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ABSTRACT: The increasing construction activity along the shoreline of the Stockholm region has intensified the use of
existing quay structures. The geotechnical stability is a major issue for the condition assessment of the quays and normally
requires geotechnical rehabilitation to retain the usage. However, such methods can entail a large carbon footprint, which
needs to be considered in the preliminary design phases. This paper presents a systematic evaluation of five geotechnical
remediation methods at an early design stage to facilitate the selection of an appropriate method. The methods are applied
to a quay with insufficient stability to reach a target safety factor. The climate impact for each method was evaluated through
a life cycle assessment (LCA) based on data from environmental product declarations (EPD). The result shows that the
method with the lowest climate impact is the support berm, and the one with the highest is the piled embankment with steel
piles. The paper also discusses uncertainties regarding the methods’ applicability in real-life conditions, the impact of later
life-cycle stages, and the influence of cost on the choice of remediation.

RESUME: L'activité croissante de construction le long du littoral de la région de Stockholm a intensifié l'utilisation des
structures de quai existantes. La stabilité géotechnique est un probléme majeur pour I'évaluation de 1'état des quais et
nécessite généralement une remédiation géotechnique pour maintenir leur utilisation. Cependant, de telles méthodes peuvent
entrainer une empreinte carbone importante, qui doit étre prise en compte dés les phases de conception préliminaire. Cet
article présente une évaluation systématique de cinq méthodes de remédiation géotechnique a un stade précoce de la
conception pour faciliter le choix d'une méthode appropriée. Les méthodes sont appliquées a un quai dont la stabilité est
insuffisante pour atteindre un facteur de sécurité cible. L'impact climatique de chaque méthode a été évalué a travers une
analyse de cycle de vie (ACV) basée sur des données provenant de déclarations environnementales de produits (EPD). Les
résultats montrent que la méthode ayant l'impact climatique le plus faible est la berme de support, tandis que celle ayant le
plus élevé est le remblai en pieux avec des pieux en acier. L'article aborde également les incertitudes concernant
l'applicabilité¢ des méthodes dans des conditions réelles, I'impact des étapes ultérieures du cycle de vie et l'influence des cofits
sur le choix de la remédiation.
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methods can be used in cases where renovation is
required. These methods often entail a large climate
impact, which therefore should be included in the early
design phase.

One method for assessing climate impact is through
a life cycle assessment (LCA). LCA in geotechnical
engineering is a relatively new field with limited
research conducted and there is no standardized

1 INTRODUCTION

The increasing construction activity along
Stockholm’s coastal areas has intensified the use of the
existing quays. Different and more extensive land use
with higher loads requires a re-examination of the
bearing capacity, and the geotechnical total stability
can be a significant issue. Geotechnical rehabilitation
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framework for the implementation (Samuelsson et al.,
2021; Song et al., 2020; Das et al., 2018, Maas et al.,
2011).

Consequently, there exists a need to investigate
how climate impact, with an LCA, can be included and
facilitate the selection of remediation methods for
quay renovations. The aim of the paper is to provide a
systematic evaluation of remediation methods through
the assessment of climate impact at an early design
stage to facilitate the selection of an appropriate
method.

2  METHOD

A case study has been carried out where five
geotechnical rehabilitation methods have been applied
to a clay slope with a gravity-wall quay structure. The
rehabilitation methods have been compared through a
total stability analysis performed in the LE-program
GeoStudio SLOPE/W.

The calculation process is shown in Figure 1, with
an initial total factor (SFinital) of the slope, in this case
SF=1.0. With each rehabilitation method, the goal was
to achieve a final sufficient safety factor (SFiarger) to
evaluate the quantities of materials needed. The target
safety factor was 1.5, for undrained analysis, and 1.3,
for combined analysis.

The climate impact of the different methods has
subsequently been evaluated through a life cycle
analysis (LCA) based on climate data from
environmental product declarations (EPD) and the
material quantities. The climate data originates from
Klimatkalkyl, a tool developed by The Swedish
Transport Administration. The LCA was limited to
include only the product stage of the life cycle (Al-
A3) which includes raw material supply, transport, and
manufacturing. Input data for the general slope and
quay was based on Munkbrokajen in Stockholm (see
Figure 2). Input data and characteristic values are
shown in Table 1.

