tensile Strength – Splitting (MPa)

6.9

3.6

-

25,600

17,700

21,800

0.2

0.2

0.14

Property

Static and Dynamic Modulus of Elasticity (MPa)
Static and Dynamic Poisson’s Ratio

Concrete lift joints
The identification and assessment of the lift joints of Mt Bold Dam was undertaken during the concrete coring
investigations. The method of drilling, in many cases, disrupted the in-situ condition of the joints and gave false impressions
of the joint condition. So in order to correctly identify the location and condition of the lift joints, acoustic televiewer
surveys were undertaken in boreholes drilled at the dam. When suspected unbonded joints from observations and photos
were compared with the acoustic imaging and reflectivity test, it was noted that the corresponding acoustic image presented
darker bands or spots, accompanied by a spike of lower acoustic reflectivity at the unbonded joints. The suspected unbonded
joints were also cross referenced against the ‘as-constructed’ lift joint layout for two core holes. With this information it
was determined that from a total of 45 lift joints identified, 21 were unbonded, giving an average amount of unbonded
joints of approximately 47%.
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Over the last 50 years USBR has performed strength and friction tests on samples from numerous concrete dams of different
ages, with their construction dates ranging from the 1900s to 1990s. Dolen (2011) processed the data of these tests on the
strength and frictional properties of parent concrete and lift joints, grouping the results by dam ages. This data provided
valuable information to understanding the joint strength in relation to construction practices over the years. Dolen also
presented ratios of bonded to unbonded lift joints encountered during the drilling at these dams. For the construction period
of interest (1905 to 1933, with Mt Bold Dam constructed between 1932 and 1938) the average number of bonded joints
according to Dolen is 50%. The estimated percentage of unbonded joints combined with the results of the acoustic imaging
and reflectivity, is quite similar to the average of the historical records as found by Dolen. For this study, it was thus
assumed that the total percentage of unbonded lift joint area in the original dam is 50%.
Two direct tensile strength tests were conducted on bonded lift joints from the original dam and one on a lift joint from the
raised gravity block. The average of the two tests in the original dam was 1.8 MPa, however in the case of the raised gravity
block the single direct tensile strength test failed in parent concrete. In the absence of test results the direct tensile strength
of the bonded joints in the raised gravity portion was estimated using the ratio of bonded joint strength to parent concrete,
reported by Dolen (2011) as 75% for dams constructed in the period 1934 to 1964. Therefore, the adopted direct tensile
strength of lift joints in the raised gravity portion was estimated as 1.2 MPa × 0.75 = 0.9 MPa. The unbonded lift joints
were assumed to have nil tensile strength.
A practical approach to estimate the global lift joint tensile strength which takes into account that some areas are unbonded,
as proposed by Dolen, consists of reducing the average values by the estimated fraction of unbonded lift joint area, i.e.
50% in the case of Mt Bold Dam. The adopted global lift joint tensile strengths, combining bonded and unbonded joints,
are presented in Table 5.
Table 5: Adopted global tensile strength at lift joints
Property

Mass concrete in original dam

Mass concrete in raised gravity potion

Static – Direct (MPa)

0.9

0.45

Static – Splitting (MPa)

1.8

0.9

Dynamic – Direct (MPa)

1.35

0.7

Dynamic – Splitting (MPa)

2.7

1.4

Reinforcing steel
There was no information available on the material properties of the reinforcing steel used in the spillway crest and the
portals when constructed from 1961 to 1963. The typical characteristics of reinforcing steel used for similar structures
during that period, that is plain bars with yield strength (fy) of 230 MPa and tensile strength (ft) of 430 MPa, were adopted
for the analysis.
Finite Element model
The Finite Element (FE) package DIANA (TNO DIANA, 2013) was used to conduct the nonlinear analysis of Mt Bold
Dam. The FE model included the dam, the different zones of the foundation and the reservoir (refer to Figure 6). The model
contained different types of nonlinear interface elements to represent all 18 contraction joints between the monoliths of the
dam, the dam-foundation interface, the concrete lift joint at the gravity raising and the portal/original dam interface.

