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Abstract 

Uplift pressure from water acting beneath concrete dams is one of the main 

forces governing sliding stability. For concrete buttress dams, the relatively low 

self-weight makes their stability particularly sensitive to uplift, especially 

where persistent sub-horizontal fractures in the rock foundation allow uplift to 

act across the full fracture plane rather than only at the concrete–rock 

interface. Current dam safety guidelines describe uplift deterministically using 

simplified pressure distributions, which do not explicitly account for the 

inherent variability of uplift. When existing dams are re-evaluated against 

modern safety requirements and where previously unknown fracture planes 

have been identified, they could fail to fulfil stability requirements, potentially 

leading to costly countermeasures that could have been avoided if uplift were 

described more accurately. 

Reliability-based methods offer an alternative approach to evaluate dam 

stability, with the governing parameters treated as random variables. Despite 

uplift having been investigated since the early 20th century, empirical data 

characterising its variability remain scarce, and a comprehensive statistical 

description has yet to be established. 

This licentiate thesis investigates uplift pressure and its influence on the 

reliability-based evaluation of sliding stability along sub-horizontal fractures 

beneath concrete buttress dams. A sensitivity analysis demonstrates that the 

assumed variability of uplift could determine whether a monolith meets the 

target reliability or not. Furthermore, a reliability-based monitoring 

framework is proposed in which alarm thresholds derived from target 

probabilities of failure are used to control uplift behaviour, offering an 
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alternative to stability-enhancing countermeasures for dams that do not fully 

meet current stability requirements.  

Both studies underscore the need for a well-founded statistical characterisation 

of uplift. To address this, a statistical analysis of piezometric pore pressure 

measurements from 236 piezometers installed beneath two concrete buttress 

dams in northern Sweden was performed, analysing the spatial variability of 

uplift across monoliths. The results show significant variability between 

monoliths, but also that uplift derived from piezometric measurements is 

generally lower than values calculated according to current guidelines. 

Correlations between monolith height, relative piezometer location and uplift 

were identified, although the moderate explanatory values indicate that uplift 

cannot be fully explained by the parameters used to model uplift in the current 

deterministic approach. 

 

Keywords 

Uplift pressure, concrete buttress dams, reliability-based stability analysis, 
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Sammanfattning 

Det upptryck som verkar under en betongdamm för vattenkraft är en av de 

huvudsakliga lasterna som styr en damms glidstabilitet. För lamelldammar gör 

den relativt låga egenvikten stabiliteten särskilt känslig för upptryck, framför 

allt där utbredda subhorisontella sprickor i berggrunden kan utgöra potentiella 

glidplan. I dessa fall kan upptrycket verka över hela sprickplanet i stället för att 

vara begränsat till kontaktytan mellan berg och betong. I gällande riktlinjer för 

dammsäkerhet beskrivs upptryck deterministiskt med förenklade modeller, 

utan att explicit beakta upptryckets naturliga variation. När stabiliteten av 

befintliga dammar utvärderas med moderna säkerhetskrav där tidigare okända 

sprickplan under dammen identifierats, riskerar dammen att inte längre 

uppfylla stabilitetskraven. Detta kan resultera i kostsamma åtgärder som hade 

kunnat undvikas med en bättre beskrivning av upptrycket. 

Tillförlitlighetsbaserade metoder erbjuder ett alternativt tillvägagångssätt för 

att utvärdera dammars stabilitet, där de styrande parametrarna betraktas som 

slumpvariabler. Trots att upptryck under dammar har undersökts sedan tidigt 

1900-tal är empiriska data som beskriver dess variation fortfarande 

begränsade, och fastställande av en omfattande statistisk beskrivning kvarstår. 

Denna licentiatavhandling undersöker upptryck och dess inverkan på 

tillförlitlighetsbaserad utvärdering av glidstabilitet längs subhorisontella 

sprickplan under lamelldammar i betong. En känslighetsanalys visar att den 

antagna upptrycksvariationen kan avgöra huruvida en lamell uppfyller 

acceptabel brottsannolikhet eller inte. Vidare föreslås ett tillförlitlighetsbaserat 

ramverk för övervakning, där alarmgränser härleds från acceptabel 
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brottsannolikhet för att kontrollera upptrycket med syftet att visa hur ett 

sådant system kan utgöra ett alternativ för dammar som inte fullt ut uppfyller 

fastställda stabilitetskrav. 

Bägge studierna lyfter fram behovet av en välgrundad statistisk beskrivning av 

upptryck. För att hantera detta problem genomfördes en statistisk analys av 

portrycksmätningar från 236 piezometrar installerade under två 

lamelldammar i norra Sverige, där upptryckets rumsliga spridning mellan 

lamellerna analyserades. Resultaten visar betydande variation mellan lameller, 

men också att upptryck härlett från mätningar generellt är lägre än 

motsvarande värden beräknat utifrån gällande riktlinjer. Korrelationer mellan 

lamellhöjd, relativ piezometerplacering och upptryck identifierades. De relativt 

låga determinationskoefficienterna indikerar att upptrycket inte fullt ut kan 

förklaras av de parametrar som används för att ansätta upptryck enligt 

gällande riktlinjer för dammsäkerhet i samband med deterministiska 

stabilitetsanalyser.  

 

 

 

Nyckelord 
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Definitions 

Deterministic 
approach 

An approach in which all parameters are treated as fixed 
values, with uncertainty accounted for through safety 

factors. 

Measurement A single observation of a physical quantity at a given point 

in time or space. 

Monitoring (in dam 

safety) 

Systematic and repeated measurement of a parameter 

over time, intended to track changes in behaviour and 

detect conditions that may affect the safety of the dam 
and its foundation. 

Pore pressure Water pressure measured at a point in the rock 
foundation, as recorded by a piezometer. 

Probabilistic approach An approach in which uncertain quantities are modelled 

as random variables with probability distributions, and the 
analysis is carried out within the framework of probability 

theory. 

Random variable A variable whose value is subject to uncertainty and is 

described by a probability distribution. 

Reliability (in 
structural engineering) 

The probability that a structure performs its intended 
function without failure over a specified reference period. 

  



XIV 
 

Reliability-based 

approach 

An approach for evaluating structural safety in which 

uncertain parameters are represented as random 

variables and safety is quantified by the probability of 
violating a defined limit state. 

Reliability index  A measure of structural safety. 

Uplift The physical phenomenon of upward water pressure 

acting beneath a dam or along a fracture plane in its 

foundation, counteracting the stabilising weight of the 
structure. 

Uplift force The resultant force obtained by integrating the uplift 
pressure distribution over the area of the failure plane. 

This is the quantity that enters the limit state function as a 
destabilising load. 

Uplift pressure The water pressure acting at a point beneath the dam or 

along a fracture plane, expressed in units of pressure (kPa) 
or as an equivalent head of water (m).  
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1 Introduction 

1.1 Background  

Hydropower dams are essential infrastructure for renewable energy 

production and energy security. Ensuring their continued safe operation is 

therefore critical, as dam failure can have catastrophic consequences for 

human life, the environment and surrounding infrastructure. Following several 

historic dam failures (e.g. described by Smith 1994; Rogers 1995; Duffaut 

2013) linked to uplift pressure, uplift has been recognised as one of the main 

forces governing the stability of concrete dams (Foster 1989). In addition, the 

nature of uplift has been found to be inherently variable and depends strongly 

on local geological and hydrogeological conditions (Ruggeri 2004b). Despite 

uplift pressure having been investigated since the beginning of the 20th 

century (e.g. Weaver 1932; Keener 1951; Casagrande 1961), the description of 

uplift in current dam safety guidelines (e.g. USACE 2005; CDA 2013; FERC 

2016a; Swedenergy 2020) still describe uplift by treating the rock mass as a 

porous medium with continuous flow. In crystalline rock masses, however, 

flow occurs predominantly through discrete fractures rather than through a 

porous medium (Murphy et al. 2002), and a continuum-based description 

does not accurately capture the hydraulic conditions in the foundation. 

The majority of hydropower dams in Sweden were built over 50 years ago 

(Hellgren and Bartsch 2023). Many of the existing dams are founded on hard, 

crystalline rock where sub-horizontal fracture planes are common due to the 

post-glacial rebound in northern Sweden. Where such planes exist, sliding may 

occur along the fracture plane rather than along the concrete–rock interface, 

with uplift acting across the full fracture area and substantially increasing the 
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destabilising load. This is of particular concern for lightweight dam designs, 

such as concrete buttress dams and spillway dams, where the lower self-weight 

provides less stabilising capacity. Understanding how uplift is distributed 

beneath such dams is consequently essential for reliable stability assessments. 

