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A mobile storage unit (MSU) is generally deployed in an 
emergency situation. Non-governmental organisations 
(NGOs) use these tent structures for temporary storage 
of food and non-food items during the relief and recovery 
phase of the emergency situation. However, according to 
these NGOs, the currently used MSUs do not meet the 
technical and functional requirements. Th e complexity of 
their structure causes assembly, transport and packaging 
problems. Th e MSU cannot be deployed on rocky and/or 
unlevelled surfaces, which limits the range of deployment 
areas. Assembly in height is necessary to connect the 
structural members of the main structure, which may 
result in unsafe situations. Sometimes the MSU is used for 
other purposes than storage, but the currently used MSUs 
do not provide the option to add secondary structures. Th e 
objective of this thesis is to design a new MSU which is an 
improvement of the currently used models.

A morphological method which contains all parameters 
related to the problems is applied to design a fi nal concept. 
First, multiple concepts are roughly generated, based 
on the requirements posed by the boundary conditions 
derived from a literature study. Th e most potentially suited 
concepts are selected and roughly analysed against the 
boundary conditions. On the selected concepts, the folding 
portal and the erection method of the cable structures are 
assessed, as the features with the highest potential to aff ect 
the erection of the MSU to be designed. Th ese features 
form the basic concept for further engineering.

Th e MSU has to withstand wind speeds of 20 m/s and 
31 m/s. One model is designed in variants for two wind 
speeds, MSU20 and MSU31. Both are largely identical, but 
diff er much in transport requirements and weight. Th e 
MSU20 takes half as much space as the MSU31.

Th e geometry of the fi nal design shows strong similarities 
with the currently used MSUs. All are portal structures 
with a saddle-shaped roof. Th e main diff erences between 
the MSUs are in the structure, assembly, erection, transport 
requirements and functionality. Th e main structure is 
prefabricated and modular, therefore fewer actions are 
required to assemble the MSU, and also less time. Th e use 
of a cable structure allows to assemble and erect the MSU 
from ground level. Th is enlarges  the deployment range of 
the MSU to  rocky ground as well as unlevelled surfaces. 
Th e dimensions of the MSU packages are reduced, making 
it possible to transport the MSUs transversally in a 20-ft  sea 
container. At the cross-section, extra channels ensure that 
add-ons, such as inner-walls, overhangs and shade nets can 
be fi tted.

A large part of this study was dedicated to the erection 
method of the MSU. Th e fi nal method is determined, but 

AbstractAbstract
the hand winch should be further optimised and tested to 
improve its performance.

In conclusion, compared to the currently used MSUs, the 
newly designed MSU is a safer, faster to assemble, less 
complex, and more largely deployable concept in terms 
of structure. In terms of transport, the packages are more 
effi  cient. Th e structure is designed to accommodate add-
ons.
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In most cases a temporary structure consists of a 
framework covered by a membrane (Figure 1), also called 
a mobile storage unit. Th e mobile storage unit provides 
space to store food and non-food items (Figure 2)Th ey are 
deployed in the aft ermath of a disaster. NGOs uses these 
temporary structures to protect their materials against 
external infl uences such as theft , weather conditions, UV 
light and rodents.  

Currently used mobile storage units in the humanitarian 
sector do not meet the basic requirements [Speedkits, 
2014]. Th ey fail in the technical and functional aspect. 
Th is research focusses on the shortcomings of the mobile 
storage unit and comes with solutions to improve the 
currently used mobile storage unit. 

Disasters occur worldwide. Strategic response has to be 
determined according to the type, scale and place of the 
disaster. In the aft ermath, necessities such as food, water, 
shelter and medicine are crucial for the aff ected population. 
Th ese necessities have to be stored. A solution is to utilise 
temporary mobile storage units.     

A disaster arise when a hazard strikes a community, 
causing disruption of the society [Davis, 2002]. Hazards 
diff er in type, intensity and scale. Two main types can be 
distinguished: natural hazards and man-made hazards. 
Natural hazards occur in the form of geophysical, 
meteorological, hydrological, climatological and health 
hazards. Man-made hazards occur in a sociological 
and technological form. Natural hazards become more 
dangerous when they aff ect poor and less developed 
countries, 85% of the fatalities happen in these countries 
[Speedkits, 2014]

In the aft ermath of a disaster good coordination is crucial 
in order to provide aid in the aff ected area. In 2005 
the “cluster approach” has been established to improve 
collaboration between organizations and coordination of 
the aff ected disaster area. Each cluster is led by one or two 
agencies with the expertise and capacity in that particular 
cluster [Speedkits, 2014].

Th e basic necessities such as water, food, shelter and 
medicine are vital in the early stages of the aft ermath. In 
a later stadium, when the situation in the aff ected disaster 
area is more stable, the objective is to provide a degree of 
normalcy to the aff ected disaster area.

During these two stages, food and non-food materials 
are constantly transported to the disaster area. Th ese 
materials arrive in large quantities and temporary storage 
is required until distribution can be arranged. In practice 
humanitarian organizations use temporary structures to 
store their materials.  

1. Introduction1. Introduction

Figure 1:  Outside view mobile storage unit [Speedkits, 2014] Figure 2:   Inside view mobile storage unit [Speedkits, 2014]
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1.1  Problem statement

NGOs have encountered that the currently used mobile 
storage units have shortcomings in terms of technical and 
functional aspects which varies in size and complexity. 
With the aid of a questionnaire, completed by NGOs, the 
shortcomings are established (Paragraph 3.3). Th e short-
comings are divided into: main structure, foundation, 
assembly and erection, transport, functionality, and costs. 

I Main structure

Th e used mobile storage units have a large quantity and 
diversity of structural members. Th is may lead to confusion 
during assembly and repackaging of the MSU. Th e chance 
is more probable that elements may be lost during these 
activities, making the structure impossible to be assemble 
[Speedkits, 2014]. A simpler and effi  cient design of the 
framework is needed to minimise these problems. 

II Foundation

Th e location of the MSU is unknown before deployment, 
whereby each situation poses other requirements to secure 
the MSU. Soil composition diff ers in density and regularity. 
Irregular surfaces causes problems to erect the structure 
and must be levelled. Th is is a labour-intensive activity, 
and in some cases it is impossible to level the surface, for 
example rocky substrates. Th ese situations may lead to in 
correct assembly of the foundation, whereby the mobile 
storage unit may collapse in a small wind gust (Figure 3) 
[Speedkits, 2014]. 

and electricity on site. Th e mobile storage unit must be 
assembled with supplied tools that come with the mobile 
storage unit. Assembly of the currently used mobile storage 
unit takes at least two days of labour by a large number of 
workers.  [Speedkits, 2014, NGOs]. 

Figure 3:  MSU collapsed by  wind gusts [Speetkits, 2014].

Figure 4:  Dangerous situations may occurs if appropriate equipment is 
not available {Speedkits, 2014].

Figure 5:  Ineffi  cient  transport of MSUs [Speedkits, 2104].
III Assembly and erection of the mobile 
storage unit

Th e mobile storage units are assembled by the local 
comunnity under the guidance of NGOs. In most cases the 
local community is unskilled, which means that complex 
structures are diffi  cult to assemble. Dangerous situations, 
such as climbing in structures (Figure 4) must be avoided. 
Safety must be ensured under all circumstances [Speedkits, 
2014]. Th ere is no guarantee of having the necessary tools 

IV Transport

Transport is an expensive cost item. Effi  cient packaging is 
of great importance. In total 5 or 6 mobile storage units 
of 240m² fi t in a 20-foot container. Th e used packaging 
is ineffi  cient (Figure 5) and mistakes can be made easily. 
Unloading or reloading of these packages can lead to 
incomplete systems [Speedkits, 2014, NGOs]. During the 
deployment of the mobile storage unit, the packaging, has 
no function and have to be stored until the mobile storage 
unit is repacked again. Th is takes valuable and essential 
space. On site there is no guarantee of vehicles and or 
auxiliary equipment to transport the packages [Speedkits, 
2014].  

V Functionality MSU

Th e main function of the MSU is storage, but with a few 
adaptations it must be possible to use it as a hospital, 
school, kitchen, offi  ce or shelter. Th e used MSUs are hardly 
adaptable. Depending on the function there is need for: 
subdivision of internal space, overhangs and shade nets. 
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Secondly, the used MSUs are only available with a fl oor 
area of 240m², there is need for smaller MSUs with an 
option to extend per module [NGOs]. 

VI Costs

Th e MSU is with CHF 70.80 the most expensive tent 
structure per m² compared to other deployed tents by 
UNICEF and IFRC [Speedkits, 2014]. According to the 
IFRC catalogue a MSU of 240m² costs CHF 17,000 [IFRC]. 

1.2 Objective

Th e scope of this research is to design a new MSU that is 
an improvement compared to the currently used MSUs. To 
achieve this, objectives derived from the problem statement 
are established:

I Main structure 

Th e diversity and amounts of elements have to minimised. 
Th e design of the structure should be less complex.

II Foundation

It should be possible to deploy the foundation on a variety 
of soil conditions, including rocky and unlevelled soils. 

III Assembly and erection mobile storage unit

Th e MSU must be assembled and erected from ground 
level without the aid of heavy equipment and the need 
for electricity. It has to be built in less than a half day by 
unskilled workers with a supervisor. 

IV Packaging

Th e MSU has to be packed effi  ciently for transportation, 
and where the packages must be portable. Th e package 
material must not occupy valuable space during the 
deployment of the MSU.

V Functionality mobile storage unit

With a few adaptations, it should be possible to use the 
MSU as another facility, such as hospital, school, kitchen, 
shelter, etcetera. Modular extension of the MSU must be 
possible.