Figure 6: Finite element model mesh

The 3-D finite element model of Mt Bold Dam consisted of 62,040 solid tetra-type elements representing the dam wall and
the foundation, 5,742 quadratic tetra-type elements representing the reinforced concrete portals, 4,253 fluid elements
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representing the reservoir, and 5,405 contact elements representing the discontinuities at the dam-foundation interface, the
vertical contraction joints, the concrete lift joint at the gravity raising and the portal/original dam interface.
The extent of the foundation in the model was determined as a function of the height and the cross valley dimension of the
dam, as recommended by USBR (2006). The extent of the massless foundation was such that its effects on deflections and
stresses of the dam itself were negligible.
The contribution of the reservoir to the seismic behaviour of the dam was accounted for using fluid elements. The fluid
elements in DIANA are four-node, three-side isoparametric tetrahedron elements for general three-dimensional potential
flow analysis. They are coupled with the dam structural elements by means of a fluid-structure interface that provides
continuity of the pressure of the fluid and the displacement of the structure. During dynamic analyses DIANA conducts a
preliminary sub-step in which the wave equation is solved in the fluid domain, and the obtained pressures are automatically
converted into masses. These masses are then added to the corresponding fluid-structure interface nodes for the stress
analysis.
Figure 7 shows the surfaces modelled using nonlinear interface elements. The 18 vertical contraction joints are shown as
red lines; the unbonded lift joints of the 1960s gravity block raising are shown as yellow lines; the interfaces between the
portals and the original dam are shown as purple lines; and the dam-foundation interface is shown as a blue line.

Figure 7: Nonlinear interfaces (rendered view of the FE model)

Nonlinear behaviour of concrete dams
Arch dams are likely to behave nonlinearly during strong earthquake loading. The nonlinear behaviour may include opening
of weak planes such as the dam-foundation interface (assumed to have zero tensile strength), opening of the vertical
contraction joints and unbonded lift joints, and cracking of the parent concrete. Transfer of sliding demand from one
unstable monolith to the adjacent monolith during either static or earthquake loading is another form of nonlinear behaviour.
Opening of the dam-foundation interface may occur due to tensile stresses from either static or seismic loading conditions.
If resulting from static conditions, it would be accompanied by an increase in uplift due to water (thus pressure) entering
the opening. It was assumed that the uplift conditions did not change during an earthquake due to lack of time to develop
the increased uplift pressures during the rapid opening and closing of any cracks. All these mentioned forms of nonlinearity
contribute in some degree to the dissipation of earthquake energy.
Contraction joints in arch dams can only transfer limited or zero tensile stresses in the horizontal arch direction. They are
expected to open and close repeatedly as the dam vibrates in response to severe earthquake ground motions. The contraction
joints may release tensile arch stresses but also increase the compressive and vertical cantilever stresses by transferring
forces to other areas of the dam. The increased compressive stresses could lead to concrete crushing, especially due to the
impact of the closing joints. The increased vertical cantilever stresses could exceed the tensile strength of the lift joints, in
which case tensile cracking and resulting nonlinear behaviour is also likely to occur along the horizontal lift lines.
The FE model developed for Mt Bold Dam was capable of reproducing most of the expected nonlinear behaviour described
above. The nonlinearity of the model was limited to boundary nonlinearity (i.e. at interface surfaces and discontinuities),
while the materials in the model were linear-elastic.
Vertical contraction joints
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The vertical contraction joints of the original dam include shear keys which allow opening and closing of the joints in the
arch direction, but limit differential upstream-downstream (radial) movement between the monoliths. The specification of
the 1960s dam raising indicates that the same shear key arrangement was maintained in the gravity abutments.
Drawings of the dam raise show that the vertical contraction joints of the original dam were extended in the 1960s raising
of the dam, including the spillway ogee, the spillway piers and the portals. However, in these elements the contraction
joints do not present any shear keys. Vertical contraction joints without shear keys are also located at the contact between
the left abutment portal and the left end spillway pier on monolith M7, and at the contact between the right abutment portal
and the right end spillway pier on monolith M13.
Interface between original and raised portions of gravity sections
The observed conditions of the contact between the crest of the original 1930s concrete gravity abutments and the mass
concrete raised portion constructed in the 1960s on either abutment indicate that either a proper bonded joint between the
new and the original concrete was not achieved, or that the joints deteriorated significantly after the raise. Observations on
site have shown that the joints leak extensively along nearly the full extent of the raise.
Figure 8 shows photos of a core from the right abutment showing a band of concrete segregation in the original concrete
and generalised calcite in the interface. From the photo it is clear that the coarse aggregate in the original concrete was not
exposed as would have been expected in a well constructed lift joint. This situation was also observed on the left abutment.
For the reasons explained above, it was assumed that the interface between the gravity raise and the original dam was
unbonded on both abutments. This interface was assigned an angle of friction of 45°. EPRI (1992) proposes a friction angle
of 48º for an unbonded joint; however given the observed concrete segregation and a lack of aggregate interlocking in the
actual joint, a reduced angle was adopted. Due to the extensive leakage observed, it was also assumed that the uplift at this
interface was full water head from the upstream to downstream faces.