When these dams are re-evaluated against modern safety requirements using 

the conservative, deterministic uplift descriptions in current guidelines, they 

might not fulfil the requirements. Consequently, such re-evaluations may lead 

to costly stability-enhancing measures that could potentially be avoided if the 

uplift description were based on more representative assumptions.  

In current guidelines, uplift is described deterministically, assuming a linear or 

bi-linear pressure distribution with a reduction at the drainage location (e.g. 

Swedenergy 2020). This approach does not account for uplift variability and 

therefore does not explicitly consider factors influencing uplift, including 

seasonal temperature changes (Guidicini and De Andrade 1988), the condition 

of drainage systems (da Silva 2015) and spatial variations dependent on the 

characteristic properties of the rock mass. A reliability-based approach, where 

uplift is treated as a random variable, has been suggested as a more 

appropriate alternative (e.g. Westberg Wilde and Johansson 2016), but its 

application is limited by insufficient knowledge about the statistical properties 

of uplift. 

Piezometric measurements of pore pressure offer a basis for characterising 

uplift statistically. A comparison of empirical assumptions with field 

measurements by Rocha and Filho (1988) demonstrated that drainage 

efficiency exceeded design assumptions, indicating that actual uplift pressures 

may be lower than those assumed in current guidelines. Further studies have 

analysed piezometric data to describe uplift statistically (e.g. Bernstone et al. 

2009; Alcalá Perales 2016; Pereira et al. 2021), but these have generally relied 

on small numbers of piezometers or infrequent manual readings, and a 

comprehensive statistical description of uplift has yet to be established. 

Moreover, piezometric measurements primarily reflect normal operating 

conditions and may not capture extreme uplift behaviour (Spross et al. 2014).  

When a stability assessment shows that safety requirements are not met, a 

conventional approach is to implement stability-enhancing measures, such as 

installation of pre-stressed anchor cables to increase stability. An alternative, 

as presented in this thesis, is to implement a monitoring system with alarm 

thresholds linked to predefined countermeasures to control uplift pressure and 

thereby reduce the probability of failure. Although the need for such systems is 
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acknowledged in existing guidelines (e.g. ICOLD 2000; FERC 2016b), explicit 

guidance on how alarm thresholds should be defined is lacking. 

1.2 Research aims and objectives  

The aim of this research project is to adopt a reliability-based approach to dam 

stability evaluation, focusing on the description and management of uplift 

pressure. The spatial variability of uplift and its statistical properties are 

investigated from piezometric measurements, and a monitoring framework 

with reliability-derived alarm thresholds is proposed as a method to control 

uplift behaviour, together contributing towards improved long-term dam 

safety management. 

These objectives are addressed through the following specific research 

questions (RQ): 

1. How does uplift variability influence sliding stability of a concrete 

buttress dam founded on rock with persistent sub-horizontal fracture 

planes (RQ1)? 

2. How can a reliability-based description of uplift, combined with a 

monitoring program with defined alarm thresholds, improve dam safety 

evaluations (RQ2)? 

3. How can statistical analysis of piezometric measurements improve the 

description and understanding of spatial uplift variability in the 

foundation beneath dam monoliths, including the influence of monolith 

height (RQ3)? 

1.3 Research methodology 

Research on the behaviour and description of uplift pressure, as well as on 

recommended approaches for its evaluation, was initiated through a literature 

review. The literature review identified limitations in current deterministic 

descriptions of uplift and a lack of empirical data characterising its variability, 

forming the basis for the studies presented in this thesis.  

To investigate the influence of uplift variability on sliding stability, a 

probabilistic sensitivity analysis was performed in Paper A using the first-order 

reliability method (FORM) in the STRUREL software package COMREL. A 

limit state function for sliding along a sub-horizontal fracture plane beneath a 

concrete buttress dam was formulated, with the uplift force treated as a 

random variable and its coefficient of variation systematically varied. FORM 
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was chosen because it is computationally efficient compared to simulation-

based methods, and because it directly provides sensitivity factors that 

quantify each variable's relative contribution to the probability of failure. 

A reliability-based monitoring framework was developed in Paper B. A similar 

stability problem as presented in Paper A was analysed using Monte Carlo 

simulation, with the uplift force expressed as a function of pore pressure to 

enable control through monitoring. Alarm thresholds were derived from a 

target probability of failure through truncation of the upper tail of the pore 

pressure distribution. Monte Carlo simulation was used because it is 

conceptually straightforward and allows direct truncation of the pore pressure 

distribution. 

Paper C presents a statistical evaluation of uplift based on piezometric 

measurements of pore pressure from 236 piezometers at two concrete buttress 

dams. Measurements covering one year were retrieved, processed with the 

support of maintenance reports to identify data influenced by operational 

activities, and normalised, with monolith geometry obtained from construction 

drawings and verified through field visits. Suitable probability distributions 

were fitted using maximum likelihood estimation and assessed through both 

visual and analytical methods: the fitted distributions were compared against 

empirical histograms and Q-Q plots were used to evaluate the fit in the 

distribution tails, while the Kolmogorov–Smirnov and AIC tests provided 

complementary analytical criteria for evaluating and comparing the 

distributions. The influence of geometrical parameters on uplift variability was 

investigated using linear regression and analysis of variance. Simple linear 

regression was used to identify correlations between uplift variability and 

individual geometrical parameters, and multiple linear regression to assess 

how these parameters together explain uplift variability. Analysis of variance 

was applied to test whether groupings based on these parameters showed 

statistically significant differences in mean uplift. These analyses were 

performed in IBM SPSS Statistics.  

Where no specific software is indicated, numerical calculations and data 

processing were performed in MATLAB. 

1.4 Outline of thesis 

This thesis is presented as a compilation consisting of three appended papers 

(A–C) and a KAPPA of six chapters. Chapter 1 introduces the background, aims 

and limitations of the research. Chapter 2 provides the theoretical background 
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and state of knowledge on concrete dam design, uplift pressure, reliability-

based methods for stability assessment, and the sources of uncertainty in the 

uplift description. The appended papers are summarised in chapter 3. Chapter 

4 presents a discussion of the results. Conclusions and future research 

directions are outlined in chapters 5 and 6 respectively. 

1.5 Limitations 

This thesis focuses on the statistical description of uplift pressure and its 

incorporation into reliability-based sliding stability assessments for concrete 

buttress dams, thus not covering overturning or the bearing capacity of the 

rock foundation. Furthermore, the probabilistic analyses in Papers A and B 

treat hydrostatic pressure and ice load as deterministic, reflecting the focus of 

this work on uplift variability rather than on a comprehensive probabilistic 

treatment of all loads.  

The measurements used in the statistical analysis cover a single year, thus 

capturing spatial variability across monoliths rather than long-term temporal 

variations. Time-dependent changes in uplift, such as those arising from 

gradual clogging of drainage systems or degradation of grout curtains, are 

discussed but not quantified from measurements. In addition, the statistical 

evaluation of uplift pressure is based on piezometric pressure measurements 

from two concrete buttress dams with similar designs, founded on rock with 

comparable geological conditions in northern Sweden. The findings should 

therefore not be considered generally representative of other dam types or 

geological settings. 
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2 Theoretical background and state of 
knowledge 

This chapter presents the theoretical background and state of knowledge 

relevant to reliability-based assessment of uplift pressure in concrete buttress 

dams. Section 2.1 introduces concrete dam design, sliding stability, and pore 

pressure monitoring. Section 2.2 describes uplift pressure, its reduction 

measures, and its deterministic modelling. Section 2.3 presents reliability-

based methods for stability assessment, including the statistical 

characterisation of uplift and the use of monitoring-based alarm thresholds. 

Section 2.4 discusses the sources of uncertainty in uplift and the challenges in 

its statistical characterisation. 