VI Costs

Reduction of the cost of the MSU below CHF 70.80 per m².

Research questions

• What are the technical and functional requirements 
that the mobile storage unit must meet?

• Which type of mobile storage units are currently 
applied in the humanitarian sector?

• Which lightweight structures from other fi elds 
can make a positive contribution to the design of a 
mobile storage unit?

1.3 Development approach

A generally accepted and validated development method 
is applied to support the development process. Positive 
experiences are gained by applying this method (Figure 6) 
[Lichtenberg, 2004]. Th e development process is divided 
into four phases where the fi rst three phases are relevant 
to this project.   

At the strategic phase, the current situation is analysed. From 
the input of the NGOs the strength and the weaknesses of 
currently used mobile storage units are analysed. Further, 
the necessities and restrictions in the humanitarian sector 
are mapped. Based on these data, boundary conditions are 
set to start with the concept generation. Th e demands of 
the NGOs (customer) are the common thread through this 
report.  

At the creation phase, concepts are generated. To ensure 
that all aspects of the requirements participate in the 
design process, a methodical approach is applied. Th e 
morphological method, which is developed by Frits Zwicky, 
is an analytical method to add structure in complex, and 
multidimensional problems where relevant requirements 
are unquantifi able [Gijsbers, 2011]. Th e morphologic 
method is one of the most powerful tools to generate 
possible solutions, in particular, for technical structured 
design problems, according to Roozenberg and Eekels. To 
diminish the generated concepts, they are roughly assessed 
on the boundary conditions, where the most suitable 
concepts are selected for further development. Th e selected 
concepts are assessed on the main problems and assessed 
by experts from the humanitarian fi eld. As a result the 
most suitable features are selected to form a basic concept. 

At the creation phase the basic concept is engineered and 
optimised. Th is is a repetitive process until the desired 
result is achieved. Aft er the achievement of the desired 
result, the fi nal product is validated. Th e fi nal MSU is 
assessed against the boundary conditions to determine if 
the shortcomings meet the requirements.  
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1.4 Social relevance

Th e main focus of this research is to simplify the structure 
of the MSU compared to currently used MSUs. Th e MSU 
must be deployable on irregular soils and diff erent soil 
compositions. Th e erection of the MSU must be safer and 
simpler, the weight of the MSU has to be decreased as well 
the number of components where transport must be taken 
into account.  

1.5 Scientifi c relevance

In the humanitarian sector it is not common to design 
shelters with a scientifi c approach [Speedkits, 2014]. Th e 
objective is to solve the multidimensional problems, 
which are identifi ed during the deployment of the MSU, 
with a methodical approach. Aft er generating concepts 
with the aid of a morphological analyse, the concepts 
are systematically selected until a fi nal concept remains. 
Derived from the boundary conditions a fi nal MSU is 
designed to achieve the objectives.  

Strategic phase

Go/No Go

phase

- SWOT-analyse

E
x

te
rn

a
l

Strengths Weak-
nesses

Opportu-
nities

Threats

In
te

rn
a

l

Positive Negative

Go/No Go Go/No Go Go/N

- Organisation process 

- Concept generation

 - Morphologic analyse

- Concept selection

- Feasibility analysis

- Prototype

- Development plan

 - Optimisation

 - Calculation

 - Drawing

 - Tests

- Analysis

- Validation

- Certificates

- Education

- Organisation

- Setup production

- Promotion activities

- Presentation/ exhibi- 

   tion

- Feasibility

Project process

Figure 6:   Four-phase plan of development process [Lichtenberg, 2004]. 
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himself of the protection of that country.”  Th is was spelled 
out at the 1951 Refugee Convention [UNHCR].  

Internally displaced  persons

Unlike a refugee, an internally displaced person (IDP) will 
not have crossed an international border, they still remain 
in their own country, even if they fl ed for similar reasons 
as refugees. Th ey are vulnerable because they do not have 
the opportunity or economic power to seek asylum across 
a border.  At the end of 2011 the estimation was that 26,4 
million people are IDPs [UNHCR].

Relief/ early recovery

Directly aft er the emergency the MSUs have to be delivered 
at the aff ected area and be deployed (relief phase). Th e 
intended lifespan of the mobile storage unit is 2-5 years, 
depending on the recovery time of the aff ected area 
[Speedkits, 2014]. Aft er the period of utilisation, the MSUs 
are in most situations too expensive to send back to the 
warehouses they came from. In many cases the MSUs will 
be left  at their location and still function as a mobile storage 
unit or is re-purposed. An example is a mobile storage unit 
in Burkina Faso, this mobile storage unit was placed 27 
years ago and still functions as a mobile storage unit today 
(Figure 9)[Speedkits, 2014]. 

Aft er an emergency, quick response to support the aff ected 
area is necessary. Th e MSU is a part of this response. Th is 
chapter describes the role of the mobile storage unit aft er 
an emergency. 

2.1 Occasion deployment mobile storage unit

In  Figure 7,  quick response to support the aff ected area 
is necessary. Th e MSU is designed for rapid deployment 
aft er a disaster, during the relief and early recovery 
phase[Brouwer, 2012]. 

Disasters and emergencies

A disaster arise when a hazard strikes a community 
causing disruption of the society. Th e vulnerability of the 
community depends on the magnitude of the hazard and 
living conditions. A hazard becomes a disaster when the 
community’s has to endure with death and injury’s, loss of 
property and economic damages. When external assistance 
is requested in this situation, it can be declared as an 
emergency. Th e severity of an emergency can be translated 
in the crude mortality rate (Figure 8) [Davis, 2002].

Victims 

Among the victims in an emergency situation, one can 
distinguish refugees and internally displaced persons 
(IDP’s).

Refugees

A refugee is a person who “owing to a well-founded fear of 
being persecuted for reasons of race, religion, nationality, 
membership of a particular social group or political 
opinion, is outside the country of his nationality, and 
is unable to, or owing to such fear, is unwilling to avail 

2. Functionality of MSU in the humanitarian aid sector2. Functionality of MSU in the humanitarian aid sector

Development

Em
er

ge
nc

y Early recovery

Deployment mobile storage unit

Recovery

Development

Time

Relief

Figure 7:  Sketch showing the deployment of the MSU at the various phas-
es related  to the occurrence of a ‘major disaster’ [Brouwer, 2012].

Figure 8:  Crude mortality rates in emergencies [Davis, 2002]. 2.2 Functionality mobile storage unit

Primary function

Th e main purpose of the MSU is to store materials during 
the relief/recovery phase. Diff erent types of products are 
stored by NGOs. Th ese products can be packed in boxes, 
canisters and bags, which are stored on pallets, in racks or 
on the fl oor in the mobile storage unit. (Figure 10). It is 
possible to load and unload with a pick-up truck or truck 
in the mobile storage unit, due to the large door sizes.

Secondary  function

In the aft ermath of a disaster diff erent facilities are needed 
to control the aff ected area, such as: kitchens, temporary 

Figure 9:  Mobile storage unit deployed 27 years ago and still functioning 
as a mobile storage unit [Speedkits, 2014].
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shelters, hospitals, offi  ces, schools, etcetera. It occurs 
that a mobile storage unit is converted into one of these 
facilities (Figure 11). However, the mobile storage unit is 
not designed for these purposes. For example, they are not 
equipped with a fl oor system, it is not comfortable to stay 
inside in cold or humid areas, dividing the inner space is 
not always possible, insuffi  cient ventilation, etcetera.  

2.3 Logistics

In the aft ermath of a disaster rapid distribution of 
humanitarian assistance is needed. Logistic is a crucial 
aspect to deliver items on site. Th e MSU have to be 
transported from a central warehouse to the disaster area. 
Th is route can be divided in two distances, the fi rst distance 
is from the central warehouse to the nearest port from the 
disaster area, the second distance is from the port to the 
disaster area (Figure 12).

Th e fi rst distance is covered by sea- or air freight. Sea 
freight is commonly used for non-urgent goods with a 
large volume and/or weight. Air freight can be deployed for 
urgent delivery of goods. Th e advantages and disadvantages 
are given in Table 1 [Davis, 2002].  

Th e second route, from the harbour to the disaster area 
can be divided into, long haul (up to 3000km);  medium 
haul (between 100-300km) and short haul (up to 100km). 
Th e long haul is achieved over rails or with large trucks, 
the medium haul with 4 to 8 ton trucks and the short haul 
with 1 to 3 ton truck, animals carts etc. Depending on the 
infrastructure and present means of transport the most 
suitable transportation method can be applied [Davis, 
2002].  

Figure 10:  Storage of diff erent goods [Speedkits, 2014]

Figure 11:   MSU utilised as kitchen (left ) and shelter (right) [Speedkits, 
2014]

Figure 12:  Transport route from warehouse to disaster area in phases 
[Speedkits, 2014]

Transportation method
Sea freight Air freight

Advantages • Least expensive 
form of transport

• Large volume and 
weight

• Fastest way to 
transport

• Most reliable 
transportation 
method 

Disadvantages • Lead time can be 
very long

• Only delivery 
at river or sea 
transport 

• Most expensive 
way to transport

• Low volume and 
weight 

Table 1Table 1: Advantages and disadvantages of sea freight and air freight : Advantages and disadvantages of sea freight and air freight 
[Davis, 2002][Davis, 2002]
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structural members of the main structure and weight of 
the MSUs.   

Quantity and diversity of structural members

Only the main structure is analysed and is divided in: 
foundation, portals, horizontal profi les, bracing and cover. 
Th e quantity of the elements is determined in diff erent 
components and the total numbers of elements (Appendix 
A). 

