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Abstract 14 

Engineering geology is highly affected by uncertainty related to geology, geotechnical parameters, models and 15 

methods. While the technical aspects of ground-related uncertainty are increasingly well investigated, the terminology 16 

to communicate uncertainty - e.g. “It is likely that X will happen.” - has not yet been unified and experts use it however 17 

they see fit. The problem arises that due to varying levels of experience, personal biases and societal backgrounds, 18 

people may understand uncertainty statements very differently, which is misleading and can even result in legal 19 

disputes. This contribution investigates the usage of uncertainty terminology in ground-related disciplines and finds 20 

that there is a pronounced prevalence of uncertainty terminology in disciplines dealing with geo-materials and that 21 

there is a special need to express uncertainty related to quantities (e.g. “most of the project area consists of…”). In 22 

response, we propose a framework to consistently communicate ground-related uncertainty encompassing three 23 

steps: 1. When you are certain about a statement, do not use uncertainty communicating language. 2. Assess and state 24 

the degree of confidence in a statement based on the quantity and quality of the available evidence vs. the agreement 25 

of the evidence. 3. If you have high or very high confidence in the statement, communicate the uncertainty in a 26 

consistent manner, otherwise elaborate how higher confidence can be achieved. The proposed approach feeds into 27 

new uncertainty-aware standards, such as Eurocode 7, and goes beyond that by also addressing uncertainty in text and 28 

speech. This paper provides the premises for increased awareness of how uncertainty is communicated and 29 

encourages further works on how uncertainty should be expressed by the geo-profession. 30 
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mailto:georg.erharter@ngi.no


Erharter G., Lacasse S., Tschuchnigg F., Tentschert E., Becker D, Phoon KK. 
Ground-Related Uncertainty Communication (non-peer reviewed preprint) 

2 

1. Motivation 32 

In reports and papers, we often find statements like: “The results suggest that the presence of a lateral thrust …, is very 33 

likely …” (Budetta et al., 2019), “a multistage failure with significant retrogressive evolution can possibly occur in the 34 

future.” (Luo et al., 2019), “Influences of environmental factors like sulphate in rainwater or SO2 from the air on salt 35 

formation are unlikely.” (Siedel et al., 2010). 36 

Very likely, possibly, unlikely are just a few ways how academics and practitioners in ground-related disciplines (i.e. 37 

engineering geologists, geotechnical-, mining-, and environmental engineers etc.) try to express uncertainty in 38 

technical reports, publications, or other documents. While using verbal descriptions of uncertainty in our everyday 39 

language may feel natural, it poses the challenge that expressions like the ones given above may be understood very 40 

differently, depending on the context they are presented in and the receivers’ experience, technical or also societal 41 

background, as expressions of uncertainty may be used very differently in various parts of the world. van Tiel et al. 42 

(2022) for example showed that considerable variances are associated with words that express probabilities, especially 43 

when non-absolute phenomena (i.e. probability > 0% and < 100%) are described (e.g. participants in their study 44 

associate a probability range of 39-87% with the word “likely”). Replacing verbal descriptions with numerical point 45 

estimates or ranges is a viable solution to this problem and may also be preferred in many cases (Dhami and Mandel, 46 

2022). In practical engineering, however, it would sometimes not be meaningful to do so (e.g. due to too low numbers 47 

of observations). Adding numerical point estimates or ranges all over technical texts furthermore could reduce 48 

readability, or it could be undesirable as numbers might give the impression of false certainty. Ultimately, uncertainty 49 

descriptions will always be part of the communication of ground-related topics. 50 

Recent literature covers many technical sources of ground-related uncertainty. On a high level, for example, Bar (2024) 51 

mentions "known unknowns" such as ground parameters, geological structures or geomechanical behavior as medium-52 

severe ground-related uncertainties and "unknown unknowns" as ground-related, high uncertainties, featuring 53 

phenomena like completely unforeseen geological anomalies. Phoon et al. (2022) provide a comprehensive review of 54 

uncertainty in geotechnical engineering. Authors like Phoon et al. (2022) or also Karam et al. (2007)differentiate 55 

different sources of ground-related uncertainty: geological uncertainty (Brisson et al., 2023; Yan et al., 2023), 56 

geotechnical uncertainty also termed “parameter uncertainty” or “spatial variability” (Li et al., 2021; Zhang et al., 57 

2023), transformation uncertainty also called “model uncertainty” (Phoon and Tang, 2019), and method uncertainty 58 

(pertaining to the calculation method used in a model, e.g. (Christian, 2004; Tschuchnigg et al., 2015). Besides these 59 

sources of ground-related uncertainty, the human uncertainty (e.g. sampling biases, measurement accuracy and 60 

precision – sometimes also termed "statistical uncertainty") is acknowledged and, for example, addressed in Elmo and 61 

Stead (2021) or Skretting et al. (2023). Uncertainties related to natural hazards and climate impact also receive 62 

attention, with Ma et al. (2022) or Kan et al. (2023) being two examples of uncertainty considerations for landslides. 63 

The above-stated works show that technical aspects of ground-related uncertainty are getting attention in literature 64 

but the terminology to communicate such uncertainty has not yet been covered. This paper intends to raise awareness 65 
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for the importance of communicating ground-related uncertainty in a consistent way. To this end, we propose a new, 66 

consistent terminology to communicate ground-related uncertainty to avoid misunderstandings between the 67 

communicating parties. Clearly communicating ground-related uncertainty becomes increasingly important, especially 68 

in light of legal disputes where different interpretations of single expressions can have severe consequences. Eurocode 69 

7 (EN 1997), constituting the base for geotechnical work, also focuses on explicitly treating uncertainties for ground-70 

related work as part of reliability-based design. This is implemented through probabilistic methods that account for 71 

uncertainty through techniques like partial safety factors or Monte Carlo analyses. It is especially important in this 72 

context to not only assess uncertainties in a probabilistic way but also to report the results consistently and 73 

comprehensibly. 74 

Section 2 gives an overview over uncertainty communication frameworks in other disciplines with a special focus on 75 

the framework of the intergovernmental panel on climate change (IPCC) (Mastrandrea et al., 2010) which inspired the 76 

herein proposed framework. Main differences between the IPCC communication framework and the framework 77 

proposed herein are that proposed classes are fewer and non-overlapping and we also include terminology for 78 

describing quantity and strength of correlation which is often required in ground-related applications (explanations for 79 

these differences given below). To quantitatively underline the perception that uncertainty communication has a 80 

higher significance in ground-related fields in comparison to other disciplines, a text mining study (see e.g. Feldman 81 

and Sanger (2007) for information on text mining as a subfield of computer science) was conducted to investigate the 82 

use of uncertainty expressions throughout different relevant journals (section 3). The proposed framework to 83 

communicate ground-related uncertainty is presented in section 4 and a conclusion and outlook is given in section 5. 84 