2.1 Concrete dams and stability regulations 

Dam safety is guided by national and international frameworks that define how 

conditions and potential failure scenarios should be evaluated to ensure that 

dams fulfil their intended function without causing unacceptable harm to 

people, property, or the environment (USACE 2005; Swedenergy 2022). In 

Sweden, dam owners commonly work in accordance with the Swedish 

Hydropower Companies' Guidelines for Dam Safety, RIDAS (Swedenergy 

2020), while internationally similar guidance is provided by, among others, the 

US Army Corps of Engineers (USACE 2005), the Federal Energy Regulatory 

Commission (FERC 2016a), and the Canadian Dam Association (CDA 2013). 
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2.1.1 Concrete dams 

Concrete dams are structures built to retain water in a reservoir for purposes 

such as hydropower generation, flood control, and water supply. Several types 

of concrete dams exist, of which gravity dams and buttress dams are common 

types for hydropower applications in Sweden. A concrete gravity dam resists 

the forces from the retained water primarily through its own weight, with a 

broad solid base providing stability. The concrete buttress dam is a variant in 

which the upstream face is supported by a series of buttresses rather than a 

solid concrete body (Figure 1), requiring less material and resulting in a lower 

self-weight. To compensate, the upstream face is inclined such that the weight 

of the retained water contributes as a stabilising vertical load, a design 

principle that became dominant in Sweden during the early 20th century 

(Hellgren and Bartsch 2023). 

The main forces acting on a concrete dam are illustrated in Figure 2, with the 

resisting forces consisting of stabilising contributions from the weight of the 

dam, the weight of water acting on the upstream face, and, if present, pre-

stressed anchor cables. The driving forces include hydrostatic pressure from 

the reservoir, ice loads, and uplift pressure.  

 

Figure 1. Illustration of a buttress dam design equipped with drainage and piezometers. Adapted from 
Malm et al. (2013). 
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Figure 2. Main forces acting on a concrete buttress dam with a sub-horizontal fracture plane acting as a 
sliding plane.  

2.1.2 The rock foundation 

The bedrock foundation of a concrete dam is typically treated as a continuum, 

in which the rock mass is assumed to behave as a homogeneous material with 

evenly distributed flow and a uniform hydraulic conductivity (USACE 2005; 

FERC 2016a; Swedenergy 2020). This assumption is valid for porous rock or 

where fracture spacing is sufficiently small, but in crystalline rock mass flow 

occurs predominantly through discrete fractures (Murphy et al. 2002). Where 

such fractures are persistent, they may govern both the shear strength of 

potential failure surfaces and the permeability of the foundation (Fell et al. 

2014), and should be explicitly considered in stability analyses. Persistent sub-

horizontal fractures are of particular concern for sliding stability, as sliding 

along such planes rather than along the concrete–rock interface has been 
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associated with historical dam failures, including the Malpasset dam in 1959 

(Duffaut 2013). For buttress dams, the low self-weight makes sliding stability 

particularly sensitive to uplift, and where a sub-horizontal fracture plane is 

present, the resulting uplift force can substantially exceed that acting on the 

concrete–rock interface.  

2.1.3 Sliding stability 

Sliding stability analysis of concrete dams is commonly performed using limit 

equilibrium methods, in which the dam is treated as a rigid body (Fell et al. 

2014) and the shear behaviour along the failure surface is assumed to be 

perfectly plastic (Ruggeri 2004a). The analysis assumes failure along a 

predefined surface, with the available shear strength fully mobilised 

simultaneously along its entire length, and a safety factor is applied to ensure 

an adequate margin against failure.  

Adopting the Mohr–Coulomb failure criterion, the factor of safety (𝐹௦) against 

sliding along the sliding plane is given by 

𝐹௦ =
𝑐𝐴 + 𝑁′tanφ

𝑇
 (1) 

where 𝑐 is the cohesive strength, 𝐴 is the contact area of the sliding plane, 𝑁′ 

represents the effective normal force acting on the sliding plane accounting for 

the reduction in normal stress due to uplift pressure, φ is the friction angle of 

the sliding surface and 𝑇 represents the shear forces acting parallel to the 

sliding plane. The cohesive strength c applies to bonded concrete–rock 

interfaces but is generally neglected for unbonded interfaces and rock fractures 

unless confirmed by testing (Krounis 2016). 

Traditionally, sliding stability is evaluated deterministically using prescribed 

acceptable 𝐹௦. These acceptable safety factors account implicitly for 

uncertainties in loads, material properties, and modelling assumptions. In 

some guidelines, acceptable safety factors are selected based on loading 

conditions and the level of knowledge regarding site conditions (USACE 2005; 

FERC 2016a), while others prescribe fixed minimum values regardless of 

loading scenario (Swedenergy 2020). 
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2.2 Uplift pressure 

Uplift pressure is produced by water in pores and fractures in the rock 

foundation beneath a dam. At the upstream heel, the water pressure 

corresponds to the full reservoir head, while at the downstream toe it is 

governed by the tailwater level (Figure 3). Between these two boundaries, the 

uplift pressure varies depending on the geometry of the dam, the hydraulic 

properties of the rock foundation, and the presence and condition of 

foundation treatment measures such as drainage and grout curtains (Ruggeri 

2004b). 

Under the assumption of one-dimensional steady-state flow through a porous 

medium, the hydraulic gradient is described by Darcy's law: 

𝑞 = 𝐾
𝑑ℎ

𝑑𝑥
 (2) 

where 𝑞  is the specific discharge, 𝐾 is the hydraulic conductivity, and 𝑑ℎ 𝑑𝑥⁄  is 

the hydraulic gradient. For an impervious structure founded on a medium with 

uniform hydraulic conductivity, this results in a linear decrease in pressure 

head from the upstream heel to the downstream toe (Westberg 2009a). This 

idealisation forms the basis for the uplift models prescribed in current dam 

safety guidelines (e.g. USACE 2005; CDA 2013). 

As flow in fractured rock occurs through discrete fractures rather than a 

porous medium, the linear pressure distribution does not necessarily apply. 

Goodman et al. (1983) derived an analytical solution for flow through a single 

horizontal crack of constant aperture beneath a dam, demonstrating that the 

pressure distribution is controlled by the fracture geometry and that drain 

holes are effective in reducing uplift pressures within the crack. However, 

Grenoble et al. (1995) showed that the uplift distribution is not necessarily 

linear but depends on the aperture geometry of the foundation fractures as 

illustrated in Figure 3.  

In addition to these spatial variations, uplift is inherently variable over time. 

Fluctuations in reservoir water level and seasonal temperature variations drive 

changes in pore pressure (Guidicini and De Andrade 1988), and the long-term 

condition of drainage systems and grout curtains further influences the uplift 

that develops beneath the dam (Ruggeri 2004b). 
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Figure 3. Uplift pressure distribution in a sub-horizontal fracture beneath a concrete buttress dam for 

different fracture geometries. The distance H represents the vertical distance from the RWL to the 
fracture plane. Adapted from Westberg (2009a). 

2.2.1 Uplift reduction measures 

Drainage has been identified as the most effective measure for reducing uplift 

beneath concrete dams (Casagrande 1961), a finding supported by empirical 

surveys of existing dams (Rocha and Filho 1988) and further analysed through 

flow modelling (Chawla et al. 1990). Drainage holes drilled into the rock 

foundation intercept the fracture network and relieve pore pressure by 

providing a low-resistance flow path, as illustrated by the uplift reduction from 

a to b. Unlike drainage, grout curtains are not assigned a specific reduction 

factor in the uplift pressure model. Their effectiveness on uplift is variable and 

difficult to isolate from drainage effects (Foster 1989), and guidelines caution 

that grouting alone should not be considered sufficient justification to assume 

an uplift reduction (FERC 2016a). Rather, the primary role of the grout curtain 

is to reduce seepage flow to the drains, thereby supporting drain effectiveness 

(c), and dams equipped with both systems have shown improved drain 

performance compared to dams with drainage alone (Ruggeri 2004b). When 

used in combination, the two systems are more effective than either alone.  

Both measures can be subject to deterioration over time, meaning the uplift 

reduction assumed at the time of design may not be maintained throughout 

the dam's operational life. Drainage holes can become clogged through 

mechanical, chemical, or biological processes (Ruggeri 2004b), with 

conditions and rates varying considerably between sites (da Silva 2015).  
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Figure 4. Conceptual illustration of uplift reduction measures: (a) unreduced pressure, with full 
reservoir water pressure acting as uplift along the foundation, (b) installed drainage, where part of the 

uplift pressure is relieved by flow through the drainage holes, and (c) installed grout curtain, which 
reduces seepage from the reservoir and thereby supports drainage effectiveness. Arrows indicate the 

direction of water flow. 