To establish boundary conditions for the new MSU, 
three types of diff erent MSUs are analysed derived from 
three suppliers. Secondly, a questionnaire was made to 
get an inside view of the use and problems of the used 
MSUs. Based on these analyses boundary conditions are 
established. All data is gathered from rubbusa, giertsenhall 
and o.b.wiik unless otherwise stated.

3.1 Product overview

Th e currently used MSUs are analysed on the problem 
statement described at paragraph 1.2.

Product overview

MSUs of the three largest suppliers, Rubb AS, W. Giertsen 
Hallsystem AS and O.B. Wiik AS, are analysed and 
compared. Th ey are all founded or based in Norway. Th e 
three following models are analysed:

• RubbHall THAB, Steel, Rubb AS (Figure 13)

• WGH Steel NG1, Steel, W. Giertsen Hallsystem AS 
(Figure 14)

• WiikHall EX 10x24, Aluminum, O.B. Wiik (Figure 
15)

Th e MSUs are more or less similar in structure, dimension 
and geometry. All the designs have a ground surface of 
240m² and are saddle shaped. More detailed information 
can be found in Appendix A1. Th e cover is manufactured 
of PVC coated polyester, which is UV protected and fl ame 
retardant [Speedkits, 2014].

3.2 Analysis of MSUs on problem statement

I Structure

All applied MSUs are portal structures that are connected 
with lateral profi les. Stability at the longitudinal direction, 
is provided with wind braces. Th e portal is stable due to the 
moment fi xed corners at the knee and ridge. 

 Objective

To determine the unique components and the number of 

3. Currently used MSUs in humanitarian fi eld3. Currently used MSUs in humanitarian fi eld

Figure 13:  RubbHall THAB Figure 14:  W. Giertsenhall NG1 Figure 15:  O.B. WiikHall E.X. 10x24

Table 2Table 2: Overview number unique of components and number of ele-: Overview number unique of components and number of ele-
ments betweeen the MSUs.ments betweeen the MSUs.

Th e O.B. WiikHall and RubbHall THAB have the fewest 
unique components (Table 2). Of the WGH NG1, the 
end portal connections diff ers with the intermediate 
portal connections, which results in much more unique 
components  as well the number of elements. Th e RubbHall 
has the fewest elements.

MSU

RH THAB WGH 
NG1 O.B. WH

Unique 
components [pcs.] 11 15 11

Number of 
elements [pcs.] 132 175 134

MSU
RH THAB WGH NG1 O.B. WH

Weight/pcs [kg] 2660 2660 2371
Weight [kg/m²] 11.1 11.1 9.9

Weight MSU

Th e weight per MSU is given in table 3 [Speedkits, 2014]. 

Although the RubbHall and WGH diff er in structure, the 
weight of both structures is equal. Th e O.B WiikHall, is 1.2 
kg lighter per square meter than the other two structures, 
because it is manufactured in aluminium.

Conclusion

Due to the weight in combination with unique components 
and numbers of elements, the O.B. WiikHall is the most 
suitable structure of the three MSUs. 

Table 3Table 3: Weight per MSU: Weight per MSU
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 II Foundation

Th e MSUs are secured with anchors; the Rubbhall has also 
the possibility to be secured with ballast. Th e foundation 
must have the possibility to be applied on diff erent 
substrates without losing its structural characteristics, and 
adjustable in height to assemble the MSU on irregular 
surfaces. 

Objective

Possibility to secure the MSU on diff erent soil compositions 
and unlevelled ground surfaces.

Securing the MSU

Th e RubbHall and WGH NG1 applies the same technique 
to secure the MSU. A framework forms the base to erect the 
portals (Figure 20). Anchors are penetrated to secure the 
framework(Figure 19, Figure 17), in case of the Rubbhall, 
ballast can be assembled to the frame(Figure 16). Th e 

Figure 16:  RubbHall secured with 
ballast

Figure 17:  WGH secured with 
anchors.

Figure 18:  O.B. WiikHall secured 
with anchors, base plate mounted 
at portal

Figure 19:  RubbHall secured with 
anchors.

WiikHall applies base plates assembled at the feet of the 
column (Figure 18). 

Adjustability of the MSU in height

None of the MSUs are adjustable in height.

Conclusion

Th e main problem of erecting these MSUs is on irregular 
surfaces. If the surface is irregular, the foundation 
(anchors) could not be secured optimal. Th e concrete 
blocks applied at the Rubbhall are heavy to transport and 
to assemble. Table 4 gives an overview of the advantages 
and disadvantages per foundation type. 

Figure 20:  Framework to secure the MSU with anchors (WGH).

Figure 21:  Securing the foundation and preparation for assembly (O.B. 
WiikHall).

Foundation type
Anchoring Ballast

Advantage • Lightweight
• Labour friendly

• Suitable for each 
soil composition

Disadvantage • Not suitable 
for each soil 
composition

• Labour intensive
• Large and heavy 

for transportation

III Assembly and erection of main structure

Th e sequence of the assembly and erection is more or less 
the same for all MSUs. Th e base and portals are assembled 
before erection, and aft er erection the assembly of the 
structure is completed and covered with a membrane.  

Objective

Th e objective is to determine the weak and strong points of 
the assembly and erection of the currently applied MSUs 
and which tools and equipment are required to accomplish 
these actions.

Placing base main structure

First, base of the MSU has to be installed. Before erection, 
the base is secured with anchors or ballast. With the aid 
of lateral profi les, the distance between the portals is 
established (Figure 21). 

Table 4Table 4: Overview advantages and disadvantages of the foundation type.: Overview advantages and disadvantages of the foundation type.
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Assembly of portals 

Before the portals can be erected, they are assembled on 
the ground to form a layout (Figure 25). Th e structural 
members of the portals are connected with external or 
internal parts by bolts Th e nodes at the Rubbhall and O.B. 
Wiikhall are simple. Provisions for lateral connections are 
integrated into the connection parts where two bolts suffi  ce 
the connection (Figure 22, Figure 24). At the WGH these 
nodes are more complex, two plates and a provision has to 
be assembled to accomplish the node (Figure 23). Multiple 
bolts are required to connect the structural members.

Erection of portals

Th e base of the portal is hinged, causing the portal can 
rotate around the foundation during the erection (Figure 
27). Th e Rubbhall and WGH employ tubes as wind brace. 
Th e benefi t of these tubes is that the fi rst portal can be 
secured. Th e fi rst portal of the O.B. Wiikhall must be 
temporary secured before it can be assembled to the next 
portal (Figure 28).    

Figure 22:  External tubes to connect 
the portal, (RubbHall).

Figure 23:  External plates to connect 
the portals, (WGH).

Figure 24:  Internal  part to connect the portal ,(O.B. WiikHall).

Figure 25:  Assembly portals on the ground fl oor (O.B. WiikHall).

Assembly lateral profi les

Aft er the erection of the portals, the lateral profi les can be 
assembled. A ladder is required by the Rubbhall and WGH 
to assemble these profi les (Figure 26 & Figure 29). Th e O.B. 
Wiikhall uses a purlin to hook the lateral profi les onto their 
connections at the knee, halfway the roof and ridge (Figure 
30). 

Figure 26:  Assembly structure (RubbHall).

Figure 27:  Erection of portal, (WGH NG1).

Figure 28:  Erection of portal, (O.B. WiikHall).

Figure 29:  Assembly lateral profi les (WGH NG1).

Figure 30:  Assembly lateral profi les (O.B. WiikHall).
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Application of membrane

Th e membrane can be divided into end sections and 
mid sections. Th e Rubbhall and WGH apply the same 
technique. Th e membrane is folded around the structure 
and consists of two end sections and a mid-section (Figure 
32 & Figure 34). With the aid of ropes, the end sections 
are wrapped around the end portals and end sections, 
aft erwards the mid-section is pulled over the structure and 
the membranes are laced together. To lace the membranes, 
a ladder is required. 

Th e O.B. Wiikhall consist also over two end sections, but 
has fi ve mid sections. Th e membranes are provided with a 
keder which slides through the aluminium profi le. Th e end 
sections are applied before the portals are erected (Figure 
33). Aft er the structure erection, the membranes are, with 
the aid of ropes, slided through the portal profi les (Figure 

31). All actions can be performed from ground level.

Assembley O.B. Wiikhall in practice 

Despite the fact that the O.B. Wiikhall can be applied from 
ground level, photos has shown that ladders are used on 
some occasions aft er the erection of the portals to assemble 
the lateral profi les and applying the membrane (Figure 35). 

Figure 31:  Attachment mid-section (O.B. WiikHall)

Figure 32:  Attachment membrane (WGH). 

Figure 33:  Attachment  end section (O.B. WiikHall). 

Figure 34:  Attachment membrane (RubbHall). 

Figure 35:  Attachment  membrane with the aid of ladders (O.B. WiikHall)
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Tools and equipment

Th e following tools and equipment are required to assemble 
and erect the MSUs (Table 5): 

 Conclusion

IV Packaging 

To transport the MSU effi  cient, packaging is an important 
aspect. Important points of attentions are, the transport 
methods and transport volume. Second, the package 
material has to be stored during the use of the MSU. 

Objective

Which methods are used to transport the MSU on long and 
short distances and what techniques are applied to package 
the MSU. Second, what is the function of the package 
material during the use MSU. 

 Transport method

Transport can be divided in long and short transport 
(Paragraph 2.3). Th e common transport methods for long 
distances are by sea and air freight. At transport over sea, 
20 ft . containers are a common used and through air the 
cargo space in the airplane (Figure 36 & Figure 37). For 
distances between the harbor and place of destination, 
trucks are employed (Figure 38).  

