
Stormwater boxes - aspects on verification, 
simulation and installation 

 

Jörgen Larsson, Johan Sandström, Jan Henrik Sällström 

SP Structural & Solid Mechanics 
 

SP Report 2014:62 

S
P

 T
e
c
h
n
ic

a
l 
R

e
s
e

a
rc

h
 I

n
s
ti
tu

te
 o

f 
S

w
e
d
e
n

 

 

 

 

 

 

 

 

 

 

 
 



 

 

Stormwater boxes - aspects on 
verification, simulation and installation 
 

Jörgen Larsson, Johan Sandström, Jan Henrik Sällström 
 

 



3 

 

Abstract 
 

Stormwater boxes - aspects on verification, simulation 

and installation 
 

In the VINNOVA financed project “Grey-green system solutions for sustainable cities” a 

holistic approach is applied related to the challenges following as consequences of 

urbanization and expected climate changes. Solutions taking into account the interaction 

between green surfaces and grey surfaces are studied. The growing population in the 

cities leads to more dense cities with a larger share of grey surfaces and in combination 

with an expected increase of rainfalls due to climate changes call for solutions on how to 

handle the stormwater.  

In the present report, one solution in urban areas to reduce the probability of flooding and 

the peak flows in the municipal stormwater networks is studied from a mechanical 

performance view. The solution consists of building underground detention vaults of 

stormwater boxes. There are also aspects on heat and comfort in urban areas that are 

treated in the project, but not in the present report.  

A general discussion concerning the standardization work and also the installation of the 

stormwater boxes are given. As part of the mechanical verification of the boxes 

experiments in laboratory and simulations of loaded boxes are carried out.  

It is seen by comparison of present results and previously reported results, that the 

vertical load bearing capacity of the investigated stormwater box is decreased by small 

obliquities. Here, the obliquity is caused by simultaneously applying a shearing force and 

a vertical compressive force on the stormwater box. In an underground application the 

obliquity can be caused during installation or movement of the soil surrounding the vault. 

It is also concluded that creep of the material, even though it is not especially studied in 

the present report, is essential for the long term load bearing capacity.  

It has been shown that Finite element simulations reproduce the real behaviour in 

mechanical tests performed of the stormwater boxes up to a certain load level. The part of 

the behaviour where load levels are approaching collapsing is not caught well by the 

simulations. Refinements for future studies are proposed in terms of experiments for 

gaining better material data and also of usage of more advanced material models. The 

general applicability of the method is demonstrated by analysing a loaded structure with 

12 stormwater boxes vertically stacked in three layers in a brick-wall-like arrangement. 

The method opens for studying loaded underground installations.  
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Preface  
This report is part of the VINNOVA financed project “Grey-green system solutions for 

sustainable cities”. The project started in September 2012 and ends in December 2014. In 

the project a holistic approach is applied related to the challenges following as 

consequences of urbanization and expected climate changes. Solutions taking into 

account the interaction between green surfaces and grey surfaces are studied. The 

growing population in the cities leads to more dense cities with a larger share of grey 

surfaces and in combination with an expected increase of rainfalls due to climate changes 

call for solutions on how to handle the stormwater. The work reported here has been 

carried out in Work Package 4 treating storm¬water handling. 

In the present report, one solution in urban areas to reduce the probability of flooding and 

the peak flows in the municipal stormwater networks is studied from a mechanical 

performance view. The solution consists of building underground detention vaults of 

stormwater boxes. There are also aspects on heat and comfort in urban areas that are 

treated in the project, but not in the present report.  

A general discussion concerning the standardization work and also the installation of the 

stormwater boxes are given. As part of the mechanical verification of the boxes 

experiments in the laboratory and simulations of loaded boxes are carried out.  

The financial support from VINNOVA is gratefully acknowledged. Co-financing by 

project members including SP is also gratefully acknowledged.  

 

Göteborg in December 2014 

 

Jörgen Larsson, Johan Sandström, Jan Henrik Sällström 



6 

 

Summary 
In the VINNOVA financed project “Grey-green system solutions for sustainable cities” a 

holistic approach is applied related to the challenges following as consequences of 

urbanization and expected climate changes. Solutions taking into account the interaction 

between green surfaces and grey surfaces are studied. The growing population in the 

cities leads to more dense cities with a larger share of grey surfaces and in combination 

with an expected increase of rainfalls due to climate changes call for solutions on how to 

handle the stormwater.  

In the present report, one solution in urban areas to reduce the probability of flooding and 

the peak flows in the municipal stormwater networks is studied from a mechanical 

performance view. The solution consists of building underground detention vaults of 

stormwater boxes. There are also aspects on heat and comfort in urban areas that are 

treated in the project, but not in the present report.  

A general discussion concerning the standardization work and also the installation of the 

stormwater boxes are given. As part of the mechanical verification of the boxes 

experiments in laboratory and simulations of loaded boxes are carried out.  

Generally accepted design requirements for storm¬water boxes are missing. Hence, 

different collapse loads are obtained in this and other reports. It is seen by comparison of 

present results and previously reported results, that the vertical load bearing capacity of 

the investigated stormwater box is decreased by small obliquities. Here, the obliquity is 

caused by simultaneously applying a shearing force and a vertical compressive force on 

the stormwater box. In an underground application the obliquity can be caused during 

installation or movement of the soil surrounding the vault. It is also concluded that creep 

of the material, even though it is not especially studied in the present report, is essential 

for the long term load bearing capacity.  

It has been shown that Finite element simulations reproduce the real behaviour in 

mechanical tests performed of the stormwater boxes up to a certain load level. The part of 

the behaviour where load levels are approaching collapsing is not caught well by the 

simulations. Refinements for future studies are proposed in terms of experiments for 

gaining better material data and also of usage of more advanced material models. The 

general applicability of the method is demonstrated by analysing a loaded structure with 

12 stormwater boxes vertically stacked in three layers in a brick-wall-like arrangement. 

The method opens for studying long term effects of loaded underground installations of 

stormwater boxes.  

It is of prime interest for all stakeholders of stormwater boxes to derive pertaining 

guidelines dealing with installation, design and requirements. The requirements 

incorporate loads from the traffic. To get more knowledge about loads and deformations 

field measurements needs to be carried out at locations where stormwater boxes are 

installed. In addition the humidity and the temperature over time should be measured, 

since these parameters can have an influence on the mechanical properties of the storm-

water box. In the material laboratory tests, it is also of interest to investigate the changes 

of mechanical properties over time.   

