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ABSTRACT: The current and projected state of earth’s climate, resources and ecosystems require a substantial push towards 
sustainability, well above what is currently employed. The construction sector is a major contributor to the global emission 
of greenhouse gases and a consumer of scarce natural resources. In this work an environmental impact assessment of a 
geotechnical site investigation of the planned Lüneburg Lock in Northern Germany is presented. A comprehensive ground 
investigation was carried out comprising of 78 geotechnical exploration drillings and 81 CPTs. The total primary energy 
expenditure of the surveys was calculated to be 1.69x106 MJ. Emissions contributing to the global warming potential (GWP) 
are estimated at 9.77x104 kg CO2-eq. 
 

RÉSUMÉ: L'état actuel et projeté du climat, des ressources et des écosystèmes terrestres nécessitent un effort substantiel en 
faveur de la durabilité, bien au-delà de ce qui est actuellement mis en œuvre. Le secteur de la construction est un contributeur 
majeur aux émissions mondiales de gaz à effet de serre et un consommateur de ressources naturelles rares. Dans ce travail, 
une évaluation de l'impact environnemental d'une investigation géotechnique du site du futur écluse de Lüneburg, dans le 
nord de l'Allemagne, est présentée. Une enquête approfondie du sol a été réalisée, comprenant 78 forages géotechniques et 
81 essais de pénétration statique. La dépense totale d'énergie primaire des enquêtes a été calculée à 1,69x106 MJ. Les 
émissions contribuant au potentiel de réchauffement planétaire (PRP) sont estimées à 9,77x104 kg CO2-eq. 
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1 INTRODUCTION 

International (UN 2015) and national (e. g. 
Bundesregierung 2021) policies are aimed at reducing 
our footprint on earth in terms of resource use and 
emissions. Environmental indicators are defined to 
quantify the emissions and resources used, such as the 
so-called global warming potential (GWP) measured 
in kg CO2-eq. (UN 2023). 

Based on these indicators, life cycle assessments 
(LCAs) can be carried out, to determine environmental 
impacts of products or processes, such as civil 
engineering projects. However, very little research has 
been published so far on the sustainability impact of 
geotechnical site investigations. Purdy et al. (2022) are 
the notable exception, providing an assessment of 
different sampling techniques and their individual 
impact for (generic) case studies in Canada. 

In this paper an environmental impact assessment 
based on LCA data is carried out for the geotechnical 
site investigations of a planned ship lock in Northern 
Germany (Henze & Schulz 2019). The aim of this 
study is to identify and characterise missing processes 

and data required in order to carry out a comprehensive 
LCA as well as developing an understanding of the key 
factors contributing to emissions, resource use and 
energy expenditure. 

2 METHOD, DATA & ASSUMPTIONS 

In a first step all available data, such as field logs, were 
evaluated. Additional information had to be collected 
through personal communication with field staff and 
analysis of photographs to fill knowledge gaps arising 
from inaccurate or missing documentation. 

2.1 Local geology & site investigations 

The local geology is composed of holocene deposits, 
consisting mostly of dense to very dense sands and an 
interbedded cohesive silt layer of varying thickness. 

Site investigations using drill-type (geotechnical 
exploration drillings with continuous sampling) and 
direct-push (Cone Penetration Tests, CPTs) techniques 
where launched in 2010 and 2019. The geotechnical 
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exploration drillings were carried out using rotary 
drilling techniques with continuous sampling and 
hydraulic loading using fresh water when drilling 
below the water table. 

35 and 43 boreholes were drilled in 2010 and 2019 
respectively. Average borehole depth was 46.7 m with 
the deepest borehole reaching 80.5 m. Drilling was 
conducted using 5 and 8 drilling rigs in 2010 and 2019 
respectively. Working days across all drilling rigs 
were 251 in 2010 and 459 in 2019. Drilling diameter 
depended on the target drilling depth (219 - 512 mm). 
36 of the boreholes were completed as groundwater 
observation wells. 

CPT data was at 35 and 46 locations in 2010 and 
2019, respectively. The depth ranged from 11.9 m to 
68.3 m (av. 35.8 m). If advancement was not possible 
due to increased friction, rotary drilling with water as 
drilling fluid was used to clear out the already probed 
section. A single CPT rig was used in both campaigns. 

Boreholes were backfilled using either sand, 
gravel, Bentonite, or a ready-to use clay-cement 
mixture (Brutoplast©) depending on the stratigraphy 
and the geohydraulic conditions. Most boreholes were 
at least partially grouted, using the aforementioned 
clay-cement mixture. 

2.2 Environmental impact analysis 

The environmental indicators set out in DIN EN 
15804:2022-03 were used in this study, of which only 
a selection is shown and discussed. Process and 
product data were taken from the ÖKOBAUDAT 
2023-I (BMWSB 2023), GaBi Professional 2023 
(Sphera 2023) and ecoinvent 3.91 database (Wernet 
2016, ecoinvent 2023). Unfortunately, geotechnical 
process data is mostly missing from databases, 
requiring the approximation of drilling and CPT 
operations. All processes used are given in Table 1. 
 