Figure 8: Details of dam raise interface

Coulomb-friction interface elements
Coulomb-friction interface elements were used to model the dam-foundation interface at the dam base and at the contact
between the dam and the upstream, downstream and side faces of the excavation. Coulomb-friction elements were also
used to model the vertical contraction joints without shear keys (spillway raise, piers and portals) and the unbonded lift
joint at the contact between the original dam and the gravity raising.
This type of interface allows opening and closing of the discontinuity and can provide tensile strength up to a specified
value. It also models the friction force that exists between two surfaces in contact with each other. The Coulomb-friction
interface requires the definition of the initial stiffness modulus (normal, kn, and shear, kt). The stiffness moduli of the
interface should be larger than the stiffness of the two materials in contact to prevent over-penetration (i.e. dam toe or heel
protruding into the foundation rock). These values were determined during calibration of the model. Other variables
required for the definition of this element are cohesion and angle of friction, which were adopted based on the assessed
conditions. A summary of the parameters used for the definition of the Coulomb-friction elements is presented in Table 6.
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Table 6: Summary of the Coulomb-friction element properties
Normal stiffness modulus,
kn (MPa/m)

Shear stiffness modulus,
kt (MPa/m)

Cohesion,
c’ (kPa)

Angle of friction,
 (°)

Dam-foundation interface
(underneath monoliths)

6.5×106

6.5×105

0

Variable (30 to 56)

Dam-foundation interface (contact
with upstream and downstream
rock wedges)

6.5×106

0

0

0

Vertical contraction joints without
shear keys (spillway ogee, portals)

6.5×106

6.5×104

0

45

Unbonded lift joint at contact
gravity monolith/gravity raise
blocks

6.5×106

6.5×103

0

45

Location

Discrete-cracking interface elements
Discrete-cracking elements were used to model shear-keyed vertical contraction joints between the monoliths. This type
of interface allows opening and closing of the discontinuity, can provide tensile strength up to a specified value and allows
shear retention due to interlocking of aggregate on the faces of the cracks.
In the tangential direction of the dam, the discrete-cracking elements at the vertical contraction joints respond in a brittle
manner characterized by the full reduction of the strength and opening of the crack width after a specified tensile capacity
has been reached. For the vertical contraction joints nil tensile strength was adopted.
In the upstream-downstream direction the discrete-cracking elements at the vertical contraction joints allow the retention
of a fraction of the shear capacity (provided by the aggregate interlocking between the faces of the crack) in case the shear
keys are broken. This shear retention was estimated as 25% of the modulus of elasticity of uncracked concrete (CEB 1996),
divided by the average element size (4.0 m).
A summary of the parameters used for the definition of the discrete-cracking elements at the shear-keyed vertical
contraction joints of the dam is presented in Table 7.
Table 7: Summary of the discrete-cracking element properties
Normal Stiffness
Modulus kn
(MPa/m)

Shear Stiffness
Modulus, kt
(MPa/m)

Tensile
Strength
(MPa)

Shear
Retention
(MPa/m)