Swedish case studies indicate gradual deterioration corresponding to 

approximately 10% clogging over 30 years (Johansson et al. 2017), although 

more rapid clogging of up to 50% within 10 years has been documented 

elsewhere (Farinha et al. 2005). Grout curtains may similarly deteriorate 

through chemical leaching, driven in part by calcium leaching from the grout 

matrix (Yu and Zhang 2017), with long-term increases in uplift of 

approximately 40–50% reported as the anti-seepage function deteriorates 

(Zhang et al. 2021; Yue et al. 2022). Both the magnitude and timescale of 

deterioration are strongly site dependent, and empirical surveys have 

documented curtain effectiveness ranging from highly effective to entirely 

ineffective across existing dams (Foster 1989).  

Consequently, uplift pressure is not a static quantity but varies both spatially, 

depending on the characteristic properties of the rock mass beneath each 

monolith, and temporally over the operational life of the dam. 

2.2.2 Uplift modelling 

In stability analyses, uplift pressure is represented through a simplified model 

of its distribution along the potential failure plane (Figure 5). The choice of 

model reflects assumptions about the foundation and the presence of uplift 
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reduction measures, and it is important to distinguish between the actual uplift 

pressure, governed by geology, hydraulic conditions, and foundation 

treatment, and the model used to represent it in stability calculations. 

Under the continuum assumption, the uplift pressure model typically adopts a 

linear distribution from full reservoir head at the upstream heel to tailwater 

head at the downstream toe (Figure 5a) (e.g. USACE 2005; CDA 2013). Where 

a drainage system is present, the model assumes a pressure reduction at the 

drain location (Figure 5b), the magnitude of which varies between guidelines. 

A grout curtain supports drainage effectiveness by reducing seepage flow to the 

drains as illustrated by the RIDAS (Swedenergy 2020) uplift model in Figure 

5c.  

 

Figure 5. Uplift pressure distribution according to RIDAS (Swedenergy 2020) for: (a) a concrete gravity 
dam without foundation treatment, (b) a concrete gravity dam with drainage, (c) a concrete gravity 

dam with a draining inspection gallery and a grout curtain, and (d) a buttress dam without foundation 
treatment. H is the reservoir head, and h is the tailwater head. The factor 0.5 denotes the assumed 

fraction of the net head (H − h) remaining at the drain location. 
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For a buttress dam monolith, the uplift pressure is applied over a considerably 

smaller area than for a gravity dam due to the limited concrete–rock interface 

(Figure 5d). However, as recognised by Duffaut (2013), uplift can also act 

within the rock mass beneath the structure. Where a persistent sub-horizontal 

fracture is present, the model must therefore account for uplift acting across 

the full fracture surface. In this case, guidelines do not prescribe a specific 

uplift distribution for the fracture plane, and the gravity dam assumption is 

commonly applied as a conservative approximation. 

2.2.3 Pore pressure monitoring 

Monitoring is an important component of dam safety practice, providing 

quantitative information on dam behaviour (CDA 2013). Through 

measurement of relevant parameters such as deformation, seepage, and pore 

pressure, monitoring enables detection of changes in dam behaviour and 

verification that the dam performs as anticipated, complementing visual 

inspections (FERC 2016a). Pore pressure in the dam foundation is commonly 

measured using piezometers installed in boreholes drilled into the rock. The 

piezometers used in the dams studied in this thesis are sealed single-chamber 

units. As illustrated in Figure 6, each unit is installed in a borehole and consists 

of a piezometric sensor and filter tip housed within a sand-filled chamber at 

the base, sealed above by a packer and cement grout. The sand filling 

maintains a hydraulic connection between the surrounding rock and the 

sensor, while the packer and cement seal isolate the measurement zone so that 

the sensor responds only to water pressure at the installation depth.  

The measured pore pressure is recorded as relative pressure at regular 

intervals and is interpreted as the hydrostatic pressure at that location, 

representing a point measurement of the hydraulic conditions at the 

piezometer tip. 
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Figure 6. Illustration of the piezometer design. 

 

2.3 Reliability-based principles 

The limitations of deterministic modelling assumptions, and the uncertainties 

they introduce, motivate the reliability-based approach described in this 

section. In the traditional deterministic approach for evaluating structural 

stability, the parameters governing stability are treated as fixed values and a 

safety factor is applied to account for prevailing uncertainties (Doorn and 

Hansson 2011). While this approach is well established (Ruggeri 2004a) and 

offers simplicity, its fundamental limitation is that uncertainty is only 

implicitly accounted for through the safety factor, while reliability-based 

methods provide a systematic and quantitative means of explicitly accounting 

for uncertainty (e.g. Lacasse and Nadim 1998). 

As a result, structures that satisfy the same factor of safety may in reality 

exhibit significantly different levels of reliability (e.g. Elishakoff 2004). 

Reliability-based approaches address this by explicitly modelling uncertainty 

through probability distributions, providing a more systematic and 

quantitative means of accounting for variability (Doorn and Hansson 2011). 

This increased precision is dependent on the availability and quality of data, as 
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the statistical descriptions of governing parameters may be poorly constrained 

and extreme events may not be adequately represented by fitted distributions 

(Doorn and Hansson 2011; Spross et al. 2014). Despite not explicitly 

quantifying uncertainty, the deterministic approach remains the prevailing 

method for stability analysis within dam engineering practice.  

When governing parameters are subject to variability, treating them as fixed 

values may lead to either overly conservative designs, where large safety 

factors are applied to compensate for unquantified uncertainty, or, more 

critically, to assessments that underestimate the true variability of governing 

parameters, resulting in a false impression of the actual safety margin (Thoft-

Christensen and Baker 1982).   

2.3.1 Reliability-based methods for structural safety 

A reliability-based method for evaluating structural safety uses a probabilistic 

approach to represent uncertain parameters as random variables, accounting 

for uncertainties in loads and material properties. Safety is quantified by the 

probability of violating a defined limit state, which can be expressed as a limit 

state function, a threshold exceedance, or a performance criterion. A stability 

problem can be described as the relation between resisting (𝑅) and driving (𝑆) 

forces through a limit state function, 𝐺 = 𝑅 − 𝑆, with failure defined as 𝐺 ≤ 0. 

The probability of failure (𝑝୤) is then expressed as: 

𝑝୤ = 𝑃(𝐺 ≤ 0), (3) 

The level of safety is commonly expressed by the reliability index 𝛽, where 𝛽 =

−Φିଵ(𝑝୤) and Φ is the standard normal distribution function. To ensure an 

adequate level of safety, a minimum acceptable value of 𝛽 is defined, referred 

to as the target reliability index 𝛽୘. Target reliability indices are defined in 

relation to the consequences of failure, where structures with more severe 

failure consequences are designed to higher targets (JCSS 2001).  

Two common methods for evaluating failure probability are the first-order 

reliability method (FORM) and Monte Carlo simulation (JCSS 2001). FORM is 

an analytical approximation that transforms the problem into standard normal 

space and approximates the limit state surface locally by a tangent hyperplane 

at the most probable point of failure, allowing 𝛽 to be computed efficiently. The 

accuracy of FORM therefore depends on the degree of non-linearity of the limit 

state function in the vicinity of the design point. Monte Carlo simulation 

instead estimates 𝑝୤ directly by randomly sampling the input variables and 
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evaluating the limit state function over a number of trials, thereby evaluating 

the non-linear function without approximation. Whilst conceptually 

straightforward, Monte Carlo simulation often requires many simulations that 

increases as 𝑝୤ decreases, making it computationally demanding for the low 

failure probabilities relevant to dam safety. In practice, FORM is therefore 

commonly used as the primary method of analysis, with Monte Carlo 

simulation to verify results (JCSS 2001). 

2.3.2 Reliability-based assessment of sliding stability for concrete dams 

Applied to the sliding stability of a concrete dam, the limit state function 

introduced by Equation 1 in section 2.1.3, is expressed in terms of the resisting 

and driving forces acting on the failure plane: 

𝐺 = 𝑐𝐿 + 𝑁ᇱtanφ − 𝑇, (4) 

where 𝑐 is the cohesive strength acting along the sliding plane of length 𝐿, 𝑁′ is 

the resultant effective normal force acting on the sliding plane, accounting for 

stabilising contributions such as the dam's self-weight and the destabilising 

effect of uplift pressure, and 𝑇 is the resultant driving shear force acting 

parallel to the sliding plane, including for example hydrostatic pressure, ice 

load, and anchor cable forces.  