Table 1. Process and EPD data used in this study. 

 
The methods used in 2010 and 2019 were grouped 

into the categories drilling, CPT with additional 

drilling and CPT without additional drilling. For 

evaluation, the geotechnical site investigations are 
divided into three phases of operation: 

• Mobilization – the movement of equipment and 
people to, from and on the job site 

• Advancement – the actual drilling / direct push 
probing incl. sampling 

• Sealing & Completion – backfilling/grouting of 
boreholes and completion of wells 

2.2.1  Mobilization 

The mobilization phase includes the one-time 
deployment to and return from the site of each drilling 
and CPT rig. The remobilization between 
borehole/CPT locations on site was also considered, 
excluding the first location. Furthermore, it was 
assumed that each rig required a support staff of two, 
traveling to and from the site on each work day by car. 
Traveling distance of the support staff was assumed to 
be the distance from the company’s HQ to the site. 

The mobilization of the drilling and CPT rigs was 
calculated as a standard diesel truck, while 
transport/travel of the support staff was calculated 
assuming a EURO 4 diesel car (Table 1). 

The distances between the HQs and the job site 
were 47.5 and 50 km in 2010 for the drilling rigs and 
the CPT rig, respectively. In 2019 mobilization 
distances were significantly greater at 169 km (drilling 
rigs) and 260 km (CPT rig). Mobilization distances of 
the support staff of more than 100 km were deemed 
unfeasible for daily trips. Thus for 2019 the distance to 
the nearest city (9 km) was taken instead, assuming 
overnight stays in hotels. Remobilization on the jobsite 
was estimated to be 500 m indifferent of the actual 
location. The mass of the drilling/CPT rigs were 
estimated at 20 tons. 

2.2.2  Advancement 

The amount of diesel required for and water consumed 
during the advancement was used in order to quantify 
the impact on the LCA indicators. The impact of the 
production of diesel fuel and the subsequent use on the 
job site were quantified by mass and energy, 
respectively. First the energy required for 
advancement was estimated for each drilling/probing 
location as: 
 

 
with E𝑑𝑖𝑒𝑠𝑒𝑙 (kWh) the required energy, z𝑡𝑜𝑡 (m) the 
drilling/probing depth, 𝑣̅𝑎𝑑𝑣 (m/h) the average 
advancement including auxiliary work, 𝑃𝑟𝑖𝑔 (kW) the 

power rating of the rig’s engine, 𝜂𝑙𝑜𝑎𝑑 (-) the engine 
load as the percentage the rig’s engine is running at its 

Process name Datebase 
Diesel at filling station GaBi Pro. 
Diesel burned in building machine ecoinvent 
Truck ÖKOBAUDAT 
Car (Diesel) EURO 4 ÖKOBAUDAT 
Pumping of concrete ÖKOBAUDAT 
Drinking water ÖKOBAUDAT 
Sand 0/2 (dried) ÖKOBAUDAT 
Bentonite granular GaBi Pro. 
Average cement D ÖKOBAUDAT 
Polypropylene pipe ÖKOBAUDAT 
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nominal power rating and 𝜂𝑒𝑛𝑔𝑖𝑛𝑒 (-) the efficiency of 

the engine. Subsequently the mass of diesel was 
calculated based on the lower calorific value (LCV) of 
diesel, which is 11.9 kWh/kg (UN 2017). 

The advancement of a CPT must be 2 cm/s (±0.5) 
according to DIN EN ISO 22476-1:2023-04. Factoring 
in auxiliary work required, e.g. adding/removing 
tubing, CPT advancement was set to 36 m/h. The 
average drilling advancement was assumed to be 2 m/h 
for a geotechnical exploration drilling with continuous 
sampling. Engine loads were set to 0.6 for rotary 
drilling with sampling and 0.9 for CPT advancements 
(including necessary drilling operations). In the 
absence of detailed information, a nominal power 
rating of 200 kW and an engine efficiency of 0.35 was 
assumed for all rigs. 

Water was used for drilling, either to maintain a 
specified head (drilling with sampling) or to remove 
the drilling material from the borehole (CPT with 
drilling). For the former water use was assumed to be 
equal to the borehole volume, i.e. a function of the 
drilling depth and diameter. For the latter, water 
consumption was assumed to be four times the 
borehole volume. 