Translations of the uncertainty communication framework from English into German, Italian, Norwegian, Spanish, 85 

Chinese and French are given in the appendix to enable widespread usage especially in practice where also technical 86 

communication is often non-English. Furthermore, an example of a text from a previous publication of the main author 87 

that was revised to exemplify uncertainty communicating language, is also provided in the appendix. 88 

2. Background 89 

The use of specific terminology to describe a quantitative probability associated with uncertainty dates back to the 90 

mid-1600s. In the post WWII literature, Sherman Kent is often credited with popularizing describing probabilities 91 

associated with uncertainties and the Vick (2002)verbal descriptions were called “words of estimative probability”. This 92 

work was continued by Richards Heuer (Heuer, 1999) who introduced Bayesian inverse probability and Tversky and 93 

Kahneman’s concepts of cognitive biases in intelligence estimates. Examples of uncertainty and risk communication in 94 

other fields of obvious importance such as health and medicine were provided by Fischhoff et al. (2011) and Fallon et 95 

al. (2024). An early example for a terminological framework for uncertainty communication in a technical field is given 96 

in Table 1, which was developed by Barneich et al. (1996). It was made for the nuclear power industry as a "Subjective 97 

Probability Estimate Guide" and reflects the probability of dangerous events as perceived for the nuclear industry. 98 

Table 1: Guidelines for subjective probability estimates for the nuclear energy industry (Barneich et al., 1996). 99 
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Verbal description Probability 

Event is virtually certain. 1 

Event had been observed in the available database.  0.1 (10-1) 

Event has not been observed earlier or only once in the available database; several potential failure scenarios 
can be identified.  

0.01 (10-2) 

Event has not been observed earlier in the available database; it is difficult to imagine any plausible failure 
scenario, perhaps one scenario can be identified.  

0.001 (10-3) 

Event has not been observed earlier, and no plausible scenario can be identified, even after detailed 
discussions.  

0.0001 (10-4) 

 100 

Spiegelhalter (2017) gives a comprehensive review of uncertainty communication including case studies from 101 

gambling, climate change (see also section 2.2), toxicology and environmental exposures, security and intelligence, 102 

reliability, weather and natural hazard. van der Bles et al. (2019) review and discuss the use of open communication of 103 

uncertainty in technical and scientific fields. van der Bles et al. (2020) continue this work and show through 104 

experiments that open and explicit uncertainty communication facilitates a greater recognition of uncertainty in 105 

people. Simultaneously they found that explicitly communicating uncertainty only minimally decreases the 106 

trustworthiness of results. 107 

2.1. Uncertainty communication in geotechnical engineering practice 108 

For risk analysis of ground-related civil engineering structures such as dams, slopes, offshore energy installations, and 109 

tunnels, Table 2 was developed in 1995 and modified over the years to express uncertainty. It was developed in Norway 110 

(in English and Norwegian) to reflect the perception of the words used. The table presents a mean value and a range 111 

of values for each expression of uncertainty. The mean values were based on discussions between Norwegian and 112 

American risk experts and were first used for the analysis of dam safety. When Table 2 was established, it was found 113 

out early that there are both linguistic and cultural differences in the perception of the wording used to describe 114 

uncertainty. The description terms in Table 2 are discussed as part of each new risk assessment project. The ranges of 115 

values in Table 2 were added in the early 2010s and were inspired by IPCC’s (2012) report on managing the risks of 116 

extreme events and disasters. The verbal descriptions in Table 2 reflect the perception of the wording in western 117 

Europe. They have also been used in other countries such as Peru, Brazil and India. As part of the probability estimation, 118 

the following aspects were considered: 119 

• Statistics from observations, model tests, laboratory and in-situ tests, analysis of data etc. 120 

• Calculation of physical mechanisms, e.g. stability, seepage and deformation analyses. 121 

• Earlier experience with similar constructions or processes, like internal erosion for dams, skirt penetration for 122 

offshore foundations etc.  123 

• Discussion and consensus reached after discussions during the analyses (often in a workshop format). 124 

• Engineering judgment and expert opinion. 125 

The assigned probabilities need to be justified: they shall be based on a demonstrable chain of reasoning and not on 126 

speculation (Vick, 2002). Vick (2002) also expressed that with elicitation processes, the collective judgment of experts, 127 

structured within a process of debate, can yield as good an assessment of probabilities as mathematical analyses. It is 128 
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lso not uncommon to set a range of total probabilities in the results of the analyses to reflect an uncertainty in the 129 

estimate and then use the verbal descriptors in Table 2. 130 

Table 2: Verbal description of uncertainty and probability (mean values used in Norway and range of probabilities (inspired from IPCC, 2012)). 131 

Verbal description Probability 

Virtually impossible, 
known physical conditions or process that can be described and specified with almost complete confidence 

0.001 
(»0.0 – 0.005) 

Very unlikely, 
although the possibility cannot be ruled out on the basis of physical or other reasons 

0.01 
(0.005 – 0.02) 

Unlikely, 
but it could happen 

0.10 
(0.02 – 0.33) 

As likely as not, 
with no reason to believe that one possibility is more or less likely than the other 

0.50 
(0.33 – 0.66) 

Likely, 
but it may not happen 

0.90 
(0.66 – 0.98) 

Very likely, 
but not completely certain 

0.99 
(0.98 – 0.995) 

Virtually certain,  
known physical conditions or process that can be described and specified with almost complete confidence 

0.999 
(0.995 – »1.0) 

 132 

The dam safety community in several countries has adopted "words of estimative probability" (i.e. uncertainty 133 

expressions) as a way of initiating its expert elicitation process for assigning probabilities to event trees associated with 134 

potential failure modes analysis. There has been occasional criticism of this practice. Nonetheless, the practice remains, 135 

and recommended tables such as Table 2 are contained in “Best Practice” guidances (e.g. U.S. Army Corps of Engineers 136 