Reliability-based methods have been proposed for sliding stability evaluations 

of concrete dams, and a framework to support their use in practice has been 

developed by Westberg Wilde and Johansson (2016). In the Swedish dam 

safety guidelines RIDAS (Swedenergy 2020), minimum values of 𝛽୘ are 

specified for different dam safety classes, consistent with regulations from 

Eurocode (SS-EN1990 2014). 

An important prerequisite for reliability-based stability analysis is that the 

governing parameters can be described statistically as random variables, with 

probability distributions reflecting their associated levels of uncertainty 

(Westberg Wilde and Johansson 2016). For sliding stability of concrete 

buttress dams, the relevant parameters include unit weights of concrete and 

rock, friction along the sliding surface, hydrostatic pressure, ice load, and uplift 

pressure. Uplift pressure presents one of the greatest challenges for statistical 

characterisation and is discussed in detail in the following section. 
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2.3.3 Statistical characterisation of uplift from piezometric pore pressure 
measurements 

Uplift pressure is subject to significant uncertainty (Ruggeri 2004b), yet its 

statistical description lacks a robust empirical basis (Bernstone et al. 2009). 

Piezometric measurements offer a basis for addressing this gap by providing 

continuous, site-specific information on pore pressure conditions in the dam 

foundation. By analysing measured pore pressure data over time, it becomes 

possible to characterise uplift as a random variable with a site-specific 

probability distribution. If uplift can be described as a random variable with a 

well-characterised probability distribution, this would improve the basis for 

reliability-based stability assessments by replacing the conservative 

deterministic assumptions prescribed in design guidelines (e.g. USACE 2005; 

FERC 2016a; Swedenergy 2020) with site-specific descriptions derived from 

measurements, as demonstrated by Bernstone et al. (2009). 

Although useful for reliability-based analyses, deriving a reliable statistical 

description of uplift from piezometric measurements poses several challenges. 

Previous studies have attempted to characterise uplift statistically through 

geostatistical simulation of hydraulic conductivity fields (Westberg 2009a, 

2009b), development of a prior uplift model from monitoring across several 

dam sites (Pereira et al. 2021), statistical analysis of piezometric data (Alcalá 

Perales 2016), and evaluation of the use of monitoring data in reliability 

assessments (Bernstone et al. 2009; Spross et al. 2014). However, these studies 

are limited either by reliance on simulated rather than measured data, or by 

infrequent manual readings insufficient for robust statistical characterisation 

of uplift as a random variable. Robust characterisation requires sufficiently 

long continuous monitoring series to capture the inherent temporal variability 

of pore pressure. Moreover, piezometric measurements primarily reflect 

normal operating conditions and may not capture exceptional behaviour 

caused by, for example, sudden changes in drainage function (Spross et al. 

2014). When a measurement-based uplift description is used in stability 

assessments, a monitoring system with defined alarm thresholds is therefore 

needed to ensure that exceptional uplift conditions are detected and 

controlled. 

2.3.4 Reliability-based alarm thresholds  

Although monitoring requirements are specified in dam safety guidelines 

(ICOLD 2000; FERC 2016b), guidance on how alarm thresholds should be 
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defined in relation to structural performance requirements remains limited. 

When a reliability-based stability assessment shows that the target probability 

of failure is not satisfied, one option is to introduce monitoring-based alarm 

thresholds. The principle is that if a governing parameter 𝑋 is monitored 

continuously, an alarm threshold can be defined such that the structural safety 

requirement is satisfied as long as 𝑋 remains below the threshold. The 

threshold is found by treating it as a truncation point of the distribution of 𝑋 

and solving for the value that satisfies the target failure probability (𝑝୘) (Spross 

and Johansson 2017): 

𝑃(𝐺 ≤ 0|𝑋 ≤ 𝑥ୟ୪ୟ୰୫) = 𝑝୘. (5) 

This implies that, provided the monitoring confirms 𝑋 ≤ 𝑥ୟ୪ୟ୰୫, the 

conditional probability of failure meets the safety requirement. This truncation 

reduces the failure region, thereby reducing 𝑝୤ to fulfil 𝑝୘ without structural 

measures (Figure 7). To implement this methodology in practice, the alarm 

threshold must balance two competing requirements. On one hand, the 

threshold must be sufficiently separated from normal behaviour to avoid 

frequent false alarms, which may erode user trust and reduce the effectiveness 

of the system (Pate-Cornell and Benito-Claudio 1987). On the other hand, 

setting the threshold too close to the limit of unacceptable behaviour leaves 

insufficient lead time for countermeasures to be implemented. This balance is 

illustrated in Figure 8.  

 

Figure 7. If the criterion for the controlled parameter 𝑋 ≤ 𝑥௔௟௔௥௠ can be confirmed, truncation at 𝑥௔௟௔௥௠ 

reduces 𝑝௙ (in the figure: 𝑋ଵ and 𝑥௔௟௔௥௠,ଵ, with 𝑋ଶ representing remaining variables). Reproduced from 

Spross and Johansson (2017), CC BY 4.0, https://creativecommons.org/licenses/by/4.0/.  
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Figure 8. Balance of choosing alarm thresholds with enough lead time for countermeasures without 
being overly sensitive to false alarms. Reproduced from Spross and Gasch (2019), CC BY 4.0, 

https://creativecommons.org/licenses/by/4.0/.  

The available lead time depends not only on the margin between the alarm 

threshold and the critical state, but also on the rate at which the monitored 

parameter changes. For processes such as drain clogging or grout curtain 

degradation, uplift pressure typically increases gradually, which in principle 

allows the rate of change to be estimated and the required lead time to be 

assessed. However, if the expected failure mode is brittle and may progress 

rapidly once initiated, continuous monitoring with alarm thresholds may not 

provide sufficient warning, and the applicability of a monitoring-based 

approach should be carefully evaluated (Spross and Gasch 2019). 

Consequently, any monitoring plan that relies on alarm thresholds must be 

accompanied by a contingency action plan that specifies both the 

countermeasures to be taken, and the time required to implement them 

(Dunnicliff 1993; Spross and Johansson 2017). 

2.3.5 Monitoring system for uplift control 

Concerning sliding stability for concrete dams, piezometric measurements of 

pore pressure could be used as the monitored parameter, given both the 

significant influence of uplift on sliding stability and the availability of reliable 

continuous pore pressure measurements through installed piezometers.  For 

the system to be effective, the alarm thresholds must be linked to different 

scenarios which could influence the pore pressure, with specified and 

predefined countermeasures for each scenario.  
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Plausible scenarios include slow deterioration processes such as drainage 

clogging and grout curtain degradation, and more rapid events such as 

elevated reservoir levels and washout of fractures (Ruggeri 2004b). The rate of 

development differs between scenarios and directly determines the required 

lead time, making identification of relevant scenarios and estimation of their 

rate of development at a given site essential for defining alarm thresholds that 

remain valid throughout the operational life of the dam. 

2.4 Uplift uncertainty  

Despite the physical and practical understanding established in the preceding 

sections, significant uncertainties remain in the characterisation of uplift 

pressure, which are important to identify before discussing how they can be 

addressed through the research presented in this thesis. Uncertainty in 

geotechnical engineering can typically be attributed to inherent, statistical, 

measurement, transformation, and model uncertainties, e.g. as described by 

Prästings (2019). These can be grouped into two main categories. Aleatory 

uncertainty is associated with the natural variability of uplift that cannot be 

reduced through additional information (e.g. fluctuations in pore pressure 

driven by changing reservoir levels and seasonal temperature variations). 

Epistemic uncertainty arises from limited knowledge (e.g. simplified models or 

limited measurements) that can, in principle, be reduced as more information 

becomes available (e.g. Baecher and Christian 2003).  

When uplift is described statistically from piezometric measurements, the 

measured variability reflects the inherent temporal fluctuations in pore 

pressure at the measurement location. However, several uncertainties are not 

captured in this description.  