In addition to the case study, a sensitivity analysis
was carried out to investigate the impact of slope
inclination and undrained clay shear strength on the
results. For the slope, steeper inclinations of 30° and
40° were implemented, as well as varying undrained
shear strengths 15, 18, 22 and 25 kPa.
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Figure 1. The working process.

Table 1. Input data for soil layers.

. Y ¢ Cu
Material [KN/m?)] ] (kPa]
Gravel fill 18 33 (18)

Clay 17 (30) 20+1.5 kPa/m*
Sand/Gravel 21 35 -
Gravity wall 24 - -

Wooden piles 17 - 9 X Cyclay

*Increasing undrained shear strength with depth.

B

-1
1]
LUK

Figure 2. Munkbrokajen in central Stockholm.

2.1 Rehabilitation methods

The case study has included stability analysis of the
following methods.

2.1.1

Ground improvement with lime-cement columns aims
to increase the strength of the soil volume under the
fill. The emission factor was weighted where a 50/50
distribution was assumed of cement and lime, the
amount of mixing 90 kg/m* and a coverage rate in the
soil of 50%. The cement was adopted to be of the CEM
IT type.

Ground improvement

2.1.2  Lightweight fill

Lightweight fill increases the slope stability by
decreasing the weight on the slope and therefore
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decreasing the driving force. The lightweight fill
consists of expanded cellular plastic with a density of
30 kg/m?. The friction angle was assumed to be 33°,
the same as the original fill.

2.13

The support berm increases the resisting moment and
therefore the overall stability (see Figure 3). It consists
of crystalline uncompacted rock fill with a weight of
20 kN/m? and a friction angle of 45°. The rock fill was
assumed to be collected from a project nearby,
whereby a limited amount of processing is required.

Support berm

2.1.4 Piled embankment

The piled embankment aims to decrease the
destabilizing force in the slope by countering the
traffic load and the load from the filling. Two cases are
examined, one with concrete piles and another with
steel piles. The piled embankment is constructed of
13.5 m long piles with concrete pile caps and a load-
distributing layer (see also Figure 4). The reinforced
concrete piles have a diameter of 235 mm while the
steel piles are of the type RD 170/10 filled with
unreinforced concrete. The concrete pile caps have the
dimensions 1.6 x 1.6 x 0.5 m and are reinforced with a
quantity of 200 kg/m?.

2.1.5

The sheet pile wall is installed in front of the gravity
wall structure and back-anchored to a 5 m retaining
wall (see also Figure 5). The area between the gravity
wall and the sheet pile wall is filled with soil fill. The
sheet pile is made of structural steel of the type LX,
PU16 with a density of 7850 kg/m>. The wale band is
assumed to consist of two UPE 330 beams.

Sheet pile wall

{

Support berm
9 I
-

1y T 1Y

Figure 3. Cross-section of the support berm structure.
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Figure 4. Cross-section of the piled embankment.
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Figure 5. Cross-section of the sheet pile wall structure.

3 RESULTS

The result from the assessment of the total climate
impact for each remediation method is shown in Table
2 and Figure 6. The piled embankment with steel piles
gives the largest emission of greenhouse gases and
thus the largest impact on the climate in the product
stage of the life cycle. Furthermore, the sheet pile wall,
the lime-cement columns, and the piled embankment
with concrete piles result in a similar climate impact
value. The light-weight fill has the second lowest
climate impact of all the methods, regardless of its
relatively high emission factor. The support berm with
the largest volume is ultimately the method with the
lowest climate impact.

11119
10000

7500

5000 5602

4326

3490
2500 2831

418

Total climate impact (A1-A3) [kg CO,e/m]

Ground Lightweight Support Piled Piled
improvement fill berm

Sheet pile
embankment embankment wall
(concrete) (steel)

Figure 6. Calculated total climate impact for each method.
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Table 2. Climate impact assessment for each method. The emission factor is expressed either per mass or length unit.