It is concluded that there is difficulties to simulate the stick-slip phenomenon in the 

laboratory tests at the top and bottom of the stormwater box in contact with the load 

distributing steel plates. Instead at stack of boxes can be tested. For the interior boxes the 

boundary conditions becomes less significant, and the situation for these boxes would be 

more representative and resemble the real situation better. The combination of experi-

ments and simulations can give valuable information for deriving proper requirements on 

stormwater boxes and for designing verifying tests for certification.  
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Sammanfattning 
I projektet “Grå-gröna systemlösningar för hållbara städer”, som delvis finansieras av 

VINNOVA tas ett holistiskt grepp för att möta utmaningarna, som är kopplade till ökad 

urbanisering och klimatförändringar. Lösningar, som beaktar interaktionen mellan de grå 

(hårdgjorda) ytorna och de gröna (beväxta) ytorna, studeras. Den ökande urbaniseringen 

leder till befolkningstätare städer med en högre andel gråa ytor som tillsammans med en 

förväntad ökning av skyfall till följd av klimatförändringarna kräver nya lösningar för att 

hantera dagvattnet.  

I denna rapport studeras en lösning i tätbebyggelse för att minska risken för översväm-

ningar och minska toppflödena i de kommunala dagvattensystemen ur ett mekaniskt 

perspektiv. Lösningen består i att bygga underjordiska fördröjningsmagasin av 

dagvattenkassetter. I projektet som helhet tas även aspekter på värme och komfort upp i 

tätbebyggda områden, men inte i denna rapport.   

En generell presentation om standardiseringsarbetet och installationer av dagvatten-

kassetter ges. Som en del av den mekaniska verifieringen av kassetterna, utförs 

laboratorieexperiment och simuleringar av belastade kassetter.  

Generella accepterade tekniska krav på dagvattenkassetter saknas. Därför erhålls olika 

kollapslaster i denna och andra rapporter. Genom att jämföra resultat erhållna här med 

tidigare rapporterade resultat, framgår att små snedställningar sänker den vertikala 

lastbärande kapaciteten av de undersökta dagvattenkassetterna. Här skapas snedställ-

ningarna genom att samtidig lägga på en skjuvkraft och en vertikal tryckande kraft på 

dagvattenkassetterna. I en underjordisk applikation kan snedställningen orsakas av 

oförsiktig återfyllnad under installation eller senare av rörelser hos den omgivande 

marken. Det fastslås även att kryp hos materialet, även om det inte studeras speciellt här, 

har stor betydelse för den långsiktiga lastbärande kapaciteten.  

Det har visats att finita element simuleringar kan reproducera det verkliga beteendet av 

dagvattenkassetterna upp till en viss lastnivå. Beteendet när lastnivån närmar sig 

kollapslasten fångas inte upp så väl av simuleringarna. Förfiningar i framtida studier 

förslås i form av experiment för att erhålla bättre materialdata och användande av mer 

avancerade materialmodeller. Den generella tillämpningen av simuleringsmetoden 

demonstereras genom att analysera 12 dagvattenkassetter vertikalt staplade i tre lager i ett 

mönster likt en tegelvägg. Metoden öppnar för att studera långsiktiga effekter på en lastad 

underjordiskt installation av dagvattenkassetter.  

Det är av högsta intresse för alla intressenter i dagvattenkassetter att det tas fram 

tillhörande riktlinjer för installation, konstruktion och krav. I kraven bör laster från trafik 

ingå. För att få fram mer kunskap om laster och deformationer krävs mätningar i fält vid 

installationer av magasin uppbyggda med dagvattenkassetter. Dessutom bör fuktighet och 

temperatur mätas över tid, eftersom dessa parametrar kan ha påverkan på de mekaniska 

egenskaperna hos kassetterna. I laboratorieförsöken, är det också av intresse att undersöka 

förändringarna av de mekaniska egenskaperna över tid.  

Det fastslås i rapporten att det är svårt att simulera stick-slip-fenomenet i laboratorie-

testerna vid topp och botten av dagvattenkassetten i kontakt med lastfördelande stål-

plattor. Istället kan en stapel av kassetter provas. För en inre kassett har randvillkoren 

mindre betydelse och förhållandena för dessa kassetter liknar mer det verkliga fallet i en 

installation. Kombinationen av experiment och simuleringar kan ge värdefull information 

som kan vara till nytta vid framtagandet av nya krav för dagvattenkassetter och för att 

konstruera verifierande tester för certifiering.  
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1 Background 
In the VINNOVA financed project “Grey-green system solutions for sustainable cities” a 

holistic approach is applied related to the challenges following as consequences of 

urbanization and expected climate changes. Solutions taking into account the interaction 

between green surfaces consisting of different types of vegetation, and the grey surfaces, 

such as roads, parking lots, etc., are looked into. The growing population in the cities 

leads to more dense cities with a larger share of grey surfaces and in combination with an 

expected increase of rainfalls due to climate changes call for solutions on how to handle 

the stormwater. 

Flooding, due to climate changes causing heavy rainfalls and lack of green infiltration 

surfaces, demands stormwater detention solutions. When there is a need to decrease peak 

flows in the municipal stormwater networks, detention basins or vaults can be useful. 

When there is space dry or wet basins can be effective solutions for decreasing the flows. 

When there is lack of space different underground detention vaults can be an option. On 

the market there are different types of solution to create these vaults. Here, the 

underground vaults built up of stormwater boxes are considered. A detention vault during 

assembling of stormwater boxes is shown in Figure 1.  

A general discussion about these boxes, the standards in progress and instructions of 

usages is given. The load bearing capacity of one brand of stormwater boxes is 

investigated by use of laboratory tests. Furthermore, calculation models are built up of the 

boxes and demonstrated by simulating the tests carried out and also by studying the 

behaviour of a larger loaded structure built up of these boxes. 

 

 

 

 

Figure 1: Stormwater boxes installed as underground stormwater detention vault. 

Photo Pipelife 
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2 Stormwater boxes  
Stormwater boxes can build up an underground vault, which can detain or store storm-

water. When the purpose is to store water, a water tight membrane has to confine the 

vault built up of stormwater boxes. Otherwise, the vault is surrounded by geo textile and 

the water can infiltrate the surrounding soil. A stormwater box has a hollow design and 

by combining an arbitrary number them a vault with a desired cavity can be formed. In 

Figure 2, a stormwater box system consisting of three parts: top part, bottom plate and 

clips from Pipelife, is shown.  

The bottom plate is put on the ground of the excavated volume and on top of that the top 

part is mounted. The top parts can be stacked on each other to the desired height. The 

parts are secured to each other by the clips mounted along the circumference of the split 

line and by that the end of the tubes fit to each other as shown in Figure 3. The bottom 

plate is fixed to the top part in the same way. The dimensions are 600 x 1200 mm (width 

x length). The height of top part is 300 mm and 20 mm for the bottom plate. All parts are 

made of polypropylene (PP). The boxes can be used in areas with Class D 400 (roads and 

parking lots), see EN 124 [1]. The stormwater boxes from Pipelife were used in the 

laboratory testing, see Reference [2]. The test objects were provided by Pipelife in Ljung 

in Sweden in May 2013. 

There is a working group within CEN called TC155 WG26, developing a set of standards 

dealing with stormwater boxes. The boxes are intended to be used underground in 

landscape, pedestrian or vehicular traffic areas, but outside areas supporting building 

structures. They may be manufactured by unplasticized polyvinylchloride (PVC-U), 

polypropylene (PP) or polypropylene with mineral modifier (PP-MD). For PP, both non-

virgin and virgin materials are considered.  