First, as introduced in section 2.2, the linear interpolation assumed in 

guidelines may not adequately represent the actual pressure distribution in 

fractured rock foundations. Thus, a model uncertainty remains regarding the 

uplift distribution along the pressure profile between the heel, drainage, and 

toe. Second, since piezometric data reflects normal operating conditions, the 

statistical description derived from measurements may underestimate the 

probability of exceptional uplift events, such as those caused by sudden loss of 

drainage function (Spross et al. 2014). Third, long-term processes such as 

drainage clogging and grout curtain degradation introduce a temporal trend in 

uplift that may not be represented in a stationary statistical description derived 

from historical data. 
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Taken together, these uncertainties include model error in the assumed 

pressure profile, temporal fluctuations driven by seasonal processes, and long-

term changes due to deterioration of drainage and grout curtains. 
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3 Summary of appended papers 

3.1 Paper A 

Influence of uplift on the probability of sliding failure for concrete 

buttress dams 

Dyberg, J., F. Johansson, M. Westberg Wilde  

 

Paper presented at the 92nd ICOLD Annual Meeting 2024, Symposium “Dams 

for People, Water, Environment and Development 

 

Current dam safety evaluations commonly rely on deterministic uplift 

descriptions, which do not explicitly account for variability. This paper 

investigates how uncertainty in uplift affects the probability of sliding failure 

for a concrete buttress dam founded on rock. A probabilistic stability analysis 

is performed using the first-order reliability method (FORM). The uplift 

pressure is modelled as a random variable, and a sensitivity analysis is 

conducted by varying its coefficient of variation. The results demonstrate that 

the variability of uplift has a significant impact on the calculated probability of 

failure and the reliability index. The study demonstrates that an inadequate 

description of uplift may lead to misleading safety assessments and highlights 

the importance of improved statistical characterisation of uplift pressure for 

reliability-based dam safety evaluation. 
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3.2 Paper B 

Towards a reliability-based monitoring system for uplift under 

concrete buttress dams  

Dyberg Thonée, J., M. Zamzami, J. Spross, M. Westberg Wilde, F. Johansson  

 

Submitted to ISRM Regional Symposium EUROCK 2026, Skopje, North 

Macedonia. 

 

This paper proposes a reliability-based framework for defining alarm 

thresholds for uplift pressure based on target probabilities of failure. The 

methodology integrates pore pressure measurements into probabilistic 

stability analyses, where uplift is represented as a random variable. Alarm 

thresholds are defined by truncating the upper tail of the pore pressure 

distribution to ensure that the required reliability level is satisfied. The 

approach is demonstrated through a case study of a buttress dam monolith. 

The results show that, by combining measurement-based uplift descriptions 

with monitoring and predefined countermeasures, safety requirements can be 

met without additional structural measures. The paper also discusses practical 

aspects of implementing monitoring systems, including uncertainty sources 

and the need for sufficient lead time. 
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3.3 Paper C 

Statistical evaluation of uplift pressures in rock foundations under 

concrete buttress dams 

Dyberg Thonée, J., M. Westberg Wilde, A. Ulfberg, G. Sas, F. Johansson 

 

Submitted to Bulletin of Engineering Geology and the Environment. 

 

Despite the importance of uplift in dam safety assessments, there is a lack of 

comprehensive studies describing uplift as a random variable based on 

measurement data. Existing approaches are largely deterministic and do not 

adequately capture the spatial variability of uplift in rock foundations. This 

paper presents a statistical analysis of uplift pressure based on pore pressure 

measurements from 236 piezometers installed beneath two concrete buttress 

dams. Annual maximum values are analysed to characterise the spatial 

variability of uplift and to identify suitable probability distributions. The 

results indicate that the annual maximum uplift pressure can be described by 

the generalised extreme value distribution (GEV) type III (Weibull). Linear 

regression and analysis of variance (ANOVA) were performed to investigate 

relationships between uplift variability and dam geometry, identifying 

statistically significant correlations with monolith height and relative 

piezometer location along the base. The study shows that uplift estimates 

derived from measurements are generally lower than those suggested by 

current guidelines, indicating potential conservatism in deterministic 

approaches. It also demonstrates that a large portion of the observed 

variability cannot be explained by simple geometric factors, supporting the use 

of probabilistic methods for more reliable dam safety evaluations.
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4 Discussion 

Current dam safety practice relies on simplified deterministic descriptions of 

uplift that do not explicitly account for its variability. Reliability-based 

methods have been proposed as a complement to better capture the 

uncertainty in parameters influencing dam stability (e.g. Westberg Wilde and 

Johansson 2016). However, applying such methods requires that input 

parameters are described by probability distributions, and as noted by Doorn 

and Hansson (2011), insufficient knowledge of the statistical properties of 

input parameters can compromise the accuracy of a probabilistic assessment. 

For uplift, this limitation is particularly relevant, as empirical data studying its 

variability remain scarce (Westberg 2009a). Actual uplift pressures have been 

shown to deviate significantly from standard design assumptions (Ruggeri 

2004a), and the variability in space and time still remains an issue (Spross et 

al. 2014). This thesis investigates uplift pressure beneath concrete buttress 

dams with a probabilistic approach from different perspectives: how uplift 

variability influences sliding stability for a concrete buttress dam (Paper A, 

targeting RQ1), how a reliability-based monitoring framework can be used to 

control uplift behaviour (Paper B, targeting RQ2), and how piezometric 

measurements can be used to describe uplift statistically (Paper C, targeting 

RQ3). 

In the following sections, the limitations and implications arising from 

prevailing uncertainties are discussed in relation to the findings from the 

appended papers. 

 

  



32 
 

 

4.1 Effect on sliding stability of uplift variability (RQ1) 

The importance of uplift variability on dam stability has been investigated in 

previous studies, and Ruggeri (2004b) identifies uplift pressure as one of the 

major factors influencing sliding stability for gravity dams. Paper A addresses 

this for a concrete buttress dam with a sub-horizontal fracture plane in the 

bedrock foundation acting as a sliding plane. The total uplift force, 𝑈, was 

represented as a random variable with its mean value calculated according to 

RIDAS (Swedenergy 2020). Without a known statistical characterisation, a 

normal distribution was assumed and different values of the coefficient of 

variation (COV௎) were tested, ranging from 5–20%. The results showed that, 

for a friction angle of 58° at the sliding surface, an increase in COV௎ from 5% to 

20% reduced the reliability index from 𝛽 = 8.1 to 𝛽 = 5.6, the latter 

approaching the target reliability. This demonstrates that the assumed 

variability of uplift alone can determine whether a monolith meets the target 

reliability or not, which underlines the need to quantify this variability to avoid 

under- or overestimating sliding stability. 

This observation is consistent with Ruggeri (2004b), who notes that actual 

uplift pressures can vary substantially from the standard distributions used in 

design, and that these standard distributions may be severely conservative, 

potentially leading to unnecessary modifications if used in reassessment of 

existing dams. Bernstone et al. (2009) demonstrated this quantitatively, 

showing with a reliability-based approach that conventional uplift assumptions 

may significantly underestimate dam stability. Together with the results from 

Paper A, this suggests that without knowledge of the actual uplift variation, it is 

difficult to assess whether a given monolith truly fails to meet the target 

reliability or whether the assessment is determined by overly conservative 

assumptions. Improving the statistical characterisation of uplift is therefore a 

necessary step towards more reliable application of reliability-based stability 

assessments for a better evaluation of dam safety.  

4.2 Reliability-based monitoring (RQ2) 

Paper B demonstrates a reliability-based monitoring framework in which 

piezometric measurements and defined alarm thresholds can be used to satisfy 

stability requirements, offering an alternative to stability-enhancing measures 

such as prestressed anchor cables or additional weight. Westberg Wilde and 
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Johansson (2016) recommend against using piezometric measurements 

directly in stability analyses, arguing that unless the function of drains and 

grout curtains can be verified, an uplift description based on measured pore 

pressure may not represent long-term conditions. Paper B addresses this 

concern by building on the distribution-truncation mechanism established by 

Spross and Johansson (2017), in which an alarm threshold is defined such that 

if uplift exceeds the threshold, the countermeasures are triggered. This 

provides a methodological framework to detect changes in uplift behaviour 

rather than assuming it remains constant, and thus control uplift behaviour. 

For the framework to be functional, uplift must be described statistically and 

the processes that may alter uplift over time must be sufficiently understood to 

set alarm thresholds with adequate lead time for countermeasures. As 

described in section 2.2.1, both drainage and grout curtains are subject to 

deterioration over time. These processes typically develop slowly over several 

years or decades, although reported rates vary widely between sites depending 

on local geological and geochemical conditions (e.g. Johansson et al. 2017). 