Emission Emission . .
Method Material Length Mass Vol3ume factor /kg factor /m [kg Total climate impact
[m] lkg/m] — [m%m] 0 COLe/kg]  COse/m/m] kg COz¢/m]
_ Ground Lime-cement —_sq0, 3915 435 L1 . 4326 4326
1mprovement columns
Lightweight EPS - 1191 39.7 2.4 - 2823 2831
fill Geotextile 22.3 5.8 - 1.4 - 8.3
Support berm Rock fill - 1045540 523 0.004 - 418 418
Piled Cone. piles 13.5 - 0.06 - 263 1184
embankment .(SPI’ 7pe) 3490
(concrete) Pile caps (7pc) 1.6 - 1.28 - 430.7 2297
Geotextile 23 5.98 - 1.4 - 8.6
Piled Stecl piles 135 - - : 93.0 7172
(SP1, 10pc)
embafkinem Pile caps (10pc) 1.6 . 1.28 - 430.7 3938 119
(steel) Geotextile 23 5.98 - 1.4 : 8.6
Sheet pile 15 - - - 268.4 4026
Sheet pile Ret. sheet pile 5 - - - 268.4 1342
ol Wale beam - 532 - 2.2 - 234.1 5602
Anchor (cc=3) 18 0.1 0.007 2.2 - 0.1
Soil fill - 18360 10.2 0.0003 - 0.003
3.1 Sensitivity analysis 4 DISCUSSION AND CONCLUSIONS

With steeper slope inclinations, several of the
rehabilitation methods are not applicable. The support
berm and the sheet pile wall can be used in slopes with
steeper inclinations. The sheet pile wall is dependent
on the depth of the clay layer rather than the inclination
of the slope.

Assessing the sensitivity of the undrained shear
strength value the lightweight fill, lime-cement
columns, and the piled embankment are not applicable
at a shear strength of 15 kPa or lower due to a non-
sufficient safety factor. The impact from the sheet pile
wall and the piled embankment with concrete remains
constant with varying shear strengths. This results in a
shift in the relative ranking of some of the different
methods, which otherwise have a relatively constant
relation to one another (see Figure 7).

12500

® Lime-cement

10000 columns

@ Lightweight fill

7500 @ Support berm

@ Piled embankment
(concrete)

Piled embankment

5000
(steel)

2500 _V-WHT‘“\*V | \

Sheet pile wall

Total climate impact (A1-A3) [kg CO,e/m]

0 = —
18 20 22 25
Undrained shear strength [kPa]

Figure 7. Climate impact with varying undrained shear
strength for the clay.
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The results clearly show, as expected, that the support
berm has the lowest climate impact, while the piled
embankment with steel piles has the highest impact. It
should be noted that the support berm’s low climate
impact comes from its low emission factor due to the
assumption that it is a by-product. This is consistent
with other studies by Song et al. (2021) and
Samuelsson et al. (2023). The result for the lime-
cement columns will be different in the future with the
development of fossil-free steel or alternative
materials such as cement kiln dust (CKD) or blast
furnace slag.

For a more comprehensive result, the practical
feasibility of each method and additional climate data
should be included. Additional climate data combined
with a project-specific study could lead to the
inclusion of additional life cycle stages. The result of
the support berm can, e.g., be significantly affected by
the inclusion of the production due to its large weight,
therefore requiring more transportation.

In addition, it can also be important to consider
whether all the methods are practically feasible or how
they can be combined to optimize the usage of
materials. The analysis shows that with steeper slopes
and lower strength in the clay, the methods aiming to
reduce the driving moment or change the soil
properties are generally not applicable in this case.

When deciding which alternative to choose, other
factors can also influence the choice, where financial
cost can be a crucial factor. Therefore, it is suggested
to complement the LCA with a life cycle cost analysis
(LCCA), preferably considering the uncertainties in
the final assessment of the remediation method.
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Despite these limitations, it can be considered
sufficient to achieve the goal of evaluating the climate
impact of the measures at an early design stage.
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