Shear-keyed contraction joint – Original dam

6.5×106

6.5×105

0

1,600

Shear-keyed contraction joint – Gravity raise

6.5×106

6.5×105

0

1,100

Location

Loads
A description of the loads acting on the dam-reservoir-foundation system, and how they were accounted for in the model,
is presented below.
 Structure self-weight: Based on the dimension and density of the materials. For the seismic cases, the foundation was
considered massless.
 Hydrostatic forces: Applied as pressure normal to the upstream face of the dam wall and to the bottom of the reservoir,
for the water at FSL, EL 246.9 m. Above the spillway ogee crest level, the hydrostatic pressure was applied as pressure
normal to the vertical gates and the face of the piers. Tailwater was applied as pressure normal to the downstream face.
 Uplift: Applied as an internal pressure at the interface between the dam and the foundation rock, following a preliminary
steady-state flow analysis that established the stress field of the dam-foundation system (refer to McKay and Lopez
2013). The prescribed uplift pressure profile varies linearly from full reservoir water head on the upstream side to full
tailwater level on the downstream side. At locations where cracking of the dam-foundation interface was predicted
under static loading, it was assumed that the full length of the crack is pressurised to the full reservoir water head. The
uplift pressure was assumed to remain unaltered during the earthquake.
 Pore pressure: Applied as an internal pressure in the dam’s body, following a preliminary steady-state flow analysis
that established the stress field of the dam-foundation system under static loading (refer to McKay and Lopez 2013).
 Earthquake: Applied on the external boundaries of the FE model in the form of acceleration-time histories with an AEP
of 1 in 10,000.
Structural damping
Structural damping reflects the total energy dissipation in the overall dam-reservoir-foundation rock system due to various
mechanisms, including material damping in the concrete and foundation rock, radiation damping associated with the semiinfinite extent of the foundation and impounded water domains, and the partial absorption of hydrodynamic pressure waves
in the reservoir boundary materials. Based on ambient and forced vibration tests at different Alps Dams and at Pacoima
Dam, Professor Chopra (2008) indicates that the viscous damping ratio for concrete arch dams is approximately 2 to 3%.
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As part of his involvement in the project, Professor Anil Chopra noted that, whenever possible, the damping of the dam
should be measured from forced vibration tests or from recordings of small earthquakes. Since no vibration tests have been
conducted on Mt Bold Dam, and no seismic instrumentation is installed on the dam, there is no actual data to measure the
damping of the system. In the absence of that information, and considering that the model of the foundation is massless,
Professor Chopra suggested that the viscous damping of the Mt Bold Dam model should not exceed 5% for MDE events.
In the case of Mt Bold Dam, the fundamental period of the structure was calculated as 4.2 Hz, with multiples of the
fundamental frequency ranging from 4.8 Hz to 15.6 Hz. For the Rayleigh damping calculation for MDE events, the
fundamental frequency and the chosen multiple of the fundamental frequency (12 Hz) were fixed at 5%, corresponding to
values of α= 1.963 and β= 0.000979.
Strength assessment methodology
The stress assessment for Mt Bold Dam consisted of comparing the resulting compressive and tensile stresses in the dam
against the allowable stresses for concrete. The allowable concrete strengths were calculated as the strengths (presented in
Tables 4 and 5), divided by the adopted FoS (presented in Table 2).
The stresses in the arch wall were assessed as follows:
 The vertical stress was compared with the allowable tensile stress of the concrete lift joints to assess the potential for
de-bonding and crack advance on horizontal lift joints.
 The arch and principal tensile stresses were compared with the allowable tensile stress of parent concrete, to assess the
potential for formation of vertical cracks (due to the arch stress) or in any other direction (due to principal stress) within
the monoliths.
 The principal compressive stress was compared with the allowable compressive stress to assess the potential for
concrete crushing.
Stability assessment methodology
Two modes of potential sliding instability are typically considered in arch dams. One mode is sliding along the damfoundation contact zone (i.e. at the interface or along discontinuities in the foundation immediately beneath the wall or the
first concrete lift). The other mode is sliding within the foundation, especially at the dam abutments. The first mode is only
discussed in this paper.
The arch wall was assessed for sliding along the dam-foundation contact zone in the radial downstream direction only. The
sliding stability was conducted for each of the 19 monoliths that compose the structure. Figure 9 presents a footprint of the
dam with the labelling of the monoliths.
As the dam was assessed for earthquake loading with the reservoir at FSL, the reservoir provides a significant stabilising
load that would prevent sliding in the upstream direction. Sliding in the upstream direction was thus not considered a
credible failure mode.
Sliding in the arch direction was also not considered a credible failure mode, due to the significant embedment of the end
monoliths (end monoliths M1A and M18 rest on a vertical rock faces 24 m and 28 m high, respectively), and also because
of the favourable angle of incidence of each abutment against the slope (approximately 50° in the left abutment and 65° in
the right abutment, compared with 34° which is considered the minimum reasonable angle of incidence in arch dams). The
angles of incidence of the abutments into the slope are shown on Figure 9.

Figure 9: Monolith labelling for sliding assessment
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Radial sliding stability assessment
All 19 monoliths were assessed for sliding in the radial downstream direction. Each monolith was assessed independently
as a freestanding block, even though they are locked along the vertical contraction joints by means of shear keys. Any
deficit of restoring force on a given monolith was redistributed to neighbouring monoliths, whenever the latter had
sufficient redundancy to receive the transferred deficit.
Radial sliding was assessed at the most critical failure planes at the dam-foundation interface; the concrete-rock contact, at
the first concrete lifts (particularly if they are unbonded), and along jointing and defects in the first 2-3 m below the dam
base where the rock may have been disturbed during excavation. Based on the material properties for the potential failure
planes (not shown in this paper) the adopted critical plane for the sliding analysis of the dam in the radial direction at the
foundation interface was along jointing and defects in the first 2-3 m below the concrete-rock interface. The adopted sliding
shear strength parameters are shown in Table 6.
In arch dams with significant excavation depths, as is the case at Mt Bold Dam, the downstream rock in contact with the
toe of the dam is expected to contribute to the restoring forces since such rock blocks would need to be mobilised before
the dam can slide in the radial direction. In the nonlinear analysis the interface elements at the dam base already account
for the frictional resistance along the critical plane, discussed in the previous paragraph. Consequently, the sliding stability
analysis can be reduced to the simple determination of the Sliding Safety Factor (SSF) of the passive downstream rock
wedge, as shown schematically in Figure 10.