Th e strong and weak points of the assembly and erection 
method are given in table 6.

Th e internal/ external node connections at the RubbHall 

Mobile storage unit
RH THAB WGH NG1 O.B. WH

Tools 1x ladder
1x tensioning 
tool
1x 
sledgehammer
1x set spanners 
(2 sizes)
1x screwdriver

1x ladder
3x spanners (3 
sizes)
1x 
sledgehammer
1x rope

1x lift ing fork
1x rope
1x spade
1x 
sledgehammer
1x toolkit*

Table 5Table 5: Overview tools and equipment per MSU.: Overview tools and equipment per MSU.

* Toolkit includes a number of spanners same size 

and O.B. WiikHall are multifunctional and assembled at 
once. With two bolts the nodes are fi xed, and the facilities 
for the lateral profi les and wind bracing are attached. Th e 
keder-system, utilised at the O.B. WiikHall, can be attached 
from ground level, unlike the other MSU’s.

Without a ladder, the lateral profi les and membranes are 
unable to be assembled at the RubbHall and WGH NG1. 
Th e fi rst erected portal, at O.B. WiikHall, has to be secured 
temporary causing in extra required workers or equipment. 
Despite the fact that the O.B. Wiikhall can be erected 
and assembled without a ladder, photos at site show the 
opposite. 

Mobile storage unit
RH THAB WGH NG1 O.B. WH

Strong 
points

- Assembly  
nodes,
- Multifunctional 
nodes 

- Assembly nodes,
- Keder-system
- Multifunctional 
nodes

Weak 
points

- Assembly 
lateral profi les,
- Assembly 
membrane
- Ladder

- Assembly 
nodes
- Assembly 
lateral 
profi les,
- Assembly 
membrane
- Number of 
tools
- ladder

-Temporary 
securement fi rst 
portal
- Number of tools

Table 6Table 6: Overview advantages and disadvantages assembly of the MSUs.: Overview advantages and disadvantages assembly of the MSUs.

Figure 36:  Transport by sea-freight [WFP].

Figure 37:  Transport by air-freight [WFP].

Figure 38:  Transport by trucks [WFP]
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Transport volume

Th e packaging units can be divided in bundles and 
wooden crates (Figure 39), which are utilised by all the 
three suppliers. Th e wooden crates can be transported 
with a forklift  or pallet trolley and are easily stackable. Th e 
profi les are bundled and have to be moved by hand (Figure 
40), or with the forklift  with improvised packaging, where 
the longest elements are between 5,0m and 5,4m.

Table 7 shows the number of MSUs that can be stacked in a 
20 ft . container and the package volume:

Conclusion

In general little information is gathered about the WGH 
NG1 package characteristics, about the other two models 
more information is gathered and analysed.  

All the three models contains elements with a length of 
at least 5 meter (Figure 44), causing that the MSU is only 
transportable in longitudinal direction. Th is may expense 
the stacking fl exibility of the cargo space. Th e O.B. Wiikhall 
consists entirely of rectangular tubes, which facilitates 
the stacking of the MSU. Th e Rubbhall consist of circular 
tubes, which is more complicated to stack and results. 
Additionally, the connectors also have to be stacked, and 
due to their geometry, valuable cargo space is lost (Figure 
41).   

With the information from table 7, the total volume 
which is required for the total amount of MSU’s per 20 ft . 
container can be calculated (Table 8). Th e volume of a 20 
ft . container is 33m².

Figure 39:  Ineffi  cient  stacking of MSUs (Rubb-
Hall).

Figure 40: Profi les bundled together (Rubb-
Hall).

Figure 41:  Due to the  elements shape, packages  
have to be customised (RubbHall).

Figure 42: Transportation of ironmongery in 
wooden boxes (O.B. WiikHall).

Figure 43:  Profi les bundled with plastic bands 
(O.B. WiikHall).

Figure 44:  Long elements limit the transport 
possibilities (O.B. WiikHall).

MSU
RH 

THAB
WGH 
NG1

O.B. 
WH

# of MSUs in a 20 ft  
container [pcs.]

5 6 6

Package volume [m³] 5 4,6 -

Packaging material

Th e wooden crates are utilised to transport small parts 
and ironmongery (Figure 42). Diff erent materials and 
techniques are used to bundle the profi les. O.B. Wiikhall 
bundles the profi les with plastic bands (Figure 43). Th e 
Rubhall requires wooden frameworks to bundle the profi les 
and connectors (Figure 41).  

MSU
RH 

THAB
WGH 
NG1

O.B. 
WH

Total volume MSUs in 
20ft  container [m³]

25 27,6 -

Remaining volume 20ft  
container [m³]

8 5,4 -

Table 7Table 7: Packaging characteristics [Speedkits, 2014].: Packaging characteristics [Speedkits, 2014].

Table 8Table 8: Total package volume in a 20ft . sea-container, and space loss.: Total package volume in a 20ft . sea-container, and space loss.
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It is remarkable that in a container full of Rubbhalls there 
is still 8m³ of free space and of 5.4 m³ with the WGH. 
Th eoretically there is enough space to stack one more MSU, 
but in practice due to the design and packaging method 
impossible. 

Th e design of the wooden crates ensures that the small 
parts and ironmongery easily can be repacked. However, 
they have to be temporary stored which requires valuable 
space during the use of the MSU. Th e plastic bands (O.B. 
Wiikhall) and wooden frameworks (Rubbhall) to bundle 
the profi les are not reusable and can be considered as lost.  

V Functionality MSU

Th e MSUs are used to store food and non-food items. 
However, in practice, they are also used for other purposes 
(Paragraph 2.2). If the MSU is utilised for another function, 
it may occur that inner walls, overhangs or shade nets are 
required. Second, if smaller or larger spaces are required, 
the MSU has to be adjustable.     

Objective

Th e technical possibilities to transfer the MSU into another 
purpose (inner wall, overhang and shade nets), and the 
technical possibilities to modify the MSU in length per 
module. 

Technical possibilities to transform the MSU 

Rubbhall is the only model where it is possible to install 
inner walls in transverse direction(Figure 45). Th e 
membrane is mounted on the lower roof beam. To install 
the inner wall, a ladder is required. No provisions are 
integrated in the models to install overhangs for external 
storage (Figure 46). Th e same applies to shade nets, Figure 
47 shows an example of a shade net that is applied to a 
multipurpose tent [Speedkits, 2014].  

Modularity on system level

Th e Rubbhall and WGH NG1 are not designed to modify 
in length. Technically it is possible to modify the structure 
per module of all models; however, the covers are not 
designed per module causing the MSU is not extendable in 
length. Th e O.B. Wiikhall can be purchased in any length. 
Th e standard models are 10 x 24m and 10 x 32m, also a 
smaller variant is available with a span of 6.5 meters width 
(Figure 48), and can be ordered in lengths of 4m. 

Conclusion

Th e possibility to transform the MSUs is limited. Only the 
Rubbhall has a provision to install inner walls transversely. 
To accomplish this action a ladder is required, which is 
unwanted. Th e cover system of the O.B. Wiikhall ensures 
that the model is adjustable in length, resulting in that the 
system can be ordered  in lengths of 4m.

Figure 45:  Installing inner wall (RubbHall). Figure 46:  Outside storage along the MSU [Speedkits, 2014].

Figure 47:  Shade net applied on multi-purpose tent [Speedkits, 2014]. Figure 48:  Smaller MSUs (O.B. WiikHall).
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VI Costs

Th e prices between the MSUs are mutually compared. 
Also a comparison is made between other diff erent tent 
structure within the humanitarian fi eld.

Objective

To determine the price per MSU.

Cost MSU

A cost comparison can be made from information derived 
from a tender by the World Bank. Th ese prices date form 
17 August 2010 (calculated back to CHF, 1$=0,966CHF). 
Together with the price in the catalogue of the IFRC 
(2012), these prices give a good idea of the average costs of 
the mobile storage tent of 240m²  (Table 9). 

      Objective

Th e objective of the questionnaires was to get an inside 
view of the MSU utilisation and what problems occurs 
during, transport, assembly, utilisation and disassembly. 

Result

A questionnaire was made to get an inside view of the 
use and problems related to  the use of MSUs. Further 
interviews were done to gain additional information. Th e 
goal was not to ask for solutions, but too identify problems.

Below a list can be found of the fi eld experts involved. 
Further, the main conclusions are summarized in the 
tables below. 

Overview of people asked to fi ll in the questionnaire or 
interview:
• Int. Fed. Red Cross & Red Crescent (IFRC) Corine Treherne / 

Cecilia Braedt (int)
• British Red Cross    (BRC) Mike Goodhand
• Médecins Sans Frontierés  (MSF) Frank Rammeloo
• World Food Program   (WFP) WPF coordinator (int) / 

Giuseppe Sabba
• Norwegian Refugee Council  (NRC) Roger Dean
• Swiss Red Cross  (CHRC) Daniel Garnier (int)  

• Independent    (-) Jaimie (int) 

Th e respondents were not able to answer all questions. Th e 
results are summarised and given in table 10:

General design condi  ons
Culture / 
climate 

•  Generally culturally accepted
•  Not used in cold climates 

Site •  Levelled surface is critical
•  Drainage needed for water removal
•  Raise fl oor if possible
•  Deployment on tarmac increasingly relevant 

Usability
Use • storage of food, NFI’s, construc  on material, 

medicines, watsan goods 
• as soon as possible and economically feasible / 

max. 3-4 years 
Dimensions • storage height up to 2m (norm), in prac  ce: 

also higher
• inspec  on area between side walls and goods 

preferred 

Transport

Logis  c • trucks in warehouse: when raining / out of 
people’s sight

• air / sea / land, depending on situa  on
• goods loaded into warehouse mostly manually 

or by small forkli   
Packaging • need for be  er packaging 

• re-packing is a problem (loss of parts)
Stock • Kuala Lumpur, Dubai, Panama, Brindisi 

• WFP purchases 500-1000 yearly, others hardly
• cost price per unit: €13.000,- 

Compared to other tent structures applied by UNICEF and 
IFRC (prices from the procurement catalogue), the mobile 
storage centre is the most expensive tent (Figure 49).