(USACE) (2019)). Other tables describing uncertainty and probabilities were developed in different countries with 137 

different numerical values. An exemplary uncertainty communication framework from China is given in Table 3 (Li et 138 

al., 2006; Zhang et al., 2016) and it can be seen that the probability values that are assigned to the classes are 139 

remarkably different than in Table 2. 140 

Table 3: Subjective probability estimates for risk assessment of dams in China (Li et al., 2006; Zhang et al., 2016). 141 

Verbal description Probability Probability 

Event is virtually unlikely 0.000001 – 0.0001 10-6 – 10-4 

Event is very unlikely 0.0001 – 0.01  10-4 – 10-2 

Event is likely 0.01 ─ 0.1 10-2 – 10-1 

Event is very likely 0.1 ─ 0.5 10-1 – 5 * 10-1 

Event is virtually certain 0.5 ─ 1.0 5 * 10-1 – 1 

 142 

2.2. Intergovernmental Panel on Climate Change 143 

Driven by the need to communicate complex and uncertain topics to the public and decision-makers, the IPCC 144 

published a guidance note on the “consistent treatment of uncertainties” in 2010 for their 5th assessment report 145 

(Mastrandrea et al., 2010). The proposed system has proven itself since then and is now also implemented in the sixth 146 

assessment report (IPCC, 2021). 147 

The IPCC approach for characterizing and understanding uncertainty in assessment findings is a multistep procedure 148 

(Figure 1) with two central steps. First the confidence in a finding is assessed which is a function of i) the amount of 149 
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evidence (i.e. observations, experiments, theory, statistics and models) and ii) the agreement between independent 150 

lines of evidence. The highest confidence is given when there is robust evidence and a high agreement within that 151 

evidence. The lowest confidence is achieved vice versa. In a second step of the IPCC approach, a probability assessment 152 

is made based on statistical or modelling analyses, other quantitative analyses or expert judgment. Probabilities are 153 

expressed through defined likelihood statements (note: IPPC uses “likelihood” synonymously with “probability”) with 154 

overlapping probability classes. 155 

 156 

Figure 1: The IPCC’s uncertainty communication framework. Box 1.1, Figure 1 in IPCC, 2021: Chapter 1. In IPCC (2021). 157 

The IPCC itself states in the last assessment report (IPCC, 2021) that while their framework fulfils its purpose, it also 158 

faces criticism and that there is room for improvement. This especially concerns how well low-to-medium probabilities 159 

(0-66%) can be communicated. Juanchich et al. (2020) show that communicating low-medium probabilities with 160 

negations draws excessive attention on the likelihood that something will not occur instead of that it might occur (e.g. 161 

target range 0-33%, IPCC: it is unlikely that vs. there is a small likelihood that). The phenomenon that uncertainty 162 
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expressions implicitly draw attention towards one end of the spectrum is known as “directionality of verbal uncertainty 163 

expressions” and is also consistent with other sources (e.g. Honda and Yamagishi (2006); Teigen and Brun (1999)). 164 

3. Use of uncertainty expressions today 165 

Methods of text mining were applied to i) find quantitative evidence for the suspicion that there is an increased need 166 

for uncertainty terminology in ground-related topics and ii) to identify commonly used expressions of uncertainty 167 

communication beyond those related to likelihood and probability as presented in the previous section. To this end, 168 

the expression frequency (𝑓𝑒) of different uncertainty expressions was assessed for a total of 65690 abstracts from 169 

selected journals. 𝑓𝑒 was defined as the total number of occurrences of a specific expression within the abstracts of 170 

one journal 𝑛𝑜𝑐𝑐𝑢𝑟𝑒𝑛𝑐𝑒𝑠 divided by the total number of investigated abstracts of that journal in a defined timeframe 171 

𝑛𝑑𝑜𝑐𝑢𝑚𝑒𝑛𝑡𝑠. 172 

𝑓𝑒 =
𝑛𝑜𝑐𝑐𝑢𝑟𝑒𝑛𝑐𝑒𝑠
𝑛𝑑𝑜𝑐𝑢𝑚𝑒𝑛𝑡𝑠

 (1) 

Only exact matches of the uncertainty expressions were counted to avoid double counting. The following expressions 173 

were selected for investigation, based on the authors’ experience on how uncertainty is communicated today: certainly, 174 

definitely, dominantly, exclusive, largely, likely, locally, maybe, majority, mostly, partly, perhaps, possibly, 175 

predominantly, presumably, probably, singularly, sporadically, supposedly, unlikely. Other terms could have been 176 

included and it also needs to be mentioned that whether these expressions are communicating uncertainty can be 177 

context dependent. Note that the chosen expressions also included words for low uncertainty (e.g. “certainly”), as well 178 

as different categories of uncertainty including probabilities (e.g. likely, unlikely), quantity descriptions (e.g. most, 179 

sporadically) or general expressions of vagueness (e.g. maybe). For each expression, their form as adjective and adverb 180 

– if existing – as well as their capitalized version were considered. In further analyses, the occurrences of all variations 181 

of one expression were aggregated. 182 

The abstracts were retrieved from 23 Elsevier journals and selected so that they cover a range of subjects from 183 

engineering to geology. The abstracts were automatically accessed via the Elsevier API (Elsevier, 2024a) on Scopus 184 

(Elsevier, 2024b). Abstracts were analyzed for articles ranging from (including) 2010 to 22nd January 2024 as this time 185 

frame is seen as representative for the modern use of language in ground-related disciplines. Table 4 shows the 186 

included journals, numbers of analyzed abstracts and time frames (some journals started publishing after 2010). Note 187 

that the numbers of analyzed abstracts do not necessarily correspond to the total number of published papers of the 188 

respective journal in that time frame as i) only abstracts that were automatically retrievable via the API are included, 189 

ii) some publications do not have abstracts (e.g. discussion papers). Scopus subject areas for each journal were 190 

compiled for further assessment of expression frequencies across subject areas. 191 

Table 4: Journals that were included in the investigation for mapping the expression frequencies for uncertainty expressions. 192 

Journal (ISSN) Abbreviation SCOPUS Subject Area Abstracts From 

Applied Computing and Geosciences (2590-1974) ACAGS Computer Science, Earth and 
Planetary Sciences 

99 2019 
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Journal (ISSN) Abbreviation SCOPUS Subject Area Abstracts From 

Cement and Concrete Research (0008-8846) CEMCON Engineering, Materials Science 2933 2010 