Figure 10: Radial sliding assessment

The factor of safety for radial sliding stability for the nonlinear cases was estimated using Equation 1.
𝑆𝑆𝐹𝑅 =

(𝑊 cos 𝛼+ 𝐹𝑅 sin α) tan ∅2 + 𝐶2 𝐴2 +𝑊 sin 𝛼
𝐹𝑅 𝑐𝑜𝑠 𝛼

(Equation 1)

where FR = resultant forces from FE model in the radial direction; W = weight of the downstream rock wedge; A2, c2, 2 =
shear area, cohesion and angle of friction, respectively, for the downstream rock; and = 45°- (2 / 2).
Appropriate downstream rock wedge parameters were determined by the principal geologist for the project based on the
historical geotechnical information and geotechnical information made available from the field investigations.
Strength assessment methodology for the 1960s reinforced concrete raise
The structural strength of the different reinforced concrete components of the 1960s raise (i.e. spillway piers, ogee and
portals) was conducted using relevant sections of the building codes from both Australian Standards (AS 2009) and the
American Concrete Institute (ACI 2008).
For the strength assessment the net actions (moments, shear and axial forces), obtained directly from the FE model, were
multiplied by a load magnification factor (from AS-1170.0 2002), and compared with the estimated capacity affected by a
strength reduction factor (from AS-3600 2009). The adopted load magnification and strength reduction factors are
presented in Table 8.
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Table 8: Load magnification factors and strength reduction factors
Case

Load Factor (LF)

Strength Reduction Factor ()

Static cases (hydrostatic)

1.2

-

Seismic actions

1.0

-

Flexural moment

-

0.8

Shear

-

0.7

Axial compression

-

0.6

Axial tension

-

0.8

For MDE cases, where inelastic behaviour is considered acceptable, the moment capacities were increased by a factor of
2.0 as recommended by USACE (2003). No such increase was allowed for shear forces due to the brittle nature of this
failure.
Northern and Southern portals
Due to the asymmetry of the reinforcement detail in each wall, the bending and moment capacities were separately
estimated for each wall and for actions in both the upstream and downstream directions.
The capacity of the portal structures to resist horizontal shear forces required detailed analyses due to the distinct structural
details of the portals. Both the Northern (right) portal and Southern (left) portal present shear keys into the original dam
crest, shown in Figure 11. The Northern (right) portal presents vertical (90°) shear keys on the lower end of each of its
three walls, thus providing shear resistance to net horizontal forces in both the upstream and downstream directions. On
the Southern (left) portal each of its two walls has an inclined (15°) shear key on the exterior face and a vertical (90°) shear
key on the interior face. Marginal additional shear capacity is provided to the southern portal by a system of steel “L”
brackets and anchor bolts installed around 1998-1999, which connects the upstream walls to the original crest of the dam.
The additional shear capacity of this system is controlled by the capacity of the anchor bolts.
The moment and shear capacity of each wall was estimated using the formulations of AS-3600 (2009).

Figure 11: Detail of shear keys at the base of portals

Spillway piers
The spillway piers were analysed as short columns and were checked for bi-axial moment and shear force. Given that the
portal geometry is complex, the analysis was performed at critical cross sections of the pier; one at ogee crest level and the
other at bridge deck level (refer to Figure 3 – Section A). Both sections were checked for bi-axial moment and shear force
in the radial and arch directions. The bending moment capacity and shear capacity was determined following Chapter 10
of AS-3600 (2009) and Chapter 11 of ACI-318 (2008) respectively.
Spillway ogee
The spillway ogee was checked for joint opening force. The spillway ogee was cast into a recess cut into the downstream
face of the original spillway of the dam (refer to Figure 3 – Section A) and clamped with Macalloy bars as well as Williams
rock bolts to the original dam. To check if the joint would open, the demand of the joint opening force at the interface
between the original dam and the new concrete was compared with the clamping force provided by the post tensioned bars
and bolts. The clamping force was determined from specifications of the dam raising accounting for relaxation.
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Results of the assessment
The results of the seismic FE analysis of Mt Bold Dam, in terms of displacement, forces and stresses were examined to
determine the expected level of damage that could occur to the wall. In this paper the stress, stability and spillway raise
component results are presented in detail.
Stresses on dam wall
Linear and nonlinear comparison
To highlight why a nonlinear analysis was required for Mt Bold Dam a comparison has been made between the linear and
nonlinear results. Figure 12 shows envelopes of vertical and arch stress on the upstream face of the dam, for the linear and
nonlinear analyses of the most critical of all three earthquakes in terms of stress, Northridge.
The vertical tensile stresses in the linear plot show a concentration that extends to the base of the dam. Such extent of the
bulb of maximum stress is unrealistically large due to the inability of the model to open and close at the dam-foundation
interface, as vertical tensile stresses develop during the earthquake. In the arch direction the tensile stresses from the linear
model are concentrated around the top of the ogee section.
When the same earthquake is applied to the nonlinear model of the dam there is a noticeable difference in the magnitude
and the location of the tensile stresses. The vertical tensile stresses reduced significantly in extent, with the maximum
demand concentrated in the middle half of the height of the dam, in the central monoliths. The arch stresses reduced
significantly both in magnitude and extent.
In both cases the tensile stresses redistributed due to the opening and closing of the dam-foundation and contraction joint
nonlinear interfaces. The interfaces were only able to transfer compression, therefore the demand of tensile stress across
the interfaces was redistributed into other forms of demand (e.g. greater arching action, greater compression at the
downstream toe, etc.). The nonlinear model hence produced results that better reflected the expected seismic behaviour of
a concrete arch dam, and therefore its results were deemed more accurate and allowed more realistic conclusions to be
drawn.