 

 

 

 

 

Top part Bottom plate 

 

 

Clips  

Figure 2:  Parts of stormwater box system. Photos Pipelife 
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The boxes may be injection moulded or extruded. They can be prefabricated or assembled 

from components on site. They can also have different load bearing designs. Requirement 

related to material, geometrical, mechanical, physical, and performance characteristics are 

given in proposals. The idea in the standards is to verify the long term compression 

strength of a single box and reduce that strength to account for durability of the material 

used and the flexibility due to interaction with the soil.  

Since stormwater boxes are installed underground and sometimes also below externally 

loaded surfaces, the load bearing capacity is of special interest. The short term 

compression strength is suggested in the standard proposals to be verified for a box 

placed between two stiff plates. The upper plate may be movable or fixed laterally. The 

maximum strength is considered to be the lowest of the maximum load that can be 

applied to the box and the load corresponding to 6% compressive strain.  

The long term compression strength is suggested to be verified for a box at a time placed 

between two stiff plates in a set of creep tests at different load levels. Again, the upper 

plate may be movable or fixed laterally. For each load level the time to failure is 

calculated by extrapolation. The criterion for failure is 6% strain or collapse of the 

structure tested. The load level for a life of 50 years is considered as the long term 

compression strength.  

The importance of a possible misalignment of the top and bottom parts is investigated in 

the laboratory tests performed here. Only short term loading is considered. 

 

 

 

 

 

 

 

 

 

              

Figure 3:  Top parts turned upside down. Interlock design between top parts at columns 
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3 Installation 
Each producer of stormwater boxes has its own installation instructions, which are to be 

followed. However, the instructions given by different producers are similar. There may 

also be local regulations to be considered. This overview is based on the instructions 

given by Pipelife, www.pipelife.se.  

The vault should be located at a distance more than 6 m from a building and it ought to be 

positioned more than 0.5 m above the groundwater table. The bottom of the excavated 

volume should be even and on top of it a 100 mm thick bed of coarse sand or other filling 

material should be laid and packed. In the infiltration case, the bed and sides of the 

excavated volume should be covered with geo textiles. In the storage case, geo 

membranes of PVC, PE or PP are used instead.  

The stormwater boxes are assembled to a vault and covered with the geo textiles or the 

geo membranes. The volume between the vault and the excavation walls should be filled 

with coarse sand. The width of this volume should be at least 300 mm and the volume is 

filled successively. Each time material is added for filling a height of 100 mm and then 

packed.  

The vault should be covered with a layer of coarse sand of the thickness 800 mm. This 

layer should be packed and covered with a paving in case the area is used a parking lot or 

a road. For the class D 400 a maximum height of the vault of about 2 m is recommended. 

Class D 400 is given in EN 124 dealing with requirements on gully tops and manhole 

tops. It comprises of all kinds of vehicles in traffic at roads and parking lots. The vault 

ought to be marked with signs in order to avoid overloading.  

http://www.pipelife.se/
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4 Experimental setup 
The tests were carried out in a MFL BRP 100 test machine (ID number 100474) number 

with a capacity of 1000 kN, see Figure 4.The stormwater boxes were subjected to a 

horizontally applied load from a hydraulic cylinder, to simulate a misalignment that can 

occur in field conditions, and also to a vertically applied load. The force from the 

horizontal cylinder was measured with a 50 kN load cell Interface 1210-AF (ID number 

100061).  

Two different load sequences, Load 1 and Load 2, were used, see Figure 5. In Load 1 a 

horizontally load of a magnitude equal to or twice the specified long term load in 

Reference [3] was applied at different vertical loads up to twice the specified long term 

load. In Load 2 the stormwater boxes were loaded vertically until collapse under 

influence of a horizontal load of magnitude of the specified long term load. Explanations 

to the designations in the figures and their nominal magnitudes are shown in Table 1. 

 

 

 

Figure 4: MFL BRP 100 test machine 

 

Figure 5:  Load sequences 1 and 2 
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Table 1:  Explanations to load designations and their magnitudes. Loads are based on 

Reference [3]. 

Designation Load

Fhlt Horizontal long term Fhlt 2Fhlt

7.2 14.4

Fvlt Vertical long term Fvlt/2 3Fvlt/4 Fvlt 2Fvlt

36 54 72 144

Fvst Vertical short term Fvst

Load at 

fracture

Magnitude [kN]

 

 

In order to get a distributed vertical load from the load beam on the test machine to the 

stormwater box, the load was transmitted via a steel plate, 650 x 1250 x 50 mm, located 

on top of the stormwater box and symmetrical relatively to its edges. The weight of the 

steel plate was approximately 3.1 kN and corresponds to an additional pressure of 

4.3 kPa. Rollers were located between the load beam and the steel plate to minimize the 

influence of friction on the horizontally applied load. The horizontal load was applied 

with a hydraulic cylinder as a point load to the steel plate. Through the friction between 

the stormwater box and the plate the load was transmitted to the box. To prevent 

movements in the horizontal direction the bottom plate was supported by a steel bar at the 

opposite side to where the horizontal load was applied. A photo of the setup is shown in 

Figure 6. 

 

 

 

 

Figure 6:  Setup showing rollers, cylinder applying horizontal load and displacement 

gauges 

Load at 

collapse 
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For each of the two load sequences three configurations were tested: single box with the 

horizontal load applied on the short side (from now and on referred to as SBSS), single 

box with the horizontal load applied on the long side (from now and on referred to as 

SBLS) and three boxes piled with the horizontal load applied on the short side (from now 

and on referred to as TBSS). Photos of the configurations during loading are shown in 

Figure 7 to Figure 9. 

 

 

 

 

 

Figure 7:  Configuration single box with horizontal load on short side (SBSS) 

 

Figure 8:  Configuration single box with horizontal load on long side (SBLS) 



16 

 

 

Figure 9:  Configuration of pile of three boxes with horizontal load on short side (TBSS) 

 

 

For the SBSS and SBLS configuration no clips were used since movement between the 

top part and the bottom plate were prevented by a combination of the vertical load and the 

interlock design in Figure 3. The clips were used in the TBSS configuration. 

For each configuration 14 displacement gauges from Novotechnik were used to monitor 

horizontal and vertical displacements during loading. Not only displacements as such, but 

also any skewness and asymmetry in the deformation modes could be extracted. 

Numbering and positioning of displacement gauges are shown in Appendix A.  

For the TBSS configuration two different positions of the gauges measuring horizontal 

displacements were used in different tests. Configuration A, shown in Figure A 3, has the 

displacement gauges on the same side as where the horizontal load was applied, and 

Configuration B, shown in Figure A 4, has the displacement gauges on the opposite side 

to where the horizontal load was applied. TBSS1_1 and TBSS1_2 where instrumented in 

accordance with Configuration A, and TBSS2_1 and TBSS2_2 in accordance with 

Configuration B.  