Coastal Engineering (0378-3839) CENG Engineering, Environmental 
Science 

1709 2010 

Computers and Geosciences (0098-3004) CAGEO Computer Science, Earth and 
Planetary Sciences 

2675 2010 

Computers and Geotechnics (0266-352X) COMGE Computer Science, Earth and 
Planetary Sciences 

4109 2010 

Earth and Planetary Science Letters (0012-821X) EPSL Earth and Planetary Sciences 7427 2010 

Earth-Science Reviews (0012-8252) EARTH Earth and Planetary Sciences 2497 2010 

Engineering Geology (0013-7952) ENGEO Earth and Planetary Sciences 3719 2010 

Geoscience Frontiers (1674-9871) GSF Earth and Planetary Sciences 1485 2010 

Gondwana Research (1342-937X) GWR Earth and Planetary Sciences 2646 2010 

International Journal of Disaster Risk Reduction 
(2212-4209) 

IJDRR Earth and Planetary Sciences, 
Social Sciences 

3875 2012 

International Journal of Rock Mechanics and 
Mining Sciences (1365-1609) 

IJRMMS Earth and Planetary Sciences 2536 2010 

Journal of Rock Mechanics and Geotechnical 
Engineering (1674-7755) 

JRMGE Earth and Planetary Sciences 1300 2013 

Journal of Structural Geology (0191-8141) SG Earth and Planetary Sciences 2162 2010 

Journal of Wind Engineering and Industrial 
Aerodynamics (0167-6105) 

INDAER Energy, Engineering 2885 2010 

Marine and Petroleum Geology (0264-8172) JMPG Earth and Planetary Sciences 4925 2010 

Quaternary Geochronology (1871-1014) QUAGEO Earth and Planetary Sciences 1038 2010 

Quaternary Science Advances (2666-0334) QSA Earth and Planetary Sciences 128 2020 

Sedimentary Geology (0037-0738) SEDGEO Earth and Planetary Sciences 1911 2010 

Soils and Foundations (0038-0806) SANDF Earth and Planetary Sciences, 
Engineering 

1425 2010 

Structures (2352-0124) STRUCTURES Engineering 5767 2015 

Tectonophysics (0040-1951) TECTO Earth and Planetary Sciences 4570 2010 

Tunnelling and Underground Space Technology 
(0886-7798) 

TUST Earth and Planetary Sciences, 
Engineering 

3869 2010 

 193 

Figure 2 shows the top 10 highest expression frequencies among the selected uncertainty expressions for the journal 194 

Engineering Geology (ENGEO). All journals analyzed with the Scopus subject areas “Earth and Planetary Sciences” and 195 

“Earth and Planetary Sciences, Engineering”, have the expression most, and mostly as the most frequently used 196 

uncertainty expression. locally follows on place 2 for the majority of these journals and possibly on place 3 for less than 197 

half of them. While it is likely that the use of the word most to build superlatives contributes to its prominent position, 198 

we still see that this reflects a strong need to verbally describe quantities in geoscientific subjects. 199 
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 200 

Figure 2: Top 10 uncertainty expression frequencies of the journal Engineering Geology (ENGEO) from 2010 to January 2024. 201 

The text mining study also enables to investigate expression frequencies over time for individual words. Figure 3, for 202 

example, shows that the journals almost exclusively show no pronounced increasing or decreasing expression 203 

frequency over time for the word likely, which was also observed for other expressions. 204 

 205 

Figure 3: Expression frequencies of “likely” and its variants for different journals since 2010. See Table 4 for journal abbreviations. See Figure 4 for 206 
total averages per journal. 207 

Finally, the total average expression frequencies (i.e. a journal’s average expression frequency since 2010 or later if it 208 

started to publish after 2010) between journals were computed as the average values of the data shown in Figure 3 209 
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and shown in the bar chart of Figure 4. The bars in Figure 4 are colored according to the Scopus subject areas as an 210 

indication for the journals’ main scopes. It can be observed that there is a clear increase in the usage of the above 211 

selected uncertainty expressions the more ground-related a journal’s scope is. Journals with a focus on geology like 212 

“Earth and Planetary Science Letters” or “Gondwana Research” are leading in the use of uncertainty expressions, while 213 

journals with a focus on engineering topics like “Computers and Geotechnics” or “Structures” are on the lower end of 214 

their usage. It also can be observed that the three lowest ranking pure "Earth and Planetary Sciences" classified journals 215 

"Engineering Geology", "International Journal of Rock Mechanics and Mining Sciences" and "Journal of Rock Mechanics 216 

and Geotechnical Engineering" show a comparatively low expression frequency of "likely" and are ranked among other 217 

more engineering-related journals which fits to the more pronounced engineering scope of these journals. 218 

 219 

Figure 4: Total expression frequency of “likely” since 2010 for all investigated journals. Bars are colored according to the journal’s “Scopus subject 220 
area”. See Table 4 for journal abbreviations. See Figure 3 for yearly expression frequencies per journal. 221 

4. Proposed communication framework for ground-related uncertainty 222 

Based on the use of uncertainty communication in other fields, the authors’ experience, and the assessment of 223 

occurrences of uncertainty expressions in literature, we propose the following terminological framework. Uncertainty 224 

about ground-related findings, interpretations and observations should be communicated in a stepwise process. 225 

• Step 1) if one wants to communicate something that is certain, then uncertainty communicating terminology should 226 

not be used as this only hinders clear communication. 227 

• Step 2) one should assess and state the level of confidence in a statement as a function of the robustness of the 228 

available evidence vs. the agreement of that evidence. If there is insufficient confidence (i.e. medium to very low), 229 

this should be reported, and one should elaborate how a higher confidence can be obtained. 230 
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• Step 3) if the confidence in the statement is high enough, consistent terms to express uncertainty should be used. 231 

The full flow chart of the three-step framework is given in Figure 5. To improve communication of ground-related 232 

uncertainty also beyond the English language, translations of Figure 5 are given in the appendix for these languages: 233 

German, Norwegian, Spanish, Italian, Chinese and French. The translations were made with the intention to translate 234 

the English terminology as accurately as possible. Nevertheless, it will take experience and perhaps recalibration over 235 

time to ensure that the framework works in the same way for all languages. The perception of the expressions also 236 

varies according to culture and upbringing. 237 

The following definitions apply: 238 

• Confidence: a qualitative measure of one’s trust in the validity of a finding, based on the robustness of evidence 239 

