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1 Introduction 
Concrete buttress dams are commonly used for hydropower purposes as a material-efficient alternative 
to gravity dams. The reduced self-weight due to their slender design is compensated by mobilisation of 
vertical hydrostatic load through the inclined upstream front plate and by the limited concrete–rock 
interface beneath the buttress. However, in the presence of sub-horizontal fracture planes, uplift 
pressure may act along a larger fracture interface and increase the resulting load (Goodman et al. 
1983). Such fracture planes are relatively common in Nordic rock masses due to stress relief 
associated with post-glacial rebound and are, during dam safety evaluations of existing structures, 
sometimes identified in the rock foundation under monoliths where they were previously unknown. 
Uplift pressure is also inherently variable and depends strongly on local geological conditions (Hanna 
et al. 1993; Hu and Ma 2016). Therefore, the description of uplift pressure is subject to uncertainties 
arising from spatial variability beneath the monolith, fluctuations in reservoir water level, potential 
clogging of the drainage system, and possible degradation of the grout curtain (Ruggeri 2004). 
Consequently, uplift pressure is expected to vary spatially and over time, and as the exact nature of 
this variation is uncertain, it may be represented as a random variable in stability analyses. Despite 
this, existing design guidelines for stability evaluations do not explicitly address uplift pressure along 
fracture planes beneath buttress dams, nor do they account for the variability of uplift pressure (e.g. 
FERC 2016a; Swedenergy 2020). 

Monitoring of uplift pressure with piezometric measurements can support dam safety assessments by 
providing continuous information on hydraulic conditions in the foundation. For a monitoring system 
to be effective, the monitored parameters must be representative of the processes governing stability, 
and alarm thresholds must be linked to structural performance limits and predefined countermeasures 
(ICOLD 2000). Existing guidelines emphasises the need for alarm thresholds (e.g. FERC 2016b) but 
provides limited guidance on how these should be defined. For an existing structure, lead time must be 
carefully estimated, to not create an overly conservative or excessively sensitive system (Pate-Cornell 
and Benito-Claudio 1987). This requires identifying the processes influencing the monitored 
behaviour and evaluating plausible scenarios and their lead times for countermeasures (Dunnicliff 
1993).  

Piezometric measurements from operating buttress dams in northern Sweden have shown that uplift 
pressures beneath some monoliths equipped with drilled drainage holes can be significantly lower than 
those assumed in current design guidelines. In this study, it is demonstrated how dam stability 
evaluations can be improved using a reliability-based framework in which uplift pressure is 
represented by a random variable. By defining alarm thresholds for pore pressure, less conservative 
uplift pressure assumptions can be used compared to those suggested in deterministic design 
guidelines, while still ensuring an adequate level of safety. The proposed methodology is 
demonstrated through an example evaluating the probability of sliding failure for a single buttress 
monolith. Practical aspects related to defining pore pressure alarm thresholds are also discussed, 
including processes that may lead to increased uplift pressure over time. 

2 Methodology 

2.1 Evaluated scenarios 
Two scenarios were considered to illustrate how a measurement-based evaluation of uplift, combined 
with a monitoring system with alarm thresholds, can improve the evaluated safety of a monolith in a 
buttress dam. In both scenarios, the probability of sliding failure was evaluated using probabilistic 
calculations, where the friction coefficient of the rock joint (𝛿୊), and the unit weights of rock (𝛾୰) and 
concrete (𝛾ୡ), were treated as random variables. Although ice load (𝐼) is likely associated with 
considerable variability (Westberg Wilde and Johansson 2016), it is for simplicity assumed constant in 
this analysis, and the associated uncertainty is therefore not included within the scope of the study. In 
Scenario A, uplift was assumed deterministic in accordance with the Swedish dam safety guidelines 
RIDAS (Swedenergy 2020). In Scenario B, the pore pressure at the measurement point (𝑢) was treated 
as a random variable and controlled through a monitoring system in which the alarm threshold was 
defined to meet the target probability of failure. The methodology is illustrated through a calculation 
example for a buttress monolith based on an existing dam equipped with drainage and previously 
strengthened with pre-stressed anchor cables (Fig. 1). The sub-horizontal fracture acting as a potential 
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Table 1. Input data.   