2.2.3 Sealing & completion 

The impact of the sealing and completion is calculated 
by the mass of materials used. Required interval 
length, dimensions of each borehole and materials 
used are calculated from field data (logs). The clay-
cement mixture used contains 70% Kaolinite clay and 
30% cement. Approx. 613 kg of dry mixture and 766 
kg of water is required per m³ of void space to be 
grouted. The required LCA data is mostly available, 
using Bentonite instead of Kaolinite (Table 1). Given 
the very similar properties of sand and gravel in terms 
of their LCA data, only sand was used in the 
calculations. Dry bulk densities of Bentonite and sand 
are approximated to be 1100 and 1600 kg/m3, 
respectively. The piping used for the completion of the 
observation wells was assumed to be of polypropylene 
with a wall thickness 0.01 m and a density of 
930 kg/m3. Pumping of the clay-cement mixture was 
estimated by the process of pumping concrete, which 
only quantifies the impact of the pump, not the 
pumped fluid mixture. 

3 CASE STUDY RESULTS 

Primary energy consumption of the examined 
geotechnical site investigations is calculated to be 
1.69x106 MJ (Figure 1, Table 2). Most of the primary 
energy is required for advancement, accounting for 
53.2% (9.00x105 MJ), followed by sealing of 

boreholes at 33.2% (8.52x104 MJ) and mobilization at 
13.6% (2.3x105 MJ). Normalized to probing depth, 
energy expenditure is 379.58, 153.55 and 34.97 MJ 
per m for drilling, CPTs with add. drilling and simple 
CPTs respectively. 
 

 
Figure 1. Total primary energy consumption of the 

geotechnical site investigations in 2010 and 2019. 

 
Table 2. Results for the two surveys and selected indicators. 

Indicator Value 
Renewable primary energy 9.93x104 MJ 
Non-renewable p. energy 1.59x106 MJ 
Global warming pot. (GWP) 9.77x104 kg CO2-eq. 
Acidification potential 5.56x102 mol H+-eq. 
Eutrophication (terrestrial) 2.53x103 mol N-eq. 
Eutrophication (marine) 2.27x102 kg N-eq. 
Eutrophication (freshwater) 1.26x100 kg P-eq. 
Use of fresh water 1.19x103 m3 

 
In terms of environmental emissions, sealing is 

generally the largest contributor followed closely by 
advancement (Figure 2). For example, GWP related 
emissions are 4.36x104 kg CO2-eq. for sealing and 
3.82x104 kg CO2-eq. for advancement, which is 83.7% 
of the total. Cement usage alone causes 1.96x104 kg 
CO2-eq. to be emitted, which is 31% of the total GWP 
related emissions. Mobilization of the equipment and 
staff contributes 1.59x104 kg CO2-eq. to the total GWP 
related emissions (16.3%). The same holds true to the 
other environmental impact indicators. However, 
simple CPTs require no sealing and provide efficient 
probing, thus mobilization becomes more important, 
contributing 65.9% of the GWP related emissions 
from this technology. 

Of the resource indicators studied, only the use of 
fresh water is shown here, the biggest factor being the 
use of the clay-cement mixture (Figure 2, Table 2). 

Normalized to the meters probed, drilling and CPTs 
with additional drilling cause emissions of 21.94 and 
8.86 kg CO2-eq. per m, respectively. The CO2-
footprint of a simple CPT is 2.01 kg CO2-eq. per m. 
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Figure 2. Total GWP and net fresh water consumption. 

4 DISCUSSION & CONCLUSIONS 

The results indicate that the sealing of boreholes and 
the actual advancement of the drilling/probing 
equipment are the most significant factors influencing 
energy expenditure, environmental emissions, and 
resource use. However, contributions from 
mobilization are not insignificant and become 
dominant for simple CPTs, where no sealing is 
required and advancement is generally quick. Given 
the available data, quantification of the sealing 
processes most likely only carries a small error. 
Unfortunately, calculating the impact of mobilization 
and advancement requires significantly more 
assumptions. For example, simply increasing the 
arbitrarily defined limit on the daily mobilization 
distance from 100 to 169 km to allow daily returns of 
the drilling crew during the 2019 campaign would 
make mobilization the second largest contributor to 
GWP related emissions with 4.07x104 kg CO2-eq. The 
lack of knowledge on additional mobilization, such as 
deliveries of materials or support machinery, is a 

pitfall in this study. Thus, the impact of mobilization 
may only be considered as a lower bound estimate. 

Interestingly, replacing the clay-cement mix with 
pure clay results in slightly increased GWP related 
emissions (+4.8%). This is a result of the higher bulk 
density of pure clay compared to the clay-cement 
mixture and the comparatively small difference in 
GWP related emissions between clay and cement. 

Normalizing the results to develop an a-priori 
assessment tool was investigated. However, the results 
were not promising, showing large deviations in 
estimated and calculated GWP emissions. Regardless, 
development of such a tool might be useful for future 
applications. A larger and more controlled database 
would be favourable for such a development, which 
requires a more detailed logging of processes and 
operations on the job site, e.g. the exact amount of 
diesel used and actual mobilization distances covered. 
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