(e.g., data, mechanistic understanding, theory, models, expert judgment) and the degree of agreement between 240 

different sources of evidence (based on IPCC (2021)). 241 

• Probability: how likely an individual event or broader outcome is to happen. Often used synonymously with 242 

likelihood (even though this is incorrect in terms of statistical definitions). Probabilistic information can, for example, 243 

be derived from statistical analyses of investigations and observations, parametric and probabilistic modelling such 244 

as Monte Carlo analyses, earlier experience with similar constructions or processes and expert judgment. 245 

• Quantity description: A description of a proportionate share of an occurrence within a volume, area, length or piece 246 

count. The quantitative information can come from field investigations (e.g. scanning, drill core logging, geophysics), 247 

laboratory investigations (e.g. mineralogical analyses, grain size analyses) or be the result of higher-level 248 

interpretations. 249 

• Correlation strength: The quality of the linear or non-linear correlation between one set of data and another. 250 

• Factual data: The definition from buildingSMART (2020) applies: “The results of site investigation campaigns and 251 

documentation conducted specifically for the project and pre-existing data (other sources), including 252 

measurements and observations. Examples are borehole data, test results and field mapping, geological tunnel 253 

documentation and other surveys.” Ground-related disciplines usually have a special understanding of “facts” 254 

where for example a borehole log or an outcrop mapping is treated as a fact, even though these are themselves 255 

interpretations. 256 
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 257 

Figure 5: The proposed framework to communicate ground-related uncertainty. 258 

It is important to highlight that the proposed uncertainty communication framework is not meant to be used to elicit 259 

quantities or probabilities from experts’ statements. The proposed communication framework should be the consistent 260 

frontend to the quantities and probabilities that experts derived in various ways. Expert elicitation denotes the 261 

quantification of expert opinion in the form of judgmental probabilities (Baecher, 1999) that should be done in a 262 

systematic manner (Garthwaite et al., 2005). Besides this clarification, it needs to be highlighted that the 263 

communication framework was designed in a way to improve the clarity of communication from domain-expert to 264 

domain-expert (e.g. geologist to geologist) and to help the domain-expert communicate to non-domain-experts (e.g. 265 

geotechnicians to geologist, geologist to community mayor). 266 

To showcase the use of the whole communication framework an example is given in Appendix 7 where the whole 267 

section "3.3. Geotechnical Characterization" from Erharter et al. (2019) is revised in an uncertainty aware manner. 268 

4.1. Report confidence 269 

The confidence one has in a statement should be based on the robustness of the available evidence vs. how well 270 

evidence agrees with each other (see examples below). Robustness of evidence refers to the type, quality and quantity 271 

of evidence and must be estimated on a project specific basis. The confidence associated with statements about factual 272 

data (see definition above) is usually high, as they are either directly measured or in case of observations, often the 273 

product of multiple sensory perceptions (see, feel, smell, taste → high agreement) from experts that were calibrated 274 



Erharter G., Lacasse S., Tschuchnigg F., Tentschert E., Becker D, Phoon KK. 
Ground-Related Uncertainty Communication (non-peer reviewed preprint) 

13 

through study, practical experience and engineering judgement (robust evidence). It is nevertheless recommended to 275 

consider and report the confidence for uncertain aspects of factual data. 276 

The robustness of evidence should be described as limited, medium or robust. In cases of simple and homogeneous 277 

ground conditions, few investigation measures may yield sufficiently robust evidence, whereas complex and 278 

heterogeneous ground conditions demand a larger number and broad spectrum of investigation measures. The level 279 

of agreement refers to how well different sources of evidence point towards the same conclusion and should be 280 

specified as low, medium or high. This leads to the challenge that one will struggle to estimate the required amount of 281 

investigations to achieve robust evidence in case of previously unknown ground conditions as they may or may not 282 

turn out to be complex during the investigation itself. The solution is multi-phase ground investigations campaigns with 283 

an increasing level of investigation detail that allow sequential acquisition of knowledge about the ground (see also 284 

section 2.4 and especially figure 2-11 in Baynes and Parry (2022) in this context). This allows repeated checking if the 285 

results from subsequent investigations corroborate each other or not and whether further investigations are required. 286 

Therefore, both the robustness- and the level of agreement of evidence must be estimated in a project specific manner. 287 

Some projects may turn out to require one initial and coarse investigation campaign that shows that the ground 288 

conditions are in fact simple and then some few additional underpinning investigations are sufficient to achieve robust 289 

evidence (the same goes for projects where there is pre-existing knowledge about the ground). The initial, coarse 290 

investigations of other projects may, however, show that the ground conditions are complex and eventually conflicting 291 

with pre-existing knowledge and therefore more sources of evidence will be required to achieve robust and mutually 292 

agreeing evidence and by that high or very high confidence. 293 

The following examples are given to illustrate confidence assessments: 294 

• One would have very low confidence in a ground investigation if only a few exploratory drillings are available for a 295 

comparatively large area (limited evidence) and the results of the few drillings that exist conflict with each other 296 

and / or conflict with the existing knowledge about the geology of that area (low agreement). 297 

• In the same case, one would have medium confidence in a ground investigation if these few available exploratory 298 

drillings (limited evidence) show results that are consistent among each other and fit to the existing knowledge of 299 

the area (high agreement). 300 

• The same medium confidence but on the opposite side of the chart would, for example, occur when clay related 301 

swelling pressure is to be investigated: even if one conducts all possible laboratory swelling pressure tests that are 302 

available today (robust evidence) having more than medium confidence on the design value for the swelling 303 

pressure is difficult as swelling pressure tests in the laboratory may show problematically high pressures whereas 304 

in-situ pressure observations are often comparatively low (low agreement) (Kirschke, 2010; Steiner, 1993). 305 

• The assessment of the lower boundary of an aquifer could, for example, be made with very high confidence if 306 

multiple sources (robust evidence) such as past project experience, exploratory drillings and a geoelectric survey 307 

are all in agreement with each other and show the same boundary (high agreement). 308 
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Having low confidence in a finding, assessment or interpretation does not mean that there is high confidence in its 309 

opposite and conversely. Furthermore, very low or low confidence should communicate that the best possible 310 

conclusion could not be reached with a higher confidence level at the current moment (IPCC, 2021). If a very low to 311 

medium confidence is assessed, suggestions should be made how a higher confidence can be achieved, which in most 312 

cases will refer to a higher quantity and / or more targeted ground investigations or further development of the used 313 

theory and models. In cases where even state-of-the-art investigations and analyses are insufficient to achieve a high 314 

or very high confidence (e.g. third example above), this should be explicitly reported. 315 