With a displacement gauge on the steel plate measuring horizontal displacements in the 

loading direction, along with the displacement gauges measuring directly on the box it 

was possible to capture any slipping between the box and the plate. This is illustrated in 

Figure A 5 and in Figure A 8.  

In the single box configurations a displacement gauge was attached to the steel support, to 

allow for monitoring any slipping of the bottom plate as shown in the lower left corner in 

Figure 6. The positions of the displacement gauges relatively to the steel plate are 

indicated in Figure A 1 and in Figure A 2. 

The data were acquired with a sampling rate of 10 Hz using a PC with DASYLAB 12 

software. The vertical load was applied at a rate between 0.2 and 1.1 kN/s. The horizontal 

load was applied at a rate between 0.05 and 0.3 kN/s.  



17 

 

5 Experimental results 
In total 10 tests were carried out with designations as shown in Table 2. The last digit 

represents the load sequence, whilst the other digit represents the numbering of the storm-

water boxes. As an example SBLS1_2 means Single Box with horizontal load on the 

Long Side, stormwater box number 1 and load sequence 2.  

In some cases, the same box has been used in two tests. For example SBLS1_1 and 

SBLS1_2 imply that the Single Box with the horizontal load on the Long Side with 

number 1 first has been used for a test according to Load Sequence 1 and then loaded to 

failure according to Load Sequence 2. It is only within the same configuration that the 

same box was used in two tests. This means that the same box has not been used in 

SBSS1_1 and SBLS1_2.  

5.1 Evaluation of displacements and obliquities 

In order to reveal any undesired translations or obliquities graphs over displacements are 

plotted with time. The horizontal and vertical displacements are presented in Appendix B 

and Appendix C, respectively. 

For the SBSS configuration the horizontal displacements for displacement gauges 1, 2, 3, 

4, 5, 6, 7, 13 and 14, with positions according to Figure A 1, are shown in Figure B 1 to 

Figure B 3. In Figure B 1, the local maxima of displacements decrease for increasing 

vertical load, i.e., the system becomes stiffer. This is anticipated to depend on increasing 

friction forces due to the increasing vertical load. The discontinuity for displacement 

gauge 5 in Figure B 2 indicates that it slipped out of its intended position through a cut 

out in the stormwater box. In Figure B 3 the horizontal plateaus for displacement gauge 2 

indicates that it reached its extreme position preventing it from detecting any further 

deformations. 

In Figure B 4 to Figure B 6 the horizontal displacements for the same displacements 

gauges as above for the SBLS configuration are shown. Note that the positions of 

displacement gauge 13 and 14 are switched between the configurations. Displacement 

gauge 2 reached its extreme positions for SBLS1_2 and SBLS2_2. The top of the storm-

water box together with the steel plate rotates during the tests somewhat around the 

vertical axis, when the load is applied to the top of the long side of the box.  

For the TBSS configurations the horizontal displacements were measured with 

displacement gauges 2, 3, 4, 5, 6, 7 and 14 as shown in Figure B 7 to Figure B 10. With 3 

boxes piled the deformations were larger. For TBSS1_1 displacement gauges 6 and 7 

slipped out of their positions, but were put in place again during the test. This is seen in 

Figure B 7. 

Table 2: Designations of tests 

Test designation Stormwater box number Load sequence 

SBSS1_1 SBSS1 1 

SBSS2_2 SBSS2 2 

SBSS3_2 SBSS3 2 

SBLS1_1 SBLS1 1 

SBLS1_2 SBLS1 2 

SBLS2_2 SBLS2 2 

TBSS1_1 TBSS1 1 

TBSS1_2 TBSS1 2 

TBSS2_1 TBSS2 1 

TBSS2_2 TBSS2 2 
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In TBSS1_2 displacement gauge 14 first reached its extreme position and then slipped out 

from the stormwater box. Displacement gauges 2, 3 and 5 also slipped out of their posi-

tions, whilst displacement gauges reached their extreme position as seen in Figure B 8. In 

TBSS2_2 displacement gauge 14 again first reached its extreme position and then slipped 

out from the stormwater box. Displacement gauge 4 reached its extreme position and 

displacement gauge 7 slipped out of its position as shown in Figure B 10. 

It can be concluded that no slipping of the steel plate relatively to the stormwater box 

occurred and that the bottom of the stormwater box remained fixed during loading. The 

stormwater boxes were fairly symmetrically deformed up till failure. In all cases the same 

side of the stormwater box relatively to the test machine show the largest displacements. 

This is most clear for the SBLS configuration in Figure 10 showing the shape of the 

stormwater box after failure and unloading. The reason could be a matter of that the 

horizontal cylinder was positioned with an small offset. The deformation modes for the 

SBSS and the TBSS configurations are shown in Figure 11 and Figure 12, respectively. 

 

Figure 10:  Deformation mode of SBLS configuration. 

 

Figure 11:  Deformation mode of SBSS configuration 
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Figure 12: Deformation mode of TBSS configuration 

 

The vertical displacements are shown in Figure C 1 to Figure C 10 in Appendix C. The 

abrupt changes for displacement gauge 13 for TBSS1_1 in Figure C 7 indicates that the 

displacement gauge slipped out of its position. The plateau for displacement gauge 12 of 

SBLS1_2 in Figure C 5 indicates that the displacement gauge reached its extreme 

position.  

The deviating appearance of displacement gauge 13 for TBSS1_2 in Figure C 8 and of 

displacement gauge 10 for TBSS2_1 in Figure C 9, at certain instances indicating 

negative displacements, is probably a consequence of the displacement gauge sliding 

along a feature, like a radius, on the stormwater box.  

The steps appearing in certain graphs, as an example for displacement gauge 10 and 12 in 

Figure C 8, means that the displacement gauge made detected rapid changes in position 

with intermediate periods of time with no change in position, despite that other 

displacement gauges indicating continuous changes in displacement with time. This is 

probably a consequence of the displacement gauge being prevented to move freely when 

getting trapped in a feature of the stormwater box during the combined vertical and 

horizontal displacements. 

5.2 Evaluation of the load bearing capacity 

With information of the displacements presented above in mind the load bearing capacity 

of the different configurations is now presented. The horizontal loads and the horizontal 

displacements are plotted separated from the vertical loads and the vertical displacements. 

The horizontal displacements are plotted with displacement gauge 13 for the SBSS 

configuration and with displacement gauge 14 for the SBLS and TBSS configurations, 

which are the displacement gauges on the steel plate.  