Description Symbol Distribution Value 
Distance from dam heelto drainage 𝐿ଵ Constant 6 m 
Distance from drainage to dam toe 𝐿ଶ Constant 26 m 
Distance from RWL to sliding plane ℎୖ୛୐ Constant 38 m 
Monolith width 𝑤୤୮ Constant 8 m 
Ice load  𝐼 Constant 1600 kN 
Tension force in anchor cables 𝑇 Constant 3000 kN 
Volume of concrete  𝑉ୡ Constant 1450 m3 
Volume of rock 𝑉୰ Constant 700 m3 
Volume of water above front plate  𝑉୵ Constant 2650 m3 
Measured pore pressure 𝑢 Normal μ = 51 kPa 

COV = 20% 
Friction coefficient of rock joint1 𝛿୊ Normal μ = tan(42º) 

COV = 7%  
Unit weight of concrete2 𝛾ୡ Lognormal μ = 24 kN/ m3 

COV = 3% 
Unit weight of rock3 𝛾୰ Lognormal μ = 26.5 kN/ m3 

COV = 2 % 
1 (Johansson et al. 2010, Ríos-Bayona et al. 2021). 
2 (JCSS 2001)  
3 Mean value and standard deviation from investigations at Forsmark (SKB 2005) presented by Westberg Wilde & 
Johansson (2016). 

2.3 Reliability analysis 
In reliability calculations the probability of violating a limit state, 𝐺, is defined as 𝑝୤ = 𝑃(𝐺 ≤ 0). A 
safety requirement is set as 𝑝୤ ≤  𝑝୘, where 𝑝୘ is the target failure probability. The level of safety is 
commonly expressed by the reliability index 𝛽, where 𝛽 = −Φିଵ(𝑝୤) and Φ is the standard normal 
distribution function. The calculated 𝛽 is then compared with a target value 𝛽୘. For a large-
consequence dam, 𝛽୘ = 5.2 (Westberg Wilde and Johansson 2016). If the target is not met, one 
possibility is to implement alarm thresholds on a monitored random variable (Spross and Johansson 
2017), such as the pore pressure (𝑢). The alarm threshold value required to satisfy 𝑝୘ is found by 
considering the threshold as a truncation of u, and solving the following equation for 𝑢ୟ୪ୟ୰୫: 𝑃(𝐺 ≤ 0|𝑢 ≤ 𝑢ୟ୪ୟ୰୫) = 𝑝୘. (4) 

For the investigated scenarios, the probability of sliding failure was calculated using Monte Carlo 
simulation (5 billion simulations performed in MATLAB), with a relative error of approximately 9% 
at the 95% confidence level, which was considered acceptable while maintaining a reasonable 
computation time. 

3 Results 
The results from the two scenarios illustrate the importance of how uplift is evaluated in the stability 
analysis. For Scenario A, where 𝑈 was evaluated in accordance with the guidelines, the uplift pressure 
at the piezometer location was calculated to 148 kPa (deterministic value), resulting in a reliability 
index of 𝛽 = 3.4, which does not satisfy the requirement 𝛽୘ = 5.2. However, for Scenario B, where 𝑈 
was evaluated as a function of the measured 𝑢 following Eq. 2 (μ=51 kPa, COV= 20%), it was found 
that the target reliability could be satisfied by introducing an alarm threshold at 70 kPa (Eq. 4). Thus, 
the different outcomes of the two scenarios demonstrate how the safety requirements for this monolith 
can be met using a monitoring system, where uplift is evaluated from piezometric measurements and 
controlled through alarm thresholds, rather than by performing structural measures. 