4.2. State uncertainty 316 

We only recommend making uncertainty communicating statements when one has a high or very high confidence in 317 

the statement. If a medium or lower confidence is given, the decision basis for the uncertainty statement is likely too 318 

low. In that case, the recommended course of action is to assess and discuss how a higher confidence can be achieved 319 

(e.g. acquiring more observations) and actively communicate that instead of making an uncertainty communicating 320 

statement that has no sufficient evidence basis. If, an uncertainty communicating statement must be made, however, 321 

then it is imperative to communicate the very low to medium confidence in that statement along with it as to avoid 322 

that the receiver of the statement is under the impression that it was made with a high confidence. 323 

The terminology of Table 5 is proposed to describe quantities, of Table 6 to describe probabilities and section 4.2.3 324 

addresses the communication of correlation strength. Whenever possible, a more comprehensive presentation than 325 

the scales given below should be provided, for example, by providing complete probability distributions or percentile 326 

ranges. The proposed expressions were chosen so that they are as neutral as possible and do not contain additional 327 

meanings. For example, low quantities are sometimes described as “there are singular occurrences of…” in which case 328 

“singular” communicates a low quantity but may also be understood as “spatially heterogeneous”, or “patchy”. If 329 

expressions other than the ones in Table 5 and Table 6 need to be used, then their quantitative or relative meaning 330 

should be defined. 331 

In both cases of descriptions of quantities and probabilities, a temporal or spatial reference must be provided as the 332 

uncertainty communicating statement is relative in nature and meaningless otherwise. For example, the extent of a 333 

project area or the length of a tunnel must be defined if one describes whatever applies to “most of” it; if one states 334 

“It is very likely that the slope will fail” it must also be defined in which timeframe. Providing these references can be 335 

done either in combination with the specific statement or in a general manner at a suitable place in the text if there 336 

are multiple references to it. 337 

4.2.1. Quantity descriptions 338 

The expressions in Table 5 provide means to describe quantities in a consistent way. All classes are non-overlapping 339 

except for the classes “>50 % - The majority of” and “< 50% - Less than half of” which can be used as an option in very 340 

uncertain cases. The differences between the two boundary classes (i.e. > 99 %, resp. < 1 %) and the next classes is the 341 
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smallest from all class differences, but it is seen as necessary to have two specific classes to describe either a complete 342 

quantity or the complete absence of something. 343 

When one describes quantities, care must be taken to exactly specify what the quantity relates to. In cases with more 344 

than two variables, Table 5 needs to be mathematically adjusted. For example, if a drill core consists of 40% rock type 345 

A, 30% rock type B and 30% rock type C, then it would be correct to specify “The drill core consists in part of rock type 346 

A, in part of rock type B and in part of rock type C.” in relation to the total core length. With respect to the rock types 347 

themselves, however, it would be correct to state that “rock type A constitutes the majority of rock types in the drill 348 

core” because the amount of rock type A is > 33% in this three-variable example.  349 

Table 5: Terminology to communicate volumetric, areal, or countable quantities of occurrences. 350 

Quantity [%] Description Example 

> 99 Complete/-ly / All The construction pit is completely located in silty clay. 

95-99 Almost complete/-ly The outcrop was almost completely made of weathered granite. 

85-95 Predominant/-ly Gabbro consists predominantly of plagioclase.  

55-85 Most/-ly Most of the project area is covered in glacial deposits. 

> 50 The majority of The majority of the slip surface is at a depth of 50 meters below ground. 

45-55 Half of Half of the drillings encountered sedimentary rocks. 

< 50 Less than half of The water’s conductivity exceeds 3000 µS/cm in less than half of the wells. 

15-45 Part/-ly The soil type A1 partly contains silt. 

5-15 Few Pyrite was observed in few locations of the thin section. 

1-5 Very few Very few anhydrite was observed in the tunnel face. 

< 1 Extremely few / No(ne) Flowing ground was encountered in extremely few tunnel sections. 

 351 

4.2.2. Probability 352 

As opposed to the IPCC framework but in agreement with Table 2, the proposed ranges of probability (Table 6) are 353 

non-overlapping to set clear boundaries for each probability term and the number of classes is reduced. In cases where 354 

a finer discrimination of probability classes can be applied (e.g. due to extensive data) the use of more and / or more 355 

use-case specific classes is however encouraged. In cases where probabilities span over multiple orders of magnitude, 356 

the whole classification needs to be adjusted towards a logarithmic scale and Table 1 and Table 3 could serve as 357 

examples. 358 

Furthermore, the authors want to promote the use of positive uncertainty language for ground-related uncertainty 359 

since especially low-probability occurrences or events may have the highest consequences, thus attention should be 360 

drawn onto them and not directed away from them. For example, consider how these two statements might be 361 

perceived differently even though they describe the same probability of 1-10%: “It is very unlikely that another rock 362 

fall greater than 100 m³ will occur within the next week” vs. “There is a very small probability that another rock fall 363 

greater than 100 m³ will occur within the next week”. While in the former case, the attention is drawn towards the 364 

impossibility of the rock fall event, in the latter case, the attention is drawn towards the possibility that it might occur, 365 
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thus accentuating the need to avoid potential damage to property and life. Accounting for that, positive probability 366 

terminology based on Juanchich et al. (2020) is proposed. 367 

Table 6: Terminology to communicate probabilities of events or broader outcomes and positive expression alternatives. 368 

[%] Probability Positive probability Example 

>99 Virtually 
certain 

An extremely large 
probability 

It is virtually certain that the samples will be disturbed with the 
chosen sampling technique. 

90-99 Very likely A very large 
probability 

It is very likely that the slope will fail within the next 6 months. 

66-90 Likely A large probability It is likely that the deformations will exceed 2 mm / week in the first 
3 days after the excavation. 

33-66 As likely as 
not 

An even probability There is an even probability that methane gas will be encountered 
within the next 2 km of excavation. 

10-33 Unlikely A small probability There is a small probability that the ground water level will exceed 
the defined high ground water level in spring. 

1-10 Very 
unlikely 

A very small 
probability 

There is a very small probability that another rock fall with ≥ 100 m³ 
will occur within the next two days. 