Conclusion

Th e price per square meter tent of the mobile storage 
centre is about 1.5 times more expensive than the second 
expensive tent.  

3.3 Experiences in the humanitarian sector

To gather more information about the experiences with the 
MSU, a questionnaire was set up by Tim de Haas (Appendix 
B). Th is questionnaire was sent to diff erent NGOs.

Figure 49:  Diff erent cost prices per tent [Speedkits, 2014]

Table 9Table 9: Average cost per MSU [Speedkits, 2014].: Average cost per MSU [Speedkits, 2014].

Type MSU Price per MSU 
[CHF]

Price MSU 
[CHF/m²]

RubbHall AS 14949 62.29

WGH NG1 20095 83.73

O.B. WiikHall - -

IFRC catalogue 17000 70.80
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Tent characteris  cs

Deployment • 1 trained person + 6 local/untrained = 2 
days

• by supplier: deployment not included in 
price 

Deconstruc  on • deconstruc  on and storage (if in good 
state) or handed over to locals 

Training • more and more deployed by companies 
• every year training of staff 

Tools • the less the be  er
• addi  onal tools needed for cover 

placement (poles / ropes) 

Generally it can be concluded (Table11): 
General conclusion

NRC and MSF almost never purchase a Rubbhall (NRC/MSF)

Storage space in general is needed in the fi rst stage of an 
interven  on and provides one of the main important interven  on 
criteria. (MSF) 
Failure mostly due to assembly mistakes (people not well trained) 
(CHRC)
Sandstorm worst condi  on (CHRC) 

Wiik Hall is a good product (CHRC) 

Already improved due change from steel to aluminum, less transport 
weight and improved erec  on  (BRC / WFP)
A new product should target the common specs and increase the 
poten  ality of this product, however the problem is the cost: How to 
do be  er for less? (CHRC)

Suggestions for further improvement (Table 12):
Sugges  ons for improvement

Reduce height of structure (CHRC

Need for racks (CHRC/WFP/MSF)

Lateral exits (WFP)

More robust doors (independent) 

Be  er ven  la  on (CHRC/WFP)

Raised fl oors (MSF)

Fabric reinforcement to prevent the   (CHRC)

Other/be  er anchoring (independent) 

Subdivide in ends and sec  ons (independent) 

Clear moun  ng instruc  on (WFP) 

Reusable boxes with low storage volume (independent)

Table 10Table 10: Summary respondents answers  [Speedkits, 2014].: Summary respondents answers  [Speedkits, 2014].

Table 11Table 11: General conclusions questionnaire  [Speedkits, 2014].: General conclusions questionnaire  [Speedkits, 2014].

Table 12Table 12: Suggestions for improvement  [Speedkits, 2014].: Suggestions for improvement  [Speedkits, 2014].

Conclusion

Despite that not all questions were answered, a good insight  
can be obtained about the currently used MSU’s. Th e main 
problems are incorporate in the problem statements.

3.4 Overall conclusion

Th e main problems derived from the problem statements 
(Paragraph 1.1) are analysed on diff erent MSUs. In general 
it can be concluded that the analysis of the used MSUs  
corresponds to the problems stated by the NGOs. 

To fi nd solutions to solve these problems, the data, from 
this literature study, is gathered and used to form boundary 
conditions to develop a new MSU.



16
T.J. Kuijpers



17
Development of a MSU for humanitarian purposes 

Derived from the analysis of the state of the art and 
the experience from the humanitarian fi eld, boundary 
conditions are set for the development of the MSU. All 
the analysed MSUs have a surface area of 240m². Th e data 
received from the analysis are converted into the values for 
120m².

Objective

Establish requirements which the new developed MSU 
should meet.

Result

Th e following requirements are established:

  I Structure

Subject Requirement Source
Lifespan MSU Th e intended lifespan is 2 to 5 years Speedkits

Components Unique components < 11 pieces Rubbhall/ O.B. WiikHall

Number of components < 132 pieces O.B. Wiikhall

Weight MSU Maximum weight  < 9,88 kg/m² WGH ALU NG1

Wind load MSU Th e MSU must resist wind speeds of: 20 m/s (72 km/h), 
10 min averaging period, at 10m height

Speedkits

Th e MSU must resist wind speeds of: 31 m/s (112 km/h), 
10 min averaging period, at 10m

Speedkits

 II Foundation

Subject Requirement Source
Soil composi-tion Soil composition Applicable to various substrates, from vary loose to very 

dense
Speedkits

Irregularity Adjustability of 2% from span. Speedkits

System Instruction Clear instructions how to use the foundation in which 
condition

WGH ALU NG1

 III Assembly and erection

Subject Requirement Source
System Workers < 3 workers per component NGO, questionnaire

Time Construction days < 8 hours NGO, questionnaire

Unskilled workers < 12 workers NGO, questionnaire

Skilled workers 1 NGO, questionnaire

Equipment & 
Tools

Equipment Erection from the ground, no ladders  NGO, questionnaire

Tools No heavy or electrical equipment, reduce numbers of 
unique tools to minimum

NGO, questionnaire

 

4. Boundary conditions for new designed MSU4. Boundary conditions for new designed MSU
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IV Packaging

Subject Requirement Source
Transport 
method

Container 20ft 

Pick up Toyota Land cruiser HZJ79 pick-up IFRC Catalogue

Packaging 

properties

Number of packages > 12 MSUs in 20ft  container Speedkits

Number of packages > 1 MSUs in pick up

Number of packages Storage as one or two packages, divided into sub pack-
ages which can be carried by two persons with a max of 
50kg

Arboportaal

Weight < 1185 kg   (120m² * 9.88) Speedkits

Transportation Pallet (block, euro, airplane) Speedkits

Packaging material Reusable NGO, questionnaire

 V Functionality

Subject Requirement Source
Storage Design based on euro and block pallet and MSF rack 3000x600x2400 (lxwxh) NGO, questionnaire

Design based on stacking norm of 2m high NGO, questionnaire

Load and unload in MSU NGO, questionnaire

Inspection area between side wall and storage NGO, questionnaire

Multifunctional Possibility to use MSU as: hospital, shelter, kitchen, school or offi  ce. Speedkits

Geometry Span, 8m Speedkits

Wall height,  >2,6m Speedkits

Ground surface, 120m² Speedkits

Modularity Classifying space per module. Speedkits

 VI Costs

Subject Requirement Source
Costs Purchase price, <CHF 62.29 Speedkits

Conclusion

To keep the level of the requirements as high as possible, 
the strongest point of each requirement between the three 
MSUs is selected as boundary condition. Suggestions from 
the questionnaire are added to the boundary conditions.  
With these boundary conditions the new MSU can be 
developed.  
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To solve the shortcomings in the currently used MSUs, a 
new MSU must be designed. To create new idea’s, concepts 
are roughly generated with the aid of the morphological 
method (Paragraph 1.3). 

Th e rational thought behind this method is that there is 
no ideal solution, but that however, there are adequate 
and less adequate solutions. Th e morphologic method is 
ideal to perform a product solution by gradually adding 
the prescribed requirements. According to Zwickey and 
Ritchey the morphologic analyses contains fi ve stages 
[Gijsbers, 2011]:

I. Problem statement

II. Quantifi cation and weighting of parameters

III. Composition of a morphological map fi lled with 
(sub)solution principles

IV. Evaluation of (sub)solutions in relation to valued 
and weighted parameters

V. Comparison and exclusion of (sub)solutions  &  
composition of concepts

Th ese stages are the guideline for this development process. 
Th is chapter continues with stage II, stage I is already 
described in Chapter 1.

Objective

To generate diff erent multiple concepts in accordance with 
the boundary conditions. 

Result 

II Quantifi cation and weighting of parameters

Th e importance of each parameter, derived from the 
boundary conditions, is established with pair compare 
(Appendix C2), where as a result, each parameter is 
provided with a weight factor. 

At Appendix C1, each parameter is described and provided 
with a score between (0-4), where a positive description is 
rated with 4 and a negative description with 0, according to 
the boundary conditions. 

III Composition of morphological map fi lled with 
(sub)solution principles

A morphological map is an overview with possible 
solutions for each parameter. Th e parameters are technical 
components of the MSU. Combining the solutions of each 
parameter results in a basic MSU. Th e morphological map 
contains two main subjects: building components and 
assembly that are divided in parameters (Appendix C3). 

IV Evaluation of (sub)solutions in relation to valued 
and weighted parameters

Derived from the parameter description, the solutions 
are rated and multiplied with the weight factor, which 
is given in a score table at Appendix C4. All parameters 
added together establish the total score of each solution, 
which is documented in the morphological map. To make 
a distinction between suitable solutions and less suitable 
solutions,  the scores are marked red, orange and green. 
Green means that the partial solution is suitable and red 
means that it is less suitable, orange is neutral. 