Figure 12: Vertical and arch stress envelopes for linear and nonlinear analyses – Northridge MDE
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Nonlinear analysis stresses
The summary of stress results for the nonlinear analysis of Northridge earthquake is presented in Table 9. It should be
noted that for discussion purposes the net strength (which is the strength not factored to take into account the FoS), has
been used to summarise and describe earthquake performance. The allowable strength (strength which is factored to take
into account the FoS) is not shown in this paper.
Table 9: Stress result summary – Northridge MDE
Parameter

Original Dam

Gravity Raising

Vertical Tensile Stresses (MPa)
Maximum stress

10.4

0.25

Net strength (lift joint)

1.35

0.7

Overstressed

Pass

Assessment

Arch Tensile Stresses (MPa)
Maximum stress
Net strength (parent)
Assessment

2.3

0.45

2.7

1.8

Pass

Pass

Principal Tensile Stresses (MPa)
Maximum stress

11.1

Net strength (parent)

2.7

1.8

Overstressed

Pass

Assessment

1.4

Principal Compressive Stresses (MPa)
Maximum stress

-12.3

-2.6

Net strength (parent)

-49.8

-34.5

Assessment

Pass

Pass

Cross sections showing the envelope of vertical stress are presented in Figure 13 for the critical arch monolith (M10) and
the critical gravity monolith (M15). In the figure the potential cracked and uncracked areas are identified by comparison
of the acting vertical stresses against the estimated net vertical strength.

Figure 13: Vertical stress – Northridge MDE
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On the arch monolith M10 the demand of vertical stress is larger than the net vertical strength of the concrete on both the
upstream and downstream faces of the dam, with the potential consequence of developing horizontal cracks along the lift
lines. The vertical overstress is generalised in the cross section, with only a limited uncracked core at the toe of the dam.
The largest demand of vertical stress is concentrated in the ‘throat’ of the arch section, between EL 228.31 m and
EL 231.81 m, where a continuous horizontal crack from upstream to downstream faces may form. This condition was also
observed in the other two MDEs.
Given the geometry and the arrangement of the spillway works above EL 228.31 m, a freestanding block formed by a
horizontal crack in the throat region may rock and topple. The wedge effect provided by the arch geometry would likely
prevent toppling in the downstream direction, however for displacements in the upstream direction there is no such wedge
effect and the formed freestanding block may slide or topple into the reservoir. In Mt Bold Dam this potential failure mode
is more likely since the top portion of the dam (including the ogee section, the spillway piers, and the road and hoist bridges)
overhangs beyond the vertical upstream face. This condition is illustrated in Figure 13, were the top section resulting from
the full horizontal crack at the throat level may overturn about the upstream edge (point A).
An examination of the time-history accelerogram shows that the vertical overstress, with the potential to develop a full
horizontal crack at throat level, occurs at early stages of the ground motion, after which several acceleration spikes of
significant magnitude could occur. These acceleration spikes, after the formation of the full horizontal crack, could topple
the freestanding block upstream into the reservoir (refer to Figure 14).