These slow processes should generally provide sufficient lead time to 

implement countermeasures such as re-drilling or cleaning of drainage holes 

and regrouting of grout curtains.  

These measures could in theory be implemented on the order of days to weeks, 

although the time for detection, planning, and mobilisation might extend the 

required lead time to several months. Accurate prediction of these processes 

would, however, enable the development of well-defined countermeasure 

plans, thereby potentially reducing the required lead time and allowing less 

conservative alarm thresholds. Despite this, there is a lack of studies 

investigating these degradation processes under different geological and 

geochemical conditions, limiting the ability to predict long-term changes in 

uplift. The more accurately these processes can be predicted at a given site, the 

more reliably alarm thresholds can be set and the more confidently the lead 

time for countermeasures can be estimated. Consequently, without deeper 

knowledge about these processes, a monitoring framework must account for 

both the uncertainty in deterioration rates and the time required to implement 

countermeasures when setting alarm thresholds.  

Another question concerns the conditions under which a reliability-based 

monitoring framework is appropriate. For new dams, conservative design 

combined with thorough ground investigation may be a more straightforward 

path to meeting safety requirements. For dams where stability is far below 
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what is required, the probability of repeated alarm exceedances and the need 

to execute stability-enhancing measures anyway may be high enough that the 

cost of installing and maintaining the monitoring system outweighs its benefit. 

The framework is therefore considered most applicable to existing dams where 

stability is close to, but does not fully meet, current requirements. This could 

happen during re-evaluation of an existing dam, where previously undetected 

sub-horizontal fracture planes result in lower shear strength of the sliding 

plane, higher uplift loads, or both, and consequently lower reliability than 

assumed in the original design. In such cases, a monitoring-based control of 

uplift could represent a proportionate and cost-effective solution to fulfil 

stability requirements. 

4.3 Defining uplift variation 

Before addressing RQ3, it is necessary to define what is meant by uplift 

variation, acknowledging that uplift can vary both temporally and spatially at 

individual measurement points and between monoliths along the dam axis. 

This is illustrated in Figure 9, where 𝑢 denotes the pore pressure at a given 

measurement point.  

 

Figure 9. Conceptual illustration of how uplift can vary (a) between piezometers across monoliths, and 
(b) at a single piezometer location, including potential deviation from the bi-linear uplift profile. 
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In Paper A, the variation was applied to the total uplift force. This means that 

the applied variation could in principle represent changes from any source, 

including differences in profile shape, drainage effectiveness, rock mass 

properties or hydraulic conditions (Figure 9a). Variation between monoliths 

was not explicitly addressed, but was implicitly reflected in the assumed 

uncertainty, as the assigned distribution must account for the unknown uplift 

conditions at any given monolith. Paper A only demonstrates the influence of 

uplift variation on sliding stability and does not provide a method to quantify 

this variation itself. Quantifying the individual contributions to uplift variation 

would require detailed knowledge of the hydraulic conditions of the rock mass, 

drainage effectiveness, and grout curtain status, which is rarely achievable in 

practice. 

A more accessible approach is to analyse piezometric measurements of pore 

pressure. While such measurements capture conditions at discrete points 

rather than across the full uplift profile (Figure 9b), they can substantially 

improve the statistical description of uplift compared to assumed distributions. 

This is also consistent with Ruggeri (2004a), who recommends the use of site-

specific data in safety reassessments, to avoid both compounding of 

conservatism in standard assumptions and overlooking deterioration or 

defects. Whereas Westberg (2009a) characterised uplift statistically through 

geostatistical simulation and both Alcalá Perales (2016) and Pereira et al. 

(2021) analysed statistical properties from smaller measurement series, Paper 

C derives statistical properties directly from continuous measurements of a 

large number of piezometers over a full year, characterising how uplift varies 

between monoliths along the dam axis from yearly maximum values of this 

dataset. 

Utilising measured data for an uplift description, it is important to recognise 

which uncertainties are included in the described uplift variation and how they 

relate to the problem at hand. The sources of uncertainty suggest that uplift 

pressure at any given point beneath a dam is a function of multiple 

contributing processes. This can be expressed conceptually as 

𝑢(𝑡) = 𝑢଴ + ∆𝑢ோௐ௅(𝑡) + ∆𝑢ௌ(𝑡) + ∆𝑢஽(𝑡) + 𝜀, (6) 

where 𝑢଴ is the reference uplift pressure at a given point, representing current 

conditions at that location. Its uncertainty depends on the available data; 

where local piezometric measurements exist, 𝑢଴ can be determined directly, 

whereas in the absence of local measurements, 𝑢଴ must be estimated from a 
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general distribution derived from multiple monoliths or sites, and the 

uncertainty must account for the variability in conditions across locations. 

∆𝑢ோௐ௅(𝑡) represents changes due to variations in reservoir water level, ∆𝑢ௌ(𝑡) 

represents seasonal fluctuations driven by processes such as precipitation and 

temperature variations, and 𝛥𝑢஽ represents long-term changes due to 

deterioration processes such as drainage clogging and grout curtain 

degradation. 𝜀 is a residual term capturing unexplained variability at the 

measurement point.  

To obtain the total uplift force 𝑈 acting on a monolith, the pressure 

distribution along the entire sliding plane must be established. In practice, this 

is done by assuming an uplift profile as presented in section 2.2.2. This can be 

expressed as 

𝑈(𝑡) = 𝑓(𝑢(𝑡)) × 𝜀௎, (7) 

where 𝑓(𝑢(𝑡)) denotes the integration of 𝑢(𝑡) along the assumed linear or bi-

linear uplift profile, and 𝜀௎ is the model uncertainty arising from this 

assumption. 

The model uncertainty 𝜀௎ is potentially large, as the actual pressure 

distribution may deviate substantially from the assumed linear model (see 

section 2.2). Reducing this uncertainty would require detailed characterisation 

of the rock foundation, including mapping of fracture orientation, aperture, 

and connectivity. Despite the known limitations of the linear model in 

fractured rock, this source of model uncertainty is rarely addressed explicitly in 

reliability-based dam safety analyses. 

This formulation is intended as a conceptual illustration of the complexity in 

uplift description. The functional forms of the individual terms and their 

relative magnitudes remain to be established. 

4.4 Spatial analysis of uplift (RQ3) 

The statistical analysis in Paper C provides an initial empirical basis for 

describing uplift as a random variable by characterising the spatial variability 

across monoliths, thus addressing the spatial aspect of  𝑢଴ in Equation 7. 

In that study, annual maximum pore pressure measurements from 236 

piezometers, located at two concrete buttress dam sites, were extracted and 

normalised against the hydrostatic pressure at each piezometer elevation, 
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yielding a measure of relative uplift (𝑢଴,୫ୟ୶,୒) 1. The influence of geometrical 

factors (monolith height, relative piezometer location and piezometer sensor 

depth) was investigated using both simple and multiple linear regression, and 

potential group effects were analysed with ANOVA. The significant variability 

with coefficients of variation of 32–38% for 𝑢଴,୫ୟ୶,୒ across the two dams 

indicates that the parameters governing uplift differ not only between sites but 

also between monoliths within the same dam. This suggests that the statistical 

parameters of uplift should be monolith specific. 

Monolith height does partially explain the variability, as indicated by the 

identified correlation with 𝑢଴,୫ୟ୶,୒ yielding explanatory powers (R2 values) of 

0.26–0.28, which to some extent supports the possibility of grouping 

monoliths by height when evaluating statistical parameters. That said, the 

moderate R2 values also indicate that height alone accounts for only a limited 

part of the variability, and that other factors, such as drainage effectiveness 

and local geological conditions, may also contribute significantly. 

The multiple regression model yielded R2 values of only 0.30–0.34 (Dam 2 

excluded due to a cluster effect), indicating that a substantial part of the 

variability remains unaccounted for. This is somewhat surprising, as the 

regression variables were selected to reflect the parameters underlying the 

deterministic description of uplift: monolith height governs the maximum 

possible uplift head, relative piezometer location approximates the drainage 

position within the uplift profile, and piezometric sensor depth delimits which 

potential sliding planes pressures can be captured. Consequently, the limited 

explanatory power of geometric parameters to explain uplift variability 

motivates a statistical description of uplift based on piezometric 

measurements. Since the analysis is based on annual maximum values, an 

extreme value distribution can be theoretically expected. However, for Dam 1 

and the combined dataset, the normal distribution provided a marginally 

better fit. This could indicate limited convergence towards a GEV, with the 

normal distribution reflecting the underlying distribution, consistent with the 

analysis by Alcalá Perales (2016).  