Concept formation 

A basic concept can be generated by combining the diff erent 
solutions (Appendix C5). Th e concepts are established with 
the aid of the following requirements:
• Technical feasibility; not all solutions can be 

combined.
• Variation; to prevent strong similarities between the 

concepts, variation is applied within parameters A4 
(geometry) and B1 (assembly method).

• Score; total score solution.
Of each generated concept an overview is established 
(Appendix C6). Th is overview contains: 
• Total score derived from morphological map;
• 3D image;
• Vertical cross section;
• Reference.

Spindle concept 

Th e spindle is added later to the generated concepts and 
assessed at comparison and exclusion of the concepts. On 
the other hand, one umbrella concepts is lapsed.

V Comparison and exclusion of the concepts 

Th e less potential concepts have to be excluded from the 
potential concepts. Th e generated concepts are roughly 
assessed against the most important parameters, where 
the rate and defi nition are given at Appendix C. Th e 
parameters are with the aid of scores rated. Th e parameter 
is assessed, positive (3 points), neutral (2 points) or 
negative (1 point). Second, the focus points are added to 
describe important issues that must be taken in account 
to  assess these concepts. Th e assessment and focus points 
are added at the overview in Appendix C. Figure 50 shows 
an overview of the concepts with a score derived from the 
morphological map and the assessment against the most 
important parameters. 

Conclusion

Besides the score from the morphological map, which 
was used to generate concepts, the generated concepts are 

5. Concept generation5. Concept generation
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roughly rated according to the main parameters, in order 
to select concepts for further development.

Six out of ten concepts are selected for further development. 
Folding ladder I has the highest score. It scores well on all 
subjects. Folding ladder II almost corresponds with folding 
ladder I. Th ese concepts are merged to one concept. Th e 
second concept is the spindle. It scores well on functionality 
and assembly. Th e third concept is the Greenhouse. Th e 
main advantage of the Greenhouse concept is its structure 
and assembly. Th e structure is simple and modular. Th e 
last two concepts are cable structures I and II. Th ey scored 
well on the weight of the structure. 

All these concepts are analysed further in the following 
chapter.

Figure 50:  Result of concept selection.
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Th e number of concepts is reduced to fi ve concepts. In this 
chapter, these concepts are further developed and analysed 
on: structure, assembly and erection, transport modularity 
and functionality. Further, the concepts are assessed by 
experts who have experience in the humanitarian fi eld. Th e 
concepts which are analysed are given in Figure 51.

6.1 I Structure

Th e fi ve concepts diff er in structure, they can be divided in 
two types: portal structure (concept 1A, 1B, 2 and 3) and 

cable structure (concept 4 and 5). Th e structural behaviour 
of the portals, excluding load, is analysed. Based on these 
analyses the advantages and disadvantages per concept are 
provided. Special attention is devoted to the stability of the 
structure.

Objective

Analysing the stability of the portals and a rough cost 
estimation of the structure weight. 

6. Concept selection6. Concept selection

Concept 1A: Folding ladder (Saddle shaped) Concept 1B: Folding ladder (Cylindrical shaped)

Concept 2: Spindle Concept 3: Green house

Concept 4:Cable structure III Concept 5: Cable structure I

Figure 51:  Selected concepts
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Result

Th e acting forces (Only permanent load) of each concept 
are shown in Figure 52.

Concept 1 Folding ladder, Concept 2 spindle  

Th e portal structures guides load through the roof 
structure via the columns to the foundation. Th e folding 
ladder utilises beam raft ers, the spindle utilises a truss. 
Th e spindle, which is attached at the truss, holds the roof 
membrane in position. Due to this, a large compression in 
the middle of the truss occurs. Th e portal structures can be 
designed stable without utilising a foundation.

Concept 3 Greenhouse

Th e load distribution in the portals behave the as in 
concept 1 and 2. However, there is one important issue, 
opposed to concept 1 and 2, thrusts occurs at the ends of 
the columns, due to the cylindrical form. Extra actions 
must be performed. Th rusts can be guided in two ways, 
through the foundation or a tension cable. In case of the 
foundation, the stability of the structure largely depends 
on an external factor, namely soil composition at site. 
Incorrect assembly or wrong application of the foundation 
is fatal. Without a foundation, variant 1 is unstable. In 
fact, a heavier foundation is required to guide the thrusts. 

Applying a cable between the base of the portal, ensures that 
the portal is in equilibrium and stable without foundation.   

Concept 4 Cable structure III, Concept 5 Cable 
structure I

Th ese structures are unstable without applying a foundation, 
causing that the foundation has too resist larger forces than 
concept 1 and 2. Resulting in that the soil composition at 
site is an important parameter. Th e foundation underneath 
the columns is subjected to compression, while underneath 
the cable attachments it is subjected to tension. Th e 
magnitude of the force in the cable and on the columns 
depends on, inter alia, the distance between the foundation 
of the cable and the foundation of the column. 

Conclusion

Th e concepts that are stable without using a foundation 
are preferred. Th ese structures are independent of the soil 
compositions at site. Second, incorrect assembly or wrong 
application of the foundation could lead to collapsing the 
MSU at concept 3 (variant 1), 4 and 5.

Weight main structure

Th e total weight of the structure has to be reduced. Th e 
requirement is to achieve a weight of less than 9.88 kg/m². 
Th e total weight of the portals and membrane are roughly 

Figure 52:  Stability of the portals
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calculated.  Th e outcome is not comparable against the 9.88 
kg/m² from the requirements

Objective

Rough estimation of the weight per concept. 

Result

Th e dimensions of the structural elements are estimated 
with the rule of thumb manufactured in steel S355. Th e 
cross-section of all profi les is rectangular. As membrane, 
type Ferrari 1502, PVDF is used [Innova]. Table 13 
provides an overview of the estimated weight per concept, 
the calculation is given in Appendix D.
Position Concept Weight [kg] Weight [kg/

m²]
1 Concept 3: Green 

house
1298 10.8

2 Concept 5: Cable 
structure I

1338 11.2

3 Concept 2: Spindle 1585 13.2
4 Concept 4: Cable 

structure III
1638 13.7

5 Concept 1: Folding 
ladder 1A

1698 14.2

6 Concept 1: Folding 
ladder 1B

1709 14.2

Conclusion

Th e Greenhouse and cable structure I are the lightest 
structures. Compared to concept 1, 2 and 4 they are about 
20 to 30% lighter. Despite the fact that the structural 
members at the Greenhouse are longer compared to the 
folding ladder, it is much lighter because the profi les are 
smaller dimensioned. 

6.2 III Assembly and IV Transportation

Th e focus in this paragraph is on the assembly and 
erection method. Th e advantages as well the disadvantages 
are described, where also transport and modularity are 
described.

Objective

Analysis of the possibilities to assemble and erect the 
diff erent concepts. 

Result

Concept 1 Folding ladder, Concept 3 Greenhouse

Th e assembly and erection of these portals are drawn in 
Figure 53, Figure 54:

Figure 53:  Assembly and erection of the folding ladder. Figure 54:  Assembly and erection of the green house.

Table 13Table 13: Rough estimation of weight per concept.: Rough estimation of weight per concept.
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Th e Greenhouse and folding ladder are broadly consistent. 
Th e structural members are identical which is ideal for 
transportation. Th e components can be assembled in 
random sequence, which diminish the possibility of 
mistakes. Prefabrication may limit the number of elements. 

Th e erection of the structure is too heavy to erect manually, 
auxiliary tools are required to erect. Th e entire structure 
has to be erected at once or gradually. However, due to the 
system it may be necessary that six workers are required 
to erect the structure. Also, large horizontal forces occur 
at the foundation during the erection, which makes a 
counter-weight necessary to hold the structure in position. 

Both concepts have a simple design, and the assembly and 
erection requires less man-hours, whereby the expectation 
is that the MSU can be built in less than a half day.   

Concept 2 Spindle

Th e assembly and erection of these portals are described 
and drawn in Figure 55:

Th e portal consists of columns, a truss and spindle. Th e 
spindle is a convenient tool to tension the roof membrane. 
Two variants are applied, hinged and telescopic. Th e 
columns, truss and spindle are prefabricated. Th e columns 
can be designed hinged or telescopically, depending on the 
erection method. In order to make the truss transportable 
and manageable, it has to be manufactured in smaller parts 
and assembled at site. Despite the fact that there are three 
diff erent kinds of elements, their number is limited. Th e 
design of the element clarifi es the function of each element.           

Both variants can be assembled and erected from ground 
level. At the hinged variant, large forces occurs at the 
foundation during the erection. Compared to the telescopic 
variant, the horizontal forces and bending moment are 
smaller at the foundation. 

Due to the weight of the portal, it has to be erected with 
auxiliary tools. Th e entire structure has to be erected at 
once or gradually. Resulting that it is necessary that six 
workers are required to erect the portals.

Figure 55:  Assembly and erection of the spindle concept, left  with hinged columns, right with telescopic columns.
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Th e concept is a simple design, and the assembly and 
erection requires less working hours, whereby the 
expectation is that the MSU can be built in less than half 
a day.   

Concept 4 Cable structure III, Concept 5 Cable 
structure I

Th e assembly and erection of these structures are described 
and drawn in Figure 56, Figure 57:

Th ese structures consist of columns and cables. Before the 
erection, the columns have to be mutually assembled with 
lateral profi les to create a framework. Aft er assembly, the 
framework is erected manually, and has to be temporary 
secured. However, due to the size of the framework, 15 
meter long and 4.8 meter high, this can cause problems 
during the erection. Th e convenience of the cable structure 
is the erection method of the membrane. With the cables, 
the membrane can be erected manually and the structure 
secured. 