Figure 14: Early onset of full horizontal crack – Northridge MDE

Based on results of failed physical models of arch dams in shaking table tests, Payne (2002) observed that the main failure
mode in a model with vertical contraction joints, like Mt Bold Dam, commenced with cracks developing along the upper
horizontal joints and several vertical contraction joints causing the formation of small freestanding blocks. The results of
this study coincide with the Payne’s observations. As previously mentioned, the top portion of the dam in the arch section
overhangs on the upstream side, unlike the double-curvature sections tested by Payne, making it susceptible to this type of
failure.
Sliding stability assessment
Loma Prieta earthquake was the most demanding stability condition in the radial direction, for which the lowest individual
sliding FoS was 0.8 for monolith M7 (refer to Table 10). The deficit of shear capacity in monolith M7 was redistributed to
adjacent monoliths with additional shear capacity, i.e. M6 and M8. After allowing the transfer of shear deficit between
monoliths, FoS equal or greater than the minimum required of 1.1 were estimated for all monoliths of the dam.
Table 10: Results of sliding stability assessment – Loma Prieta MDE
Monolith

1A

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

Individual
FoS

3.9

2.9

2.5

2.7

1.3

6.3

1.6

0.8

1.7

1.5

2.6

2

2.4

1.3

2

2

2.4

3.1

4.9

Redistributed
FoS

3.9

2.9

2.5

2.7

1.3

6.3

1.1

1.1

1.1

1.5

2.6

2

2.4

1.3

2

2

2.4

3.1

4.9

Assessment

Pas
s

Pas
s

Pas
s

Pas
s

Pas
s

Pas
s

Pas
s

Pas
s

Pas
s

Pas
s

Pas
s

Pas
s

Pas
s

Pas
s

Pas
s

Pas
s

Pas
s

Pas
s

Pas
s

Based on these results, instability of the dam is not expected during the MDEs. The acting shearing forces on the rock
immediately downstream (which provides shear strength to the dam) are not large enough to shear it or to induce permanent
downstream displacements on the dam.
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Assessment of the 1960s reinforced concrete raise
A summary of the 1960s reinforced concrete raise assessment is shown in Table 11 for the most demanding earthquake on
the raise components, Northridge. Overall, the components of the dam raise could be overstressed during a MDE event.
Table 11: 1960s reinforced concrete raise strength assessment summary – Northridge MDE
Southern (left) portals

Northern (right) portals

Location/Action

Bending
(U/S, D/S walls)

Shear
(U/S, D/S walls)

Shear at base
shear key

Bending
(U/S, Centre,
D/S walls)

Shear (U/S,
Centre, D/S
walls)

Assessment

Standards not met

Standards not met

Standards not met

Standards
not met

Standards
not met

Piers

Shear at base
shear key
Standards
not met
Spillway ogee

Location/Action

Bi-axial bending
(ogee level sec.)

Bi-axial bending
(bridge level sec.)

Shear
(ogee level sec.)

Shear
(bridge level sec.)

Splitting force

Assessment

Standards not met

Standards not met

Standards not met

Standards not met

Standards not met

Predicted damage in the dam wall
The results of the conducted analyses were used, along with engineering judgement and the review of available literature,
to anticipate the possible damage to Mt Bold Dam as a consequence of the unlikely event of a MDE with 1 in 10,000 AEP.
Damage due to overstress of mass concrete
The largest demand of vertical stress was concentrated at the ‘throat’ of the arch section, between EL 228.31 m and
EL 231.81 m. At this level a continuous horizontal crack from upstream to downstream faces may develop and form a
freestanding block which may rock and topple into the reservoir.
Damage due to displacements of the structure
The resulting vertical displacements at the dam-foundation interface were relatively small and did not indicate concurrent
base detachment at both the upstream and downstream ends during the earthquake. However, localised increment of uplift
pressure and seepage at the heel of the dam may occur. Although no large horizontal displacements of the monoliths are
expected, it is possible that the internal drains of the dam could become blocked by debris as a consequence of large
earthquakes. Blockage of the drainage system would partially or completely prevent alleviation of the excess pore pressure
resulting from upstream cracks.
Differential movement was observed between the unbonded gravity raise blocks and their supporting original dam
monoliths and suggests that some grinding of this contact surface may occur during the MDE events. Although the base
length of the gravity raise blocks in the radial direction is relative large, the possibility of toppling in the upstream direction
exists, as observed during shaking table failure tests conducted by USBR (2002).
Damage due to sliding instability of monoliths
There is no expected damage at the dam or the dam-foundation interface since there is no predicted sliding displacement
of the dam, or shearing of the downstream rock wedge for any of the analysed static or seismic cases.
A comprehensive stability analysis of potential rock wedges in the abutments being thrusted by the monoliths of the dam
was also conducted as part of the safety review of Mt Bold Dam. Preliminary results indicated that failure of the rock
abutments as a result of the MDEs is very unlikely.
Damage to reinforced concrete members of the dam raise
The reinforced concrete elements of the dam wall raise (portals, ogee, and piers) do not meet modern design standards.
The portal structures are over-demanded in terms of strength (shear), stability (sliding) and in bending. Any of these
potential seismic failure modes may lead to large displacements, potential flooding of the portal chambers and potential
structural collapse of the portal units.
A generalised overstress of the ogee section could occur. The damage may include separation of the reinforced concrete
ogee portion from the original dam monolith, generalised yielding of the reinforcement of the raised ogee section and
spalling of cover concrete.
Generalised bi-axial bending and shear failure of the piers at the analysed sections may occur. This could lead to permanent
deformation of the piers that may jam the spillway gates. Structural collapse of the piers above the contact with the original
monoliths (EL 238.84 m) is also possible.
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Conclusions
This study indicated that for the MDE cases the performance of the main monoliths is less than satisfactory according to
current dam guidelines, with areas of vertical overstress in the upper arch section of the dam.
Sliding failure of the main monoliths is not expected for the MDE cases. After redistribution of shear demand from monolith
M7 to monoliths M6 and M8 the lowest FoS equalled the minimum required FoS of 1.1 for the MDE.
Most components of the reinforced concrete raise works (i.e. portals, central piers and ogee section) could be overstressed
during the MDE and are less than satisfactory according to current dam guidelines.
Based on the ICOLD performance requirements for large dams under earthquake loading, it was found that Mt Bold Dam
does not currently pass seismic cases for the unlikely event of MDEs with 1 in 10,000 AEP.
The process of bringing Mt Bold Dam up to current standards has already commenced through an upgrade options study.