For the SBSS and the SBLS configurations the vertical load is plotted against 

displacement gauge 9, which is the displacement gauge located at the centre of the steel 

plate measuring vertically. For the TBSS configuration the vertical load is plotted against 

displacement gauge 12, which is one of the two displacement gauges located on the steel 

plate measuring vertically. The graphs are presented in Appendix D. 
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Table 3:  Summary of results for Load 2 sequence. Tangent of obliquity is defined as 

horizontal displacement over height of box. Relative vertical displacement is 

displacement over height of box  

Test 

designation

Vertical 

stiffness 

[kN/mm]

Horizontal 

displacement 

at Fhlt [mm]

Obliquity at 

Fhlt [⁰]

Load at 

collapse 

[kN]

Vertical 

displacement 

at collapse 

[mm]

Vertical relative 

displacement at 

collapse [%]

SBSS2_2 38 6 1 217 6 2

SBSS3_2 37 7 1 230 6 2

SBLS1_2 40 6 1 274 8 3

SBLS2_2 31 6 1 237 7 2

TBSS1_2 25 29 2 193 14 2

TBSS2_2 24

Gauge out of 

range

Gauge out of 

range 210 11 1  

 

As seen in Figure D 1 the maximum horizontal load rather corresponds to Fhlt for 

TBSS2_1 and somewhat higher for the TBSS1_1 configurations, than to 2Fhlt as for the 

SBSS1_1 and SBLS1_1 configurations. The reason for this is that with three stormwater 

boxes piled on top of each other the displacements would be too large if 2Fhlt would have 

been applied. In Figure D 2 the horizontal loads and deformations for the Load 2 

sequence are shown. It can be seen, as mentioned in the section above, that that 

displacement gauge 14 in TBSS1_2 and TBSS2_2 reached its extreme position. 

In Figure D 3 the vertical load and vertical displacement for the Load 1 sequence are 

shown. The three vertical load levels where the horizontal load is applied are seen as 

plateaus in the graphs. The instantaneous reduction in displacement at 125 kN for 

TBSS2_1 is probably a consequence of the displacement gauge sliding along the radius of 

the steel plate or possibly a movement of the gauge holder. The difference in 

displacement between TBSS1_1 and TBSS2_1 is a consequence of TBSS1_1 being 

subjected to a higher horizontal load, about 9 kN compared with about 7.5 kN, as seen in 

Figure D 1.  

The vertical load and vertical displacement for the Load 2 sequence are shown in Figure 

D 4. The pulsation of the load seen for SBSS3_2 is caused by the hydraulic system when 

running the test in load control mode with a too high sensitivity setting in relation to the 

displacements. This causes the hydraulic system to over compensate the load for the 

detected displacements. From Figure D 2 and Figure D 4 the results presented in Table 3 

can be extracted. 

Here, the stiffness has been calculated based on the vertical load interval up to 35 kN. 

Through this selection of interval there will be no influence from any horizontal load, 

since this load is applied at the vertical load 36 kN. The horizontal displacement at Fhlt is 

the displacement of the steel plate at the moment when Fhlt and Fvlt/2 have been achieved, 

but before the vertical load is increased further.  

Knowing the horizontal displacement at the top of the stormwater box and the distance 

from the ground to the top the corresponding obliquity can be calculated. The calculations 

are based on the assumption that the stormwater box is displaced linearly along the height 

up to this time.  

In the presented results for the vertical load at collapse, the weight of the steel plate have 

been added to the readings in Figure D 4. The vertical relative displacement at collapse 

has been calculated as the vertical displacement at collapse divided by the nominal height 

of the stormwater boxes. 
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The results are generally consistent. The lower stiffness of the TBSS configuration 

compared to the SBSS and SBLS configurations is expected since the TBSS have three 

stormwater boxes piled. However, the stiffness is not three times lower, which indicates a 

non-linear relationship.  

The stiffness is comparable large within comparable configurations, i.e., the stiffness 

within the TBSS configurations is similar and the stiffness within the SBSS and SBLS 

configurations. The exception is SBLS2_2, see Table 3. The reason to the lower stiffness 

for SBLS2_2 is not known. SBLS2_2 was only used in the Load 2 sequence test, but 

SBLS1_2 was used in both load sequences. 

The vertical load at collapse for the TBSS configuration is somewhat lower than for the 

SBSS and SBLS configurations. The reason for this is probably due to the 4 to 5 times 

larger horizontal displacement at Fhlt for the TBSS due to the three boxes piled.  

The geometrical recovery of the stormwater boxes was apparent. A few hours after 

unloading, it was difficult to reveal any deviations from the original shape. Only local 

areas subjected to high stresses show traces of yielding in terms of whitish areas, see 

Figure 13. 

 

 

 

 

 

Figure 13: Photo showing TBSS2_2 some hours after unloading illustrating that 

geometry basically has recovered to original shape 
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6 Analysis of experimental results 
No approved international standard to evaluate the obtained results exists. Pipelife has 

previously carried out tests with the aim to evaluate short and long term load bearing 

capacities, see References [4] and [5]. The load bearing capacity in the vertical as well as 

the horizontal direction was evaluated, but only one stormwater box and one direction at a 

time was evaluated. The loads were applied as a uniformly distributed pressure.  

In Reference [4] the short term load bearing capacity was defined as the load at collapse 

in a test with the duration of about 10 minutes. The long term load bearing capacity was 

defined as the load at collapse after 50 years. The results from collapse in 4 creep tests 

performed on stormwater boxes were extrapolated to 50 years. 

In Reference [5] stormwater boxes were evaluated against a requirement saying that no 

cracks are allowed after of 72 hours. In order to evaluate the long term load bearing 

capacity, the same test as in Reference [4] with stormwater boxes conditioned at 60 ⁰C 

for 1000 hours were carried out.  

In Reference [4] the short term vertical load at collapse was measured to be 572 kPa 

corresponding to 412 kN assuming an equally distributed pressure. The displacement of 

19 mm corresponding to 6 % relative displacement, was recorded when the collapse load 

was reached. The corresponding figures for the load applied on the long side are 110 kPa 

corresponding to 40 kN and the displacement was the same as above. The reported long 

term vertical load at collapse is 244 kPa corresponding to 176 kN. The long term 

horizontal load at collapse is 50 kPa corresponding to 18 kPa.  

The short term load vertical load determined in Reference [4] is considerably higher than 

the loads given in Table 3. This indicates that the induced obliquity in the tests carried in 

this report plays a major role for the collapse load. However, the measured vertical load at 

collapse in the present work is higher than the long term vertical load measured in 

Reference [4] despite the simultaneously applied horizontal load. This indicates that the 

creep effect needs to be taken into account. 

In Reference [5] the stormwater boxes are not loaded to collapse, but shall withstand a 

vertical pressure of 200 kPa corresponding to 144 kN or a horizontal pressure of 25 kPa 

corresponding to 9 kN in non-aged condition. In aged condition the requirements on 

vertical pressure is 100 kPa corresponding to 72 kN, and on horizontal pressure 12.5 kPa 

corresponding to 4.5 kN. The displacement is not allowed to exceed 6 %. All the tested 

configurations in the present work fulfil the requirement given of non-aged boxes in 

Reference [5] on the vertical load with the simultaneously applied horizontal load of 7.2 

or 14.4 kN. It is also worth noting, that the horizontal load in the present work has been 

applied in terms of a point load at the top of the stormwater box yielding shear of the box, 

which would not occur when the load is applied uniformly over the side of the stormwater 

box. 
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7 Numerical simulation models 
Finite element (FE) models of the tests performed here and of a larger structure were 

built. The commercial FE software Abaqus version 6.12-1 [6] was used. The simulation 

models were verified by comparing the simulation and the measurement results. The 

model of the larger structure was used for predicting the behaviour of that structure. The 

model of one unit and the assembling to a general vault makes simulations of an actual 

vault possible.  