Each member can be transported in its entirety. Th e 
roof components occupy little transport volume. Two 
unique elements are applied, column and cable. Th ey are 
manufactured as one component, which minimise the 
number of elements. 

Th e attachment of the cable to the foundation is a crucial 
factor in succeeding the assembly. Incorrect assembly 
results in failure of the assembly. Th e expectation is that 
the MSU can be built in less than a half day.   

Figure 56:  Assembly and erection of the cable structure III. Figure 57:  Assembly and erection of the cable structure I.
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6.3 V Functionality

Th e geometry of the structure may limit the functionality 
in and around the MSU. Th e requirements regarding to 
the dimension of the MSU is, a span of 8 meter and a wall 
height of 2.6 meter. To achieve these dimensions, extra 
ground surface may be required to deploy the MSU. 

Objective

Limiting of the structural surface area to deploy the MSU. 

Result

Th e concepts are divided in three categories Table 14.
Concept Span 

(m)
Gross/
net ratio 
ground 
surface*

Vertical 
walls

Folding ladder, spindle 8 Minimal Yes
Greenhouse >8 2/3 = net No
Cable structure I, III 8 Depends** Yes

6.4 Assessment experts from humanitarian 
fi eld

On 27-06-2013, at the TU/e a meeting was arranged in 
the context of Speedkits WP2. Experts from the fi eld, 
universities and companies took part in this meeting. 
During the meeting, the fi ve concepts were presented. Aft er 
the presentation, a questionnaire was handed out, to assess 
the fi ve concepts. At the questionnaire, the respondents 
give their opinion about which concept or component is 
the most appropriate to act as a MSU for humanitarian 
purposes. At the questionnaire the respondents fi ll in their 
three best concepts, with comments. 

Objective

Receiving feedback on the fi ve concepts of the experts, and 
include them in determination of the fi nal concept.  

Results

Th e results of the questionnaire are presented in Table 15. 
Th e concept at the top is the most suitable according to 
the experts. Further, the positive and negative points of the 
concepts are stated briefl y. 

Concept Positive points Negative points

#1 Folding 
ladder

• Erection portal, 
easy

• Simple design, 
clear concept

• Straight walls
• Effi  cient
• Stability
• Connection with 

container
• Prefabricated 

• Erection portals 
at the same time

• Flat ground 
necessary

• Strength hinge
• Curved profi les, 

due compactness
• Packaging 
• Expensive 
• Connection 

useless aft er 
contact with sand

#2 Spindle • Simple
• Rigid
• Straight walls
• Increase tension 

membrane by 
spindle

• Truss could be act 
as column

• Small number of 
elements

• Sagging of 
membrane (roof), 
water pockets

• Point load at roof, 
(heavy to pull up) 

• Loss of height due 
to truss

• Diffi  cult form of 
roof

#3 Cable 
structure III

• Straight walls
• Challenge 
• Light
• Small packaging
• Columns and 

cables can be used 
for other purposes

• Complicated
• Stability
• Erection

#4 Cable 
structure I

• Straight walls
• Light
• Small packaging
• Columns and 

cables can be used 
for other purposes

• Complicated
• Complicated 

fabric shape
• Stability
• Erection

#5 Greenhouse - • Forces at 
foundation

• Connection with 
container

• Ineffi  cient on 
sides

• Should be on 
columns 

Table 14Table 14: Structural surface area per concept .: Structural surface area per concept .

 Concept 1 Folding ladder, Concept 2 spindle

Th e folding ladder and spindle concept are effi  cient in terms 
of required structural ground surface. Storage along the 
wall is possible internal as well external without obstacles. 

Concept 3 Greenhouse

Th e Greenhouse is ineffi  cient, to reach a span of 8m with a 
wall height of 2.6 meter, a span of approximately 11 meter is 
required. Th is results in about 1/3 of extra ground surface. 
As the walls of the Greenhouse are curved, storage along 
them wall may be a problem.

Concept 4 Cable structure III, Concept 5 Cable 
structure I

Outside the MSU guy ropes are necessary to stabilise the 
structure. Th e distance between the cable foundation and 
column foundation depends on structural characteristics 
and may limit the activity around the MSU as well the 
storage possibilities. Internal storage is not a problem due 
to the vertical walls. 

Conclusion

Th e most suitable concepts are the folding ladder and 
spindle. Little structural ground surface is required during 
the deployment of these MSUs. Second they have vertical 
walls, causing internal as external storage is possible. 
Finally, the structure does not limit the activities around 
the MSU.  

Table 15Table 15: Assessment of the concepts by experts.: Assessment of the concepts by experts.
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Conclusion

Th e result of the questionnaire is clear. All respondents, 
except one, has chosen for the folding ladder. Th e main 
reasons are its simplicity, easy to erect and stability. Th e 
second best concept, which also was high rated, is the 
spindle concept. Th e other three concepts, were poorly 
assessed, in particular the Greenhouse. 

6.5 Concept selection

Th e fi ve concepts are assessed on geometry, structure, 
assembly and expertise from the fi eld. Based on these 
assessments, the most potential parts are chosen for the 
fi nal concept. 

Th e conclusion at the concepts is clear. Th e folding ladder 
and spindle are the most ideal structures. Th e structure is 
not complex, the stability of the portal does not depends 
on the foundation characteristics, it is easy to erect and no 
structural obstacles are available in- or outside the shelter. 
Th is concept was also recommended by the respondents. 

Secondly, the erection method of the cable concepts, 
is selected to erect the folding portal. It is too heavy for 
manually erection.
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Table 16Table 16: Parameters that are determined for the  basic concept.: Parameters that are determined for the  basic concept.

Th e parameters which are determined to design a new 
MSU are given in Table 16.

Derived from concept 
selection

Derived from boundary 
conditions

Foldable portals Straight walls > 2,6m
Erection portal with cable Span 8m

Ground surface 120m²

7.1.1 Structural analyses

Th e portals provide a load-bearing function in the 
transverse direction. Th ey have to deal with permanent 
load and changing load. Extraordinary load is neglected. 
With the diff erent load input, the forces per geometry are 
calculated with Matrix Frame®.

Objective

Th e objective is to determine which geometry receives the 
smallest forces on the structural members and foundation 
of the portal.

Result

A two hinged portal covered by a membrane is calculated. 
Th e most unfavourable load combinations are determined 
per geometry. Th e results are divided into: load on portal 
members and load on the foundation, the calculations are 
given in Appendix E.   

Load on portal members

Th e portal is calculated on wind force, in Matrix Frame, 
which is normative, according to Eurocode 1. Th e maximum 
occurring moment at the portal of each geometry (My;d) 
is given in Figure 59. It is obvious that the impact of wind 
is the largest at the single pitched roof. Th e wind impact 
between the saddle and cylindrical shaped roof hardly 
diff ers from each other.

Th e profi le dimensions are calculated per geometry and 
converted into weight per m² (Figure 60), where standard 
profi le sizes are applied [Bone, 2000]. Th e result of weight 
per m², is a translation of the occurring moment in the 

7. Engineering of the MSU7. Engineering of the MSU

Geometry roof Height [m] Roof angle [°] Geometry roof Height [m] Roof angle [°]
Saddle 3.3 10 Single pitched 4.7 15
Saddle 4.0 20 Single pitched 5.4 20
Saddle 4.7 28 Cylindrical 3.3 -
Saddle 5.4 35 Cylindrical 4.0 -
Single pitched 3.3 5 Cylindrical 4.7 -
Single pitched 4.0 10 Cylindrical 5.4 -

Th e geometry of the roof is undefi ned as well the 
distance between the portals. Th e geometry of the roof 
has infl uence on the structural behaviour of the portal. 
It determines the size of the force on the foundation 
and profi le characteristics, and indirectly the transport 
volume. Secondly, the function of the hinges must be 
established, they can act as, a structural-, erectable-, and/
or transportable component. Finally, water accumulation 
must be avoided on the roof top.  

In total twelve diff erent geometries, divided in four heights, 
are compared on the mentioned aspects (Figure 58 and 
Table 17). Th e portals are unbraced in transverse direction 
and provide its own stability. Th e distance between the 
portals is 3 meter. All geometries consist of 5 modules with 
a surface area of 24 m² per module. Th e total surface area 
of each geometry is 120 m².

Objective

Subjecting the twelve geometries to the three aspects 
and selecting the most suitable geometry for further 
development. 

Table 17Table 17: Heights and roof angle of twelve diff erent geometries. : Heights and roof angle of twelve diff erent geometries. 

2,6 m

3,3 m

4,0 m

4,7 m

5,4 m

Saddle shaped roof Single pitched roof Cylindrical roof

Figure 58:  Illustration of the twelve geometries.
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portals. Th e weight between the saddle and cylindrical 
shaped portal barely diff er. While the single pitched roof 
is approximately 30% heavier at a height of 3.3 meter, 
increasing to 65% on a height of 5.4 meter, compared to 
the other two geometries.

Load on foundation

Because the MSU is a light weighted structure, it is sensitive 
to upward forces and horizontal displacements caused by 
wind gusts. Unlike, the occurring moment at the saddle 
and cylindrical shaped geometry, there is a diff erence in 
the upward forces at the foundation (Figure 61). Th e forces 
at the saddle shaped geometry are a factor 1.5 to 2 smaller. 
Th e horizontal forces on the foundation barely diff er(Figure 
62). 

Derived from Figure 59 it was already concluded that the 
single pitched roof receives the largest forces, which also 
translates into the results of the occurring forces at the 
foundation.

Conclusion

First, the single pitched roof can be excluded. Th e forces are 
much higher on the single pitched roof than the other two 
roof designs, which results in more material to construct 
the MSU, also the foundation has to be designed more 

sturdy.