Acknowledgements
The authors would like express their thanks to:
 The South Australian Water Corporation (SA Water), owner of Mt Bold Dam, for permitting the publication of this
paper.
 Professor Anil Chopra (UC Berkeley), for his technical advice and internal review of the seismic analysis of Mt Bold
Dam.

References
ACI. 2008. Building Code Requirements for Structural Concrete (ACI 318M-08) and Commentary. American Concrete
Institute.
CEB - Comite Euro-International du Beton. 1996. RC Elements under Cyclic Loading: State of the Art Report. Thomas
Telford Publications, London.
Chopra, A.; Wang, J. 2008. Analysis and Response of Concrete Arch Dams Including Dam-Water-Foundation Rock
Interaction to Spatially Varying Ground Motions. Report No. UCB/EERC-2008/03. Earthquake Engineering Research
Centre, University of California at Berkeley, USA.
Dolen, T.P. 2011. Selecting Strength Input Parameters for Structural Analysis of Aging Concrete Dams. Proceedings of
the 31st USSD Annual Conference, San Diego, USA.
EPRI. 1992. Uplift Pressures, Shear Strength and Tensile Strengths for Stability Analysis of Concrete Gravity Dams.
Volume 1, USA.
FERC. 1999. Chapter 11 - Arch Dams. Engineering Guidelines for the Evaluation of Hydropower Project. Federal Energy
Regulatory Commission, USA.
Lopez, F. and McKay, M. 2013. Practical Methodology for Inclusion of Uplift and Pore Pressures in Analysis of Concrete
Dams. Proceedings of NZSOLD - ANCOLD 2013 Conference, Rotorua, New Zealand.
Lopez, F. and McKay, M. 2014. Nonlinear Time-History Seismic Assessment of 112-Year-Old Barossa Dam. Proceedings
of ANCOLD 2014 Conference, Canberra, Australia.
Payne, T.L. 2002. Shaking Table Study to Investigate Failure Modes of Arch Dams. Proceedings, 12th European
Conference on Earthquake Engineering, London, U.K., paper 145.
Standards Australia. 2002. Structural Design Actions – Part 0: General Principles. AS/NZS 1170.0:2002.
Standards Australia. 2009. Concrete Structures. AS 3600-2009.
TNO DIANA. 2013. DIANA Finite Element Software release 9.4.4. TNO DIANA BV, Delft, The Netherlands.
USACE. 1994. Arch Dam Design, Engineering Manual EM 1110-2-2201. US Army Corps of Engineers.
USACE. 2003. Engineering Manual for Time-History Dynamic Analysis of Hydraulic Structures, Engineering Manual EM
1110-2-6051. US Army Corps of Engineers.
USBR. 2002. Investigation of the Failure Modes of Concrete Dams - Physical Model Tests, Dam Safety Office Report No.
DSO-02-02, Department of the Interior Bureau of Reclamation, Denver, Colorado.
USBR. 2006. State of Practice for the Nonlinear Analysis of Concrete Dams at the Bureau of Reclamation. U.S.
Department of the Interior Bureau of Reclamation.

ANCOLD Proceedings 2015
Contemporary Challenges for Dams