7.1 Geometry and mesh 

The stormwater box is a thin-walled structure making it suitable for modelling with shell 

elements. The stormwater box will here geometrically be represented with its 

midsurfaces. In Figure 14 is the used mesh presented. The outer walls of the stormwater 

box are simplified to make meshing easier. The horizontal oriented top flanges of the 

stormwater box are considered to have only a minor contribution to the stiffness. 

Consequently, the horizontal top flanges are excluded from the simulation to reduce the 

size of the model. In the simulations of the tests, no local buckling was observed that 

possibly could have been prevented by horizontal top flanges. 

A simulation of a setup of several stormwater boxes is performed. The stormwater boxes 

are arranged to form a structure resembling a brick-wall, shown in Figure 15. 

 

 

 

 

 

 

 

 

 
Figure 14:  FE-mesh representation of the stormwater box. 
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Figure 15:  Assembly of several stormwater boxes in a brick-wall structure where colours 

represent individual stormwater boxes.  

7.2 Stormwater box connections  

In the simulations were several stormwater boxes are connected, constraints are created 

where the inner pipes connect to the pipes in neighbouring stormwater boxes. The 

constraints are formed by rigidly connecting the end-edge of each pipe to a control node 

located in the centre at the end-cross-section. It is then these control nodes that are 

connected to the corresponding control nodes of the neighbouring pipes. The connections 

lock rotational and translational degrees of freedom of one control node to the other 

control node in each pair. For the degree of freedom in the axial direction of the lower 

pipe, the imposed constraint acts to stop the pipes from overlapping but allows separation. 

7.3 Boundary conditions 

7.3.1 Simulations of tests 

The test setup comprises of stormwater boxes loaded between two steel plates. The steel 

plates are in the simulations modelled as rigid planes. The lower plane is fixed in all 

displacement directions (translational and rotational). The upper plane is fixed in all 

rotational and one translational displacement direction. The free translational 

displacements are the vertical and in the direction of the horizontal loading.  

Contact interactions are formed between the stormwater box and rigid planes. For both 

planes, normal contact constraints are used. This means that the stormwater box nodes 

can separate from the rigid plane, but not penetrate the rigid plane. In the horizontal 

directions (frictional), the constraints to the upper plane prevent horizontal relative 

displacements for nodes in contact with the plane. This is justified by that during the 

testing no slip is observed and that the truss-like structure in the upper part of the storm-

water box causes high stiffness in the horizontal directions. In the contact to the lower 

rigid plane, horizontal slip is observed. Therefore, slip is modelled by use of Coulomb-

type friction. The coefficient of maximum friction set to 0.1, which is reasonable for 

slipping between steel and polymer. All contact interactions are numerically enforced 

with penalty constraints available in Abaqus. 

The shoulder on the bottom plate is modelled by fixing horizontal displacement along the 

horizontal loading direction for the nodes in contact with the shoulder. 
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7.3.2 Simulations of an assembled structure of stormwater 

boxes 

For the simulated structures of several stormwater boxes, the bottom control nodes of the 

bottom layer of stormwater boxes are fixed in all translational displacement directions.  

7.4 Loads 

7.4.1 Simulations of tests 

For the simulations of the tests, the loading is applied as a vertical and a horizontal force 

on the upper rigid plane according to the recorded loadings in the tests. The horizontal 

loading is applied either perpendicular to the short side for the SBSS and TBSS tests or 

perpendicular to the long side for the SBLS tests. 

7.4.2 Simulations of an assembled structure of stormwater 

boxes 

The loading is applied as forces of equal magnitudes on all upper control nodes of the 

upper layer of the stormwater boxes. The components of the loading are applied vertically 

downwards and horizontally (along the x-axis in Figure 15) with a magnitude as a 

fraction of the vertical loading. 

7.5 Material data 

The material in the stormwater boxes is Borealis BA204E Polypropylene Block 

Copolymer. Its mechanical properties are given in Table 4. 

The material is modelled as elastic-plastic with linear isotropic hardening. The amount of 

hardening is set to very low giving nearly ideal plasticity. The hardening is configured so 

that initial yield occurs for equivalent stress (von Mises) equal to the tensile strength and 

then increases to 28 MPa at the plastic strain level 100 %. This configuration corresponds 

to a hardening modulus of 1 MPa.  

7.6 Solving 

The non-linear FE-solver Abaqus is used. The non-linear geometry capability is used, 

which means that large displacements and buckling are modelled. The contact constraints 

include large amounts of nodes causing difficulties during the solving. To aid 

acquirement of converging solutions, damping is used in the contact interactions. The 

amount of damping is adjusted to so that solutions are obtained while still the results 

(prior to collapse) are not affected significantly. 

 

 

Table 4: Materialdata for Borealis BA204E 

Property Value 

Modulus of elasticity 1.1 GPa 

Tensile Strength, Yield  27 MPa 

Poisson’s ratio 0.4 
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8 Simulation results 
The results of the simulations are presented as the computed displacements compared to 

the measured. In Chapters 4 and 5, the measurement results are presented together with 

definitions of the test setups and locations of displacement gauges. 

8.1 Simulation of tests 

In Figure 16 to Figure 24 tested results are given together with simulated results. In 

general the simulations match their corresponding tests for the lower half of the load 

levels in the test. The properties most well reproduced, are the stiffness of the structure as 

the slopes during loading simulation and test curves match. For the larger load levels the 

simulations do not match well and also the collapsing loads observed are not reproduced 

in the simulations. It can thus be concluded that the response of the structure can be 

simulated for load levels that are not near collapsing load levels. 

Another observation is the slip of the bottom of the stormwater box relative the lower 

fixed steel plate supporting the stormwater box. The slipping can be noticed from the 

measurements and simulations, both showing that the displacements of the lower 

measured points on the stormwater box are significant and thus far larger than what 

would be the case if the entire bottom was sticking to the steel plate. The slipping and 

sticking due to friction is noticed also after the horizontal unloading. The displacements 

only partially reverse, which can be attributed to sticking taking place due to the vertical 

loading and modelling of friction with the coefficient of maximum friction.  

In the following, results for the simulated tests and comparison with corresponding 

measurements are presented and discussed. Some of the measuring points are 

symmetrically located relative geometry and loading. The differences in the simulated 

results for these symmetrical locations are insignificant. Therefore, the simulated results 

are presented as the average over equivalent positions.  