<1 Extremely 
unlikely 

An extremely small 
probability 

There is an extremely small probability that another earthquake of 
magnitude 7 or greater will occur in the next ten years. 

 369 

4.2.3. Strength of correlation 370 

Fixed ranges for verbal descriptions of correlation strengths have been proposed by some authors (Evans, 1996) but 371 

this is not seen as meaningful in the ground-related context. The quality of a correlation depends on the underlying 372 

nature of the correlation (i.e. linear vs. non-linear), on the use case and the origin of the data. Synthetic data from 373 

simulations typically contains less noise than real-world measured data and therefore it requires comparably high 374 

correlation coefficients to achieve a strong correlation (see e.g. Erharter (2024) for correlations of synthetic rock mass 375 

properties). Cone penetration test interpretation relies heavily on correlations between in-situ- and derived mechanical 376 

values but whether the correlation can be seen as strong or weak depends on many factors such as the investigated 377 

material (Robertson and Cabal, 2022). Tunnel boring machine operational data is increasingly used to derive the 378 

advance conditions from it (Erharter et al., 2023; Heikal et al., 2021) which also often entails correlation analyses but 379 

as the data is a mixed signal from many sources (rock mass, machine, operation), it is very noisy and comparably low 380 

correlation coefficients could be counted as strong. 381 

We therefore recommend that correlation strength is consistently communicated using the following terms: i) very 382 

weak, ii) weak, iii) moderate, iv) strong, v) very strong. As given above, the underlying quantitative thresholds are to 383 

be defined on a use case specific basis, but in general it is recommended to set higher thresholds for less noisy data. 384 

For example, assume that a correlation is analyzed with a metric where 0 implies no correlation and 1 full correlation. 385 

In case the data does not contain a lot of noise (e.g. as it often is the case for synthetic data), then the thresholds may 386 

for example be set to: very weak … 0.5, weak … 0.65, moderate … 0.75, strong … 0.85, very strong … 0.95. In case of a 387 

very noisy dataset (e.g. as it often is the case for observations from on-site geological mapping), it could be more 388 

appropriate to set the same thresholds to 0.2, 0.35, 0.5, 0.65, 0.85, respectively. 389 
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5. Conclusion and outlook 390 

The past years have shown a remarkable increase in interest in ground-related uncertainty and technical aspects of the 391 

topic are being approached from many sides. Possibly related to the technical focus of ground-related disciplines, the 392 

verbal expressions of ground-related uncertainty have not found attention yet and words such as likely, mostly etc. are 393 

used as authors see fit even though they are usually connected to real quantities or probabilities. 394 

This paper proposes a consistent three-step terminology to express ground-related uncertainty in scientific and 395 

technical documents. A three-step procedure is introduced where i) certain statements are made as such, ii) the 396 

confidence in a statement is qualitatively assessed and reported and iii) probabilities are stated or quantities or 397 

correlation strengths are qualitatively described. The proposed system should on the one hand serve as a guideline for 398 

practitioners and academics alike, but on the other hand also generally draw more attention to the verbalization of 399 

uncertainty in our field. The objective of this paper is to bring attention to the topic and encourage further discussion 400 

of it. Explicitly and clearly communicating uncertainty with well-defined terms increases transparency and 401 

understanding of complex ground-related topics and does not diminish trust into results (van der Bles et al., 2020). 402 

After coming to an agreement about the definitions and the magnitude order of the "linguistic variables" the next step 403 

could include applying fuzzy logic or Bayesian methods in connection with the terminology. Thus, the consequences of 404 

the coaction of different parameters could be evaluated. 405 

The International Association of Engineering Geology (IAEG) recommends differentiation of the engineering geological 406 

model reporting into a) factual information and observations, b) interpretations including conceptualizations and c) 407 

opinions (Baynes and Parry, 2022). The proposed uncertainty language can be used to increase the transparency and 408 

trustworthiness of all of these reports and we see it as especially relevant and directly applicable for a) and b) as in 409 

engineering geology both factual information and interpretation may be affected by ground-related uncertainty (see 410 

explicit elaboration on this topics in section 4). In case of c) opinions, it might be more challenging to rigorously apply 411 

the herein proposed communication framework, but we nevertheless encourage to also communicate opinions in a 412 

consistent and transparent way and for example differentiate between different strengths of opinions or explicitly 413 

assert a credence to an opinion. 414 

The text mining study that is presented in section 3 quantitatively underpins the need for improved uncertainty 415 

communication in ground-related fields. The executed text mining study, however, has a limited scope and served the 416 

purpose of underlining the relevance of uncertainty communication in this paper. Follow up text mining studies are 417 

encouraged that could encompass i) a broader selection of journals, ii) more uncertainty terms and / or whole phrases, 418 

iii) full texts of publications instead of abstracts, iv) using modern natural language processing techniques such as large 419 

language models for text analyses to consider contexts. 420 

It is important to remember that communication depends on local culture and the perception of the words used for 421 

the verbal description of uncertainty. Therefore, a system should always be put in context of those using and applying 422 
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the scale of uncertainty descriptors. While the proposed system has yet to prove its practical applicability through 423 

future projects, it is a first step to improve the clarity of communicating ground-related uncertainty.  424 
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Appendix 553 

Appendix 1: German translation of Figure 5. 554 

 555 

 556 
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Appendix 2: Norwegian translation of Figure 5. 558 

 559 

 560 
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Appendix 3: Spanish translation of Figure 5. 562 
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Appendix 4: Italian translation of Figure 5. 566 

 567 

 568 
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Appendix 5: Mandarin Chinese translation of Figure 5. 570 

 571 
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Appendix 6: French translation of Figure 5. 574 

 575 
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Appendix 7: Example for an application of the proposed uncertainty communication framework. 577 

This example is provided to showcase how a text with ground-related content can be written in an uncertainty 578 

communicating manner. The text originates from Erharter et al. (2019) and contains a geotechnical characterization of 579 

a rock mass in the transition zone between rock and soil. First the original text of the section under consideration is 580 

provided, then a version that conforms with the proposed uncertainty communication framework and lastly a 581 

commentary to the uncertainty language. The original text is unmodified except for the citation style which was merged 582 

with the present publication so that citations can be found in the overall reference list of this paper. For references to 583 

tables and figures, the reader is referred to the original version of Erharter et al. (2019). This example was chosen as it 584 

is a published case study of a real engineering geological investigation from a practical project. At the time of 585 

publication and project work, no mature communication framework for ground-related uncertainty was available. 586 