Furthermore, the ANOVA identified dam site as the dominant factor 

influencing uplift, raising the question of whether a general statistical 

 

 

1 Denoted 𝑈୫ୟ୶,୒ in Paper C. 
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distribution is meaningful or whether site-specific conditions, particularly the 

local fracture network, are too influential to allow generalisation. Whether 

these differences are due to limited sample size, spatial dependencies between 

piezometers, or genuine differences in uplift behaviour between the dams 

cannot be determined from the present dataset. 

When measurement-based uplift profiles from this case study are compared to 

guideline estimates, measured values are generally lower, with the largest 

differences observed for higher monoliths. For example, for both dams 

combined, the mean normalised annual maximum uplift at the piezometer 

location was calculated to 20% of the theoretically maximum possible uplift at 

that point. This can be compared to the 50% drainage reduction recommended 

in e.g. RIDAS (Swedenergy 2020) and USACE (2005). This comparison is 

complicated by the fact that the basis for the guideline estimate is not fully 

transparent. The prescribed reduction at the drainage location likely 

incorporates some degree of conservatism, but it is unclear whether the 

resulting uplift should be interpreted as a mean value or a characteristic value. 

Regardless of interpretation, the comparison suggests that current guidelines 

carry implicit conservatism. In addition, uplift is spatially variable and difficult 

to predict from limited measurements (Ruggeri 2004b), and the present 

analysis is based on a one-year dataset, meaning that the identified 

distributions reflect the observed year only and may not represent long-term 

behaviour. 

It should also be noted that piezometric measurements provide statistical 

information only at the point of the piezometer, and the behaviour of uplift 

along the pressure profile remains uncertain. Of the measurement points 

available, the piezometer located directly downstream of the drainage is 

arguably the most critical, as this is the location where uplift reduction occurs 

and where changes in drainage effectiveness are most directly reflected. 

As Bernstone et al. (2009) and Spross et al. (2014) have noted, piezometric 

measurements primarily reflect normal operating conditions and may not 

capture exceptional uplift behaviour, such as that associated with raised water 

levels, sudden loss of drainage function or other load combinations beyond the 

range observed during the monitoring period. Although the study in Paper C 

focuses on spatial variability across monoliths and does not consider uplift 

variability over time beneath individual monoliths, it is a step towards a deeper 

understanding of how uplift can be described statistically. Before a statistical 

uplift description can be applied in stability evaluations, longer measurement 
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series are needed to capture time-dependent processes and to establish robust 

statistical properties over extended time periods.  

4.5 Remaining uncertainties in the uplift description 

Measurement-derived uplift provides insight into the inherent characteristics 

of uplift at the measured point, but uncertainties remain regarding long-term 

behaviour and, for dams with only one measurement point in the upstream–

downstream direction, the shape of the uplift profile between the upstream 

heel, the piezometer location, and the downstream toe. 

The one-year dataset in Paper C is sufficient to characterise spatial variability 

across monoliths for the specific case study, but longer time series would be 

needed to distinguish between seasonal fluctuations in uplift and slowly 

evolving trends driven by physical processes such as drain clogging or grout 

curtain degradation. Where piezometric measurements are available, 𝑢଴ can be 

described as a local mean value derived from the measurements, and 

variability reflects variations in RWL (∆𝑢ோௐ௅), seasonal fluctuations (∆𝑢ௌ), and 

potential long-term changes (∆𝑢஽). For dams where no local measurements are 

available, variation from uncertainty in the estimation of 𝑢଴  must also be 

accounted for when evaluating 𝑢(𝑡). In this case, 𝑢଴ is unknown and must be 

treated as a random variable, with its distribution estimated from 

measurements across multiple monoliths or dams, as presented in Paper C. 

The resulting variation reflects the range of conditions across the dam, 

including differences in monolith geometry and geological conditions. 

Correlations identified in Paper C, such as that between monolith height and 

relative uplift, may allow height-based grouping to reduce the uncertainty in 

𝑢଴. However, the temporal and long-term contributions must also be 

considered. 

Regardless of whether 𝑢଴ is measured or inferred, a monitoring system is 

needed to detect changes in uplift over time. Anticipating such changes 

requires knowledge of the processes involved and their rates of progression, 

both to plan appropriate countermeasures and to determine the lead times 

needed when setting alarm thresholds. Despite this, there is a lack of 

systematic studies investigating how these processes evolve under different 

conditions, limiting the ability to predict long-term changes in uplift and the 

persistence of design assumptions. How the ∆𝑢ୈ(𝑡) should be modelled 

probabilistically, and how alarm thresholds should be updated as conditions 

change, remain unsolved. 
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An important source of remaining uncertainty concerns how uplift is 

represented in the stability analyses. In this research, uplift variability is only 

investigated at a single point, corresponding to the piezometer location. 

Consequently, the assumption of a linear pressure distribution between 

measurement points relies on a continuum representation of the rock mass, 

which does not fully capture the behaviour of fractured bedrock foundations. 

This model uncertainty is not resolved by the work presented in this thesis.  
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5 Conclusions 

This licentiate thesis investigated how uplift pressure beneath concrete 

buttress dams can be described statistically and incorporated into reliability-

based stability assessments. The main conclusions are as follows. 

The sensitivity analysis in Paper A addresses RQ1 and shows that uplift 

variability has significant influence on the estimated probability of failure to 

the extent that it can determine whether a monolith meets stability 

requirements or not. The magnitude of this variability must therefore be 

known for reliability-based methods to be applicable, which requires a 

statistical description of uplift. 

Paper B targets RQ2 by demonstrating that a reliability-based monitoring 

framework with alarm thresholds can in principle be used to control uplift, 

thereby satisfying stability requirements and offering an alternative to 

stability-enhancing countermeasures. The framework is most applicable where 

the estimated failure probability is close to, but does not fully meet, the target 

reliability, as monitoring is unlikely to be effective where stability is either 

already acceptable or far below requirements. For practical application of the 

framework, a statistical description of uplift is required, along with sufficient 

understanding of the processes that may change uplift over time, and the 

ability to predict these changes so that relevant countermeasure plans can be 

prepared. 

The statistical analysis in Paper C addresses RQ3, showing that uplift varies 

significantly across monoliths, indicating that statistical parameters derived 

from the full dam population carry substantial variability and may not 

represent conditions at an individual monolith. Observed correlations with 
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monolith height suggest that height-based grouping may reduce this 

variability, though only a limited proportion of the variation could be explained 

by monolith height. A substantial part of the variability cannot be explained by 

the parameters used in current deterministic guidelines, such as monolith 

height, drainage location and piezometer location. This further supports a 

measurement-based approach to describing uplift statistically, rather than 

relying on deterministic assumptions alone. A measurement-based statistical 

description of uplift is thus motivated from several directions: to quantify 

variability for reliability-based stability evaluation, to provide the statistical 

foundation for the monitoring framework, and because the parameters in 

current deterministic guidelines are insufficient to capture the observed uplift 

variability. However, the findings also show that uplift must be evaluated over 

longer time periods before such a description can be reliably applied in 

practice. 
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6 Future research 

The results of this thesis point towards two primary directions for future 

research. Together, these would contribute towards a framework for 

optimising dam stability evaluations with respect to uplift, addressing not only 

how to characterise uplift statistically, but also when a monitoring-based 

approach is warranted over alternative countermeasures. 

Initially, the time-dependent behaviour of uplift should be investigated. Longer 

measurement series are needed to identify inherent time-dependent variability 

of uplift, and to better understand the processes that may change uplift over 

time. Such characterisation would provide a basis for predicting these changes, 

planning relevant countermeasures, and establishing alarm thresholds, 

addressing key limitations of the monitoring framework developed in Paper B. 

Secondly, the proposed monitoring framework should be complemented with a 

cost-benefit and life-cycle cost analysis to support decisions on whether a 

monitoring-based approach is preferable to stability-enhancing measures. 

Further on, such an analytical framework could be utilised to optimise the 

monitoring framework itself, including the frequency and timing of 

maintenance measures such as drainage cleaning and remedial grouting. 
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