For the cases with one stormwater box, results are presented averaged for the upper and 

lower locations separately. The results of the testing are sampled at a high rate with an 

interval of 0.1 s, while the simulations give results for approximately every 30 s. The test 

results are presented as a solid line and the simulated are presented with markers for each 

result point with connecting solid lines.  

8.1.1 Single box loaded at short side 

The case with the single box loaded on the short side (SBSS) is treated in Figure 16 to 

Figure 18. In Figure 16 the box is loaded with a pulsating horizontal load at different 

vertical load levels (Load 1). Good agreement of stiffness (slope of curves) and maximum 

horizontal displacements levels are observed in Figure 16. Results at the starting of 

loading (i.e. around 3 minutes) differ from tested results. The reasons are both the 

different sampling rates between tests and simulations and that the friction modelling 

does not result in change of stick-slip state at the same time. The stick-slip phenomenon 

at the lower steel plate is manifested in the simulated results by that the upper part of the 

stormwater box at horizontal unloading displaces further than the lower. This is not 

observed in the testing and thus shows for a difficulty in the modelling. 
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Figure 16:  Tested and simulated results for SBSS1_1 given as horizontal displacements 

as function of time. Measurement results are labelled Lg followed by 

corresponding displacement gauge number. Lg02-05 belong to upper part of 

box and Lg06-07 to lower part of box. Simulated results are given as average 

of upper and lower measurement points separately. 

 

Figure 17:  Tested and simulated results for SBSS2_2 given as horizontal displacements 

as function of time. Measurement results are labelled Lg followed by 

corresponding displacement gauge number. Lg02-05 belong to upper part of 

box and Lg06-07 to lower part of box. Simulated results are given as average 

of upper and lower measurement points separately. 

 

In Figure 17 and Figure 18, the vertical load is increased to until collapse when a 

horizontal load is acting as well (Load 2). The upper measurement points matches the 

tests well until larger horizontal displacements occur in Figure 17. The slight decrease in 

horizontal displacement after the time 3 minutes, when the vertical loading increases, is 

caught in the simulation. The displacements of the lower measurement points are 

overestimated in the simulations. The test and simulation results in Figure 18 are similar 

to SBSS2_2 in Figure 17. 
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Figure 18:  Tested and simulated results for SBSS3_2 given as horizontal displacements 

as function of time. Measurement results are labelled Lg followed by 

corresponding displacement gauge number. Lg02-05 belong to upper part of 

box and Lg06-07 to lower part of box. Simulated results are given as average 

of upper and lower measurement points separately. 

 

 

 

 

8.1.2 Single box loaded at long side 

The case with the single box loaded on the long side (SLSS) is treated in Figure 19 and 

Figure 20. The vertical load is increased to until collapse, when a horizontal load is acting 

as well (Load 2). Good agreement of the displacements of the upper measurement points 

is observed on one of side in Figure 19. In the simulations, the geometry and loading is 

perfectly symmetric while in reality deviations from the symmetry are present. This has 

the effect that, in the tests, a shearing displacement is possible (especially near collapse) 

causing the large measured displacements on one side. In the simulations unsymmetrical 

deformation is not observed due to symmetry and boundary conditions. The conclusion is 

that the simulation agrees for displacements not belonging to shearing collapse. For the 

lower measurement points the simulated displacements are underestimated. The tests and 

simulation in Figure 20 are similar to SBLS1_2 in Figure 19. 
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Figure 19:  Tested and simulated results for SBLS1_2 given as horizontal displacements 

as function of time. Measurement results are labelled Lg followed by 

corresponding displacement gauge number. Lg02-05 belong to upper part of 

box and Lg06-07 to lower part of box. Simulated results are given as average 

of upper and lower measurement points separately. 

 
Figure 20:  Tested and simulated results for SBLS2_2 given as horizontal displacements 

as function of time. Measurement results are labeled Lg followed by 

corresponding displacement gauge number. Lg02-05 belong to upper part of 

box and Lg06-07 to lower part of box. Simulated results are given as average 

of upper and lower measurement points separately. 

8.1.3 Three boxes loaded at short side 

The case with the three piled boxes loaded on the short side (TBSS) is treated in Figure 

21 to Figure 24. In Figure 21 and Figure 22, the pile of boxes called TBSS1 is loaded first 

with Load 1 (pulsation horizontal load) and second with Load 2 (vertical load until 

collapse). In Figure 21, the first horizontal load pulse is seen. For the upper measurement 

points shown, good agreement of horizontal displacements is observed. Here, the gauges 

are positioned according to Configuration A at the same side as the load in is applied, see 

Figure A 3. In Figure 22 treating Load 2, good agreement of the of horizontal displace-

ments of the upper measurement points is observed. The simulation is aborted at about 

half of the applied loading.  

SBLS1_2 
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Figure 21:  Tested and simulated results for TBSS1_1 given as horizontal displacements 

as function of time. Measurement results are labelled Lg followed by 

corresponding displacement gauge number. Lg06-07 belong to upper part of 

pile of boxes. Simulated results are given as average of upper measurement 

points. 

 

Figure 22:  Tested and simulated results for TBSS1_2 given as horizontal displacements 

as function of time. Measurement results are labelled Lg followed by 

corresponding displacement gauge number. Lg06-07 belong to upper part of 

pile of boxes. Simulated results are given as average of upper measurement 

points. 

 

 

 

In Figure 23, the first two horizontal load pulses of Load 1 are seen. Again, good 

agreement of horizontal displacements of upper measurement points is observed. Here, 

the gauges are positioned according to Configuration B at the opposite side as the load in 

is applied, see Figure A 4. In Figure 24 treating Load 2, similar results as in Figure 22 are 

shown, but with noticeable displacements before the simulation was terminated.  
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Figure 23:  Tested and simulated results for TBSS2_1 given as horizontal displacements 

as function of time. Measurement results are labelled Lg followed by 

corresponding displacement gauge number. Lg06-07 belong to upper part of 

pile of boxes. Simulated results are given as average of upper measurement 

points. 

 

 

Figure 24:  Tested and simulated results for TBSS2_2 given as horizontal displacements 

as function of time. Measurement results are labelled Lg followed by 

corresponding displacement gauge number. Lg06-07 belong to upper part of 

pile of boxes. Simulated results are given as average of upper measurement 

points. 
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8.2 Assembly of stormwater boxes 

The assembly of stormwater boxes in Figure 15 are analysed and results are presented in 

Figure 25. The displacements of the upper control nodes are given as function of vertical 

load. The presented displacements are the average displacements of the upper control 

nodes. 

The horizontal load is given by an indicated fraction of the vertical force. The magnitude  

H of the horizontal force is given by H = cV where V is the magnitude of vertical force 

and c is the fraction with the applied values 0.2, 0.1, 0.05 or 0.025. The vertical load level 

presented in Figure 25 is the total load applied to one stormwater box. 