4 Discussion 

4.1 Monitoring system as an alternative to structural measures 
Comparison of Scenarios A and B highlights the sensitivity of sliding reliability to the assumed uplift 
representation. In Scenario B, the uplift force is expressed as a function of pore pressure at the 
piezometer location, where pore pressure is modelled as a random variable and the upper tail of its 
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distribution is truncated at the alarm threshold. Although no structural modifications are made to the 
dam, sufficient safety can still be ensured as long as the continuously monitored pore pressure does 
not exceed the alarm threshold. This monitoring-based approach better reflects the actual hydraulic 
conditions beneath the dam and can potentially reduce unnecessary conservatism. However, at the 
same time, it increases sensitivity to deviations from the assumed behaviour. As noted by Spross et. al. 
(2014), an issue with using piezometric measurements in stability evaluations lies in ensuring that 
exceptional uplift loads are controlled, as measurements primarily reflect normal operating conditions 
and may therefore not capture such behaviour. In the proposed monitoring framework, this limitation 
is addressed through continuous pore pressure monitoring combined with defined alarm thresholds, 
where exceedance triggers predefined countermeasures. 

4.2 Uncertainty considerations when defining alarm thresholds 
The main advantage of measurement-based uplift evaluation is the reduction of epistemic uncertainty 
through site-specific observations. However, it is important to recognise which sources of uncertainty 
are represented in the assumed variability. A major uncertainty that should be reflected in the uplift 
variability is model uncertainty arising from the derivation of uplift based on measurements from a 
single piezometer, together with the assumption of linearity along the uplift profile. Another important 
component is the inherent variability, both spatially and over time. In addition, as dams operate for 
many decades in natural environments where conditions cannot be fully controlled, temporal 
variability arising from long-term deterioration processes must also be considered in the evaluation of 
uplift variability, and thus in the design of the monitoring system. 

In practice, operational alarm thresholds should allow sufficient lead time to identify the cause of 
increased pore pressure and implement appropriate countermeasures. Establishing such limits 
therefore requires identifying processes that may increase uplift over longer time periods and 
estimating the rate at which they may develop. For dams equipped with drainage, a probable cause of 
increased uplift pressure over time is clogging of drains. As drainage significantly reduces uplift, 
clogging of drains may lead to a gradual increase in uplift pressure (Ruggeri 2004). The conditions for 
clogging are highly site dependent (da Silva 2015), and reported rates vary substantially. 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 (Farinha et al. 2005). For dams equipped with grout curtains, another possible cause of 
increased uplift is degradation of the grout curtain (Ruggeri 2004). This process might be driven by 
chemical leaching, with calcium leaching widely recognised as a durability concern (Yu and Zhang 
2017). As the grout deteriorates, the seepage in existing fractures beneath the dam may increase, 
leading to increased uplift pressure (Yue et al. 2022). Although chemical degradation of grout curtains 
has not been widely studied for Swedish dams, long-term increases in uplift of approximately 40–50% 
have been reported as the anti-seepage function of grout curtains deteriorates (Zhang et al. 2021; Yue 
et al. 2022). However, both the magnitude and timescale are strongly site dependent. 

Both clogging of drainage systems and degradation of grout curtains are typically slow processes, 
which enables the use of alarm thresholds while still allowing sufficient time to analyse the situation 
and implement countermeasures. Such measures, including cleaning or re-drilling drainage holes and 
re-grouting the grout curtain, can be operationally demanding and may also cause unexpected changes 
in the foundation conditions, as observed by Spross et al. (2016) during re-grouting which caused 
washout of fractures. However, alarm thresholds should not be applied if achieving the target 
reliability requires them to be set excessively low, as this would imply a high probability of 
interventions becoming unavoidable. 

5 Conclusions 
In this paper, a methodology is outlined for monitoring the stability of existing dams through 
piezometric measurements of pore pressure with alarm thresholds defined within a reliability-based 
framework. The approach demonstrates how piezometric measurements can be used to represent uplift 
pressure in stability evaluations when combined with a monitoring system with defined alarm 
thresholds. Such an approach may allow existing monoliths to fulfil safety requirements without 
structural measures, provided a monitoring system capable of detecting changes in uplift behaviour 
and alarm thresholds that allow sufficient lead time for predefined countermeasures. Further research 
is needed to better understand uplift variability, including identifying and quantifying the different 
components of uncertainty associated with uplift pressure and with how uplift pressure is modelled. 
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