While only the original publication is to be seen as valid in terms of technical content, the herein shown revision of the 587 

text is based on the technical knowledge of the first author who is the same for both the present paper and Erharter 588 

et al. (2019). 589 

Original text: 590 

In Table 1, results of the geotechnical laboratory tests are presented. Uniaxial compressive strengths (UCS) are based 591 

on uniaxial and triaxial compression tests, values for cohesion (c) and friction (ϕ) on triaxial compression tests and the 592 

Cerchar Abrasiveness Index (CAI) was determined after (Cerchar, 1986). To achieve more statistically significant values, 593 

the laboratory results of the last investigation campaign 2006 were also incorporated into the analysis. Due to the 594 

above-mentioned difficulties in sample acquisition and test execution, the results must be interpreted with caution. 595 

The UCS, cohesion, friction angle, tensile strength and CAI generally increase the more sandstone a sample contains. 596 

The observations are also in good accordance with field rock strength determinations according to ÖNORM EN ISO 597 

14689-1 (Österreichisches Normungsinstitut, 2019). Based on them, thick sandstone layers have a “medium high” rock 598 

strength (25 to 50 MPa) and marls range from “medium weak” (12.5 to 25 MPa) down to “extraordinarily low” (0.6 to 599 

1 MPa). This broad range of UCS values below 25 MPa also characterizes the UAFm as a typical “hard soil – soft rock” 600 

material (i.e. material in the transition between rock and soil) (Österreichisches Normungsinstitut, 2019). 601 

Nevertheless, the limited number of tests and the observed high variability of the results still leave uncertainties 602 

regarding the distribution of possible rock strengths. Accounting for this, 80 point load tests (PLT) were conducted and 603 

analysed. Although different sources recommend against the use of PLTs for soft rocks (Hoek et al., 2005; Thuro, 2010), 604 

they are seen as an additional source of information to investigate the scattering of rock strengths. No difference 605 

between marl, marl-sandstone or sandstone was observed with the PLTs. As this application of PLTs was not done under 606 

standard test settings, no UCS values were calculated from the PLTs. The results show a right skewed distribution with 607 

a median point load index (IS) of 1.12 and a maximum of 5.43 (Figure 4). This means that the majority of results is 608 

situated in the low-strength area with some outliers of higher strength which confirms the general observation of a 609 

weak but heterogeneous rock mass. 610 
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Uncertainty communicating revision – comments are indicated with superscripts: 611 

In Table 1, results of the geotechnical laboratory tests are presented. Uniaxial compressive strengths (UCS) are based 612 

on uniaxial and triaxial compression tests, values for cohesion (c) and friction (ϕ) on triaxial compression tests and the 613 

Cerchar Abrasiveness Index (CAI) was determined after (Cerchar, 1986). To achieve more statistically significant values, 614 

the laboratory results of the last investigation campaign 2006 were also incorporated into the analysis. Due to the 615 

above-mentioned difficulties in sample acquisition and test execution, the results must be interpreted with caution. 616 

The UCS, cohesion, friction angle, tensile strength and CAI generally increase the more sandstone a sample contains 617 

(very high confidence)1. The observations are also in good accordance with field rock strength determinations according 618 

to ÖNORM EN ISO 14689-1 (Österreichisches Normungsinstitut, 2019). Based on them, thick sandstone layers have a 619 

“medium high” rock strength (25 to 50 MPa) and marls range from “medium weak” (12.5 to 25 MPa) down to 620 

“extraordinarily low” (0.6 to 1 MPa)2. This broad range of UCS values below 25 MPa also characterizes the UAFm as a 621 

typical “hard soil – soft rock” material with a very high confidence3 (i.e. material in the transition between rock and 622 

soil) (Österreichisches Normungsinstitut, 2019). 623 

Nevertheless, the limited number of tests and the observed high variability of the results still leave uncertainties 624 

regarding the distribution of possible rock strengths. Accounting for this, 80 point load tests (PLT) were conducted and 625 

analysed4. Although different sources recommend against the use of PLTs for soft rocks (Hoek et al., 2005; Thuro, 2010), 626 

they are seen as an additional source of information to investigate the scattering of rock strengths. No difference 627 

between marl, marl-sandstone or sandstone was observed with the PLTs2. As this application of PLTs was not done under 628 

standard test settings, no UCS values were calculated from the PLTs. The results show a right skewed distribution with 629 

a median point load index (IS) of 1.12 and a maximum of 5.43 (Figure 4). This means that the majority of results5 is 630 

situated in the low-strength area with some outliers of higher strength which underpins that the UAFm in the project 631 

area is very likely to be a weak but heterogeneous rock mass (high confidence)6. 632 

Commentary to uncertainty communicating revision: 633 

1 A very high confidence is assigned to this statement as it is based on multiple different geotechnical laboratory tests 634 

and field observations (i.e. robust evidence) that all indicate increasing values (i.e. high agreement). 635 

2 A confidence statement could be assigned to observations like these but this is not strictly necessary for clearly factual 636 

data as described in section 4.1 and it also would not help the readability of the text to do so. For the sake of 637 

consistency, the proper way to address this is to include a statement at an appropriate place (e.g. the beginning of the 638 

chapter or paper) that clarifies the confidence level for factual observations like field-based strength assessments. 639 

3 This statement was made as the product of multiple laboratory investigations and field observations (robust evidence) 640 

that are in accordance with each other and the literature (high agreement). 641 

4 This statement can serve as an example for step 1 of the proposed uncertainty communication framework, which 642 

states that uncertainty communicating language should not be used for certain things. In this case it would be confusing 643 
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to state, for example, "Accounting for this, many more point load tests were conducted and analysed." as the number 644 

of tests is certain. 645 

5 Note the uncertainty language related to quantities (see Table 5). 646 

6 The final characterization of the rock mass is a prognosis towards the expected nature of the rock mass during project 647 

execution. As it is a prognosis, a probability statement (here: "it is very likely that…") is in place to sufficiently 648 

communicate the certainty that the experts have about the prognosis. The base for this probability statement in this 649 

case is expert judgement. The "high confidence" that is assigned to the whole uncertainty statements results from the 650 

available evidence / data at the time of this specific engineering geological investigation, before any construction has 651 

started, where multiple sources of evidence (robust evidence) all pointed in the direction (high agreement) that the 652 

rock mass will be as it is described in the text. 653 