 

 

 

 

 

 

 

 

 

Figure 25:  Average displacement for increasing load of upper level of stormwater box 

assembly for different horizontal load fractions c indicated by suffix in 

legend. Legend prefix V and H indicates vertical (downward) and horizontal 

(x-direction), respectively.  
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9 Concluding remarks 
Comparing the results from this work with results from other reports, where the load 

bearing capacity in one direction at a time have been evaluated, it is clear that the 

influence of obliquities, even small ones as in the present case of 1 or 2°, plays a major 

role reducing the load bearing capacity. It is also seen by comparison of results from 

other reports that the influence of creep for the long term load bearing capacity needs to 

be taken into account. 

Generally accepted design requirements for stormwater boxes are missing. Hence, 

different collapse loads are obtained in this and other reports. 

It is of prime interest for all stakeholders of stormwater boxes to derive design guidelines, 

preferable incorporated in a standard, to verify the performance of the stormwater boxes. 

The requirements should be based on the loads from the traffic. To get more knowledge 

about these, measurements need to be carried out either in the field under the ground at 

different locations where stormwater boxes are installed, as squares and roads, or at 

dedicated test sites. The loads should be measured over time to capture the relevant load 

spectrum. In addition the humidity and the temperature over time should be measured, 

since these parameters can have an influence on the mechanical properties of the storm-

water box. Also, the obliquities originating from the installation phase and from 

movements in the ground with time needs to be documented. 

Based on the data measured in the field, material laboratory tests can be carried out to get 

information of the mechanical properties and how these are affected over time by 

temperature and humidity. 

It has been shown that the Finite element simulations reproduce the real behaviour in tests 

of the stormwater boxes up to a certain load level. Only the part of the behaviour where 

load levels are approaching collapsing is not caught well by the simulations. In all, the 

modelling is considered as successful when considering the simple linear isotropic 

hardening plasticity model used and otherwise limited material data available. Further 

improvement can be achieved by more advanced material models combined with more 

knowledge of the material properties. This can be viscoelastic effects and other plasticity 

models. Further material testing would then likely be required. These refinements could 

make it possible to get further improved accuracy for the modelling of the collapsing state 

and time dependent effects (including creep). These refinements can be performed in 

future work with the objective to accurate simulate collapse and long term effects in 

underground installations. 

An issue when simulating the tests has been the slip between the bottom steel plate and 

the stormwater box. This has mostly affected the possibility to evaluate the performance 

of the simulation model with respect to the unloading behaviour. This issue is most 

dominant for testing with one box. A remedy could be to conduct test on stacked storm-

water boxes instead of a single one. This would make the enforced boundary 

displacements less stiff and also more resemble the real situation.  

The modelling of the connections between the stormwater boxes is evaluated with the 

tests and found to be fully adequate. Following this, a structure with 12 stormwater boxes 

vertically stacked in three layers in a brick-wall-like arrangement, has been evaluated 

with simulations. These have shown how vertical loading combined with different 

amounts of horizontal loading affects the structure. The possibility to use twelve boxes 

also shows that arbitrary arrangements can be simulated. 

Finally, from the actions above valuable information for deriving proper requirements on 

stormwater boxes and for designing verifying tests for certification can be achieved. 
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Appendix A: Numbering and positioning of 

displacement gauges 
 

 

Figure A 1:  Numbering of displacement gauges in SBSS (Single Box load on Short Side) 

configuration 



36 

 

 

Figure A 2:  Numbering of displacement gauges in SBLS (Single Box load on Long Side) 

configuration 
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Figure A 3:  Numbering of displacement gauges in TBSS (Three Boxes load on Short Side) 

Configuration A 
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Figure A 4:  Numbering of displacement gauges in TBSS (Three Boxes load on Short Side) 

Configuration B 
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Figure A 5: Positions of displacement gauges in single box configuration with 

displacement gauges in front, used to capture horizontal displacements at 

side opposite to where horizontal load was applied 
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Figure A 6: Positions of displacement gauges in single box configuration used to capture 

horizontal displacements at side where horizontal load was applied 
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Figure A 7: Positions of displacement gauges in three box configuration used to capture 

vertical displacements 
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Figure A 8: Positions of displacement gauges in three box configuration used to capture 

horizontal displacements at side opposite to where horizontal load was 

applied 
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Figure A 9: Positions of displacement gauges in three box configuration used to capture 

horizontal displacements at side where horizontal load was applied 
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Appendix B: Graphs on horizontal displacements 

 

Figure B 1:  Horizontal displacements of SBSS1_1 
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Figure B 2:  Horizontal displacements of SBSS2_2 
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Figure B 3: Horizontal displacements of SBSS3_2 
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Figure B 4:  Horizontal displacements of SBLS1_1 
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Figure B 5: Horizontal displacements of SBLS1_2 
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Figure B 6: Horizontal displacements of SBLS2_2 
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Figure B 7: Horizontal displacements of TBSS1_1 



51 

 

 

Figure B 8: Horizontal displacements of TBSS1_2 
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Figure B 9: Horizontal displacements of TBSS2_1 
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Figure B 10: Horizontal displacements of TBSS2_2 
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Appendix C: Graphs on vertical displacements 

 

Figure C 1:  Vertical displacements of SBSS1_1 



55 

 

 

Figure C 2: Vertical displacements of SBSS2_2 
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Figure C 3: Vertical displacements of SBSS3_2 
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Figure C 4: Vertical displacements of SBLS1_1 
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Figure C 5: Vertical displacements of SBLS1_2 



59 

 

 

Figure C 6: Vertical displacements of SBLS2_2 
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Figure C 7: Vertical displacements of TBSS1_1 
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Figure C 8: Vertical displacements of TBSS1_2 
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Figure C 9: Vertical displacements of TBSS2_1 
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Figure C 10: Vertical displacements of TBSS2_2 
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Appendix D: Graphs on loads and displacements 

 

Figure D 1: Horizontal load and horizontal displacement for the Load 1 sequence 
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Figure D 2: Horizontal load and horizontal displacement for the Load 2 sequence 
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Figure D 3: Vertical load and vertical displacement for the Load 1 sequence 
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Figure D 4: Vertical load and vertical displacement for the Load 2 sequence 
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Vi arbetar med innovation och värdeskapande teknikutveckling. Genom att vi har 

Sveriges bredaste och mest kvalificerade resurser för teknisk utvärdering, mätteknik, 

forskning och utveckling har vi stor betydelse för näringslivets konkurrenskraft och 

hållbara utveckling. Vår forskning sker i nära samarbete med universitet och 

högskolor och bland våra cirka 10000 kunder finns allt från nytänkande småföretag 

till internationella koncerner. 
 

 

SP Technical Research Institute of Sweden 

Our work is concentrated on innovation and the development of value-adding technology. 

Using Sweden's most extensive and advanced resources for technical evaluation, 

measurement technology, research and development, we make an important contribution to 

the competitiveness and sustainable development of industry. Research is carried out in close 

conjunction with universities and institutes of technology, to the benefit of a customer base of 

about 10000 organisations, ranging from start-up companies developing new technologies or 

new ideas to international groups. 

 

 

 
 
 
 
 

 