Th e main diff erence between the saddle and cylindrical 
shaped roof are the upward forces on the foundation. Th e 
upward forces in the saddle shaped roof are less signifi cant, 
which causes that the cylindrical shaped roof is excluded 
as well. 

Th e geometries are reduced to four designs, all saddle 
shaped. Referring to the weight, the structure with a 
height of 3.3 meter is the lightest. However, referring to the 
upward forces, the structure with a height of 5.4m receives 
the smallest forces, which results in a lighter foundation. 
Th ese two parameters are the opposites of each other. 
Other parameters will have to be decisive on which design 
is the most suitable.

7.1.2 Hinges

Nodes in the portal can be designed hinged. Th ese hinges 
can act as a structural component, support the erection of 
the portal and convert the portal in manageable transport 
packages.    

Objective

Th e objective is to design a portal with limited hinges 

Figure 59:  Maximum acting moment Figure 60:  Weight 6 portals in kg/m² ground surface 

Figure 61:  Maximum upward forces on foundation Figure 62:  Maximum horizontal forces on foundation
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that  functions as a structural, erectable and transportable 
component.

Structural hinges

Th e portal can be modelled as a two-hinged frame (statically 
indeterminate, Figure 63) or three-hinged frame (statically 
determined, Figure 64). A two-hinged frame, with the same 
dimensions of beams and columns, is stiff er and stronger 
than a three-hinged frame. Th e most important diff erences 
between a two-hinged frame and a three-hinged frame are: 
the eff ects of imposed deformation, stability, and stiff ness 
diff er between the structural members of the portal 
[Welleman, 2002].

Statically determined portals deform, but moments do 
not occurs in the rod but occurs in the nodes, while in 
statically indeterminate portals moments occur in the rods 
and nodes. So statically indeterminate portals are stiff er 
than statically determined portals. In general statically 

indeterminate portals are more stable due to the greater 
stiff ness. [Welleman, 2002].  

In a saddle shaped portal, the structural connections 
are located in the foundation, knee and ridge. Th ese 
connections can be designed moment-resisting, hinge 
supported or roller supported. 

Th e foundation can be performed moment-resisted 
or hinge supported. If the foundation is designed as a 
moment-resisting connection, than the column can be 
designed in a lighter fashion, but the foundation has to be 
designed relatively heavily. Hinge supported foundations 
can only absorb vertical and horizontal forces. Contrary 
to the moment-resisting connection, the column has to be 
designed more robustly. Due to diff erent soil compositions 
lack of construction knowledge and tools at the site, the 
foundations have to be hinged.   

On a two-hinged frame, the moments occur at the knee of 

the frame and at the apex (Figure 65). While on a three-
hinged frame, moments occur at the knees of the frame 
(Figure 66). Th e maximum resisting moment of a two 
hinged frame is smaller than in a three-hinged frame under 
the same conditions.

Hinges as erection and transportation tool 

Th e inspiration of applying hinges in the portal is derived 
from a folding ladder (Figure 67). Th e characteristic of a 
folding ladder is its multi-purpose employability. Th anks 
to strategically placed hinges the ladder can serve as a 
platform (2), step ladder (3) and ladder (4). Also the ladder 
can be fold into a transportable package (1). 

Depending on the use that is made of the ladder, the hinges 
can be rotated counter clockwise to the right position 
(Figure 68). When it is in the right position, the hinge 

Hinges

Figure 63:   Two-hinged portal [Wel-
leman, 2002].

Figure 64:  Th ree-hinged portal 
[Welleman, 2002]

M = 0 M = 0

M > 0

M > 0 M > 0

Figure 65:  Two hinged portal, max-
imum moments occurs at the knee, 
also  a moment occurs at the ridge 
[Welleman, 2002].

M = 0

M > 0 M > 0

M = 0 M = 0

Figure 66:  Th ree-hinged portal, 
maximum moment occurs at the 
knee of the portal, no moment oc-
curs at the ridge [Welleman, 2002].

Figure 67:  Folding ladder, diff erent variants are possible with strategically 
placed hinges [Altrex].

Figure 68:  Th ree possible position of the hinges [Speedkits,2014].

automatically locks. To unlock the hinge, a button has to 
be pushed to rotate the hinge clockwise.  

Methods to erect the portal

Structurally, the portal can be designed as a two-hinged 
portal or a three-hinged portal. However, these positions 
are not suffi  cient to erect the portal, and additional hinges 
have to be added. Additional hinges have been placed 
at the knee, the ridge and in the middle of the columns 
(Figure 69).

At the position of the hinges, excluding the foundation, 
three options have been studied: No hinge (moment 
resistant), hinge assembled at the outside of the portal or 
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are eligible in each category. It shows which method works. 
For each working method the maximum work height is 
given.

Category Method # of 
hinges

Erection 
method  
working

Work 
height [m]

1 1 2 No -
1 6 2 No -
2 8 2 Yes 1.8
2 10 2 No -
3 11 3 No -
3 15 3 Yes 2.2
3 20 3 No -
3 23 3 No -
4 25 4 No -
4 37 4 No -
4 42 4 Yes 1.4 and 1.8
4 50 4 No -

assembled at the inside of the portal (Table 18). 
# 
Hinge

1F 2H 3H 4H 5H 6H 7F

Options -Fixed No 
hinge

No 
hinge

No 
hinge

No 
hinge

No 
hinge

Hinge

Outside Outside Outside Outside Outside  Loose*

Inside Inside Inside Inside Inside

Before the models are tested, boundary conditions are 
set: 

• Hinge 1 is fi xed and hinge 7 can be dislocated;

• To avoid accidents it is not allowed to stay inside 
the MSU during the erection, the portal must be 
erected from the outside; 

• To avoid confusion during the assembly of the 
portal, the portal must be designed symmetrically 
(this does not apply for the position of the hinge 
inside or outside the portal); 

• Th e portal work height is 2 meter before erection.

Based on these conditions 53 methods are tested on a 
scaled model. Th ese models are divided into four categories 
(Figure 70). 

Result

For all models it can be concluded that connection 7 has to 
be fi xed during the erection of the portal. If this connection 
is not attached, the workers’ safety cannot be guaranteed 
during the erection of the portal. 

Th e results of the methods with a loose foundation are not 
taken into account. Th is decreases the number of methods 
are decreased from 53 to 12. Table 19 shows which methods 

1

2

3

4

5

6

7O  = hinge
Δ   = foundation

Figure 69:  Possible positions of the hinges in the portal

1

2

3

4

5

6

7 1

2

3

4

5

6

7 1

2

3

4

5

6

7 1

2

3

4

5

6

7

Figure 70:  Position of hinges divided in four categories.

- Two hinged model
- 7 methods
- Hinges at 2 and 6

- Two hinged model
- 5 methods
- Hinges at 3 and 5

- Th ree hinged model
- 14 methods
- Hinges at 2, 4 and 6

- Two hinged model
- 27 methods
- Hinges at 2,3,5 and 6

Table 18Table 18: Position hinge at node.: Position hinge at node.
Table 19Table 19: Overview of which method works.: Overview of which method works.

Category 1 

None of the methods in category 1 works, because the 
hinges are only placed in the middle of the column. Th e 
knee and ridge are stiff , due to this it is not possible to 
move the structure to a workable height.

Category 2 

In category 2, method 8 is the only working method. 
(Figure 71). At the start position, the maximum height is 
1.8 meters. Th e nodes at the knees are hinged, which is the 
weakest point in the model. Aft er the erection of the portal 
they have to be fi xed at a height of 2.6 meters, which is 
impossible without the aid of a ladder. An alternative to fi x 
the hinges is to tension the cable at the foundation and to 
use the cable as the primary structure.  

Category 3 

Method 15 in category 3 is the only working method 
within that category. Th e main advantage of this method is 
that the knees are moment resistant before the erection of 
the portal, which makes the portal stable during erection. 
A further advantage is that during the erection of the 
portal, the cable only has to be attached at one side of the 
portal on the upper column. When the upper column is 
pulled in position, the rest of the portal follows (Figure 72). 
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However, at the side of the column which is pulled, large 
forces occur. Another point of attention is the work height 
of 2.2 meters.

Category 4

Method 42 is the only working method in category 4 
(Figure 73). Category 4 has the most hinges. Due to this 
number of hinges, the portal is less stable during erection. 
As in category 2, the knees are unstable during erection 
and have to be fi xed when in fi nal position. Unlike in to 
category 3, the work height here is 1.8 meters.

Conclusion

Method 15 is chosen as the erection model. Th e main 
reasons are, its simplicity and reliability. Its simplicity 
distinguishes it in erecting the model. Th e cable only has be 
to attached to one side of the portal instead of through the 
whole portal. Secondly, the cable is attached in the middle 
of the column which is on a height of 1.3m, therefore 
reachable from ground level. Its reliability is expressed 
in the knees of the portal. Th e knees of the portal are 
assembled at ground level, which makes the portal stable 
and safe during erection.

Compared to the mechanical model, method 15 is a three-
hinged model. Th e portal remains stable without securing 
the ridge. Also the foundation has to be hinged to erect 
the portal from ground level. Two extra hinges have to be 
added, at the middle of the column, to lower the entire 
portal for assembly. 

7.1.3 Water accumulation

Water accumulation can be a problem, in particular for 
geometries with a slight roof slope. To determine under 
which roof angles no water accumulation occurs, full scale 
test are performed. Based on these tests, the minimum 
angle is determined to design the portal.   

Objective

Determine the minimum slope to prevent water 
accumulation. 

Full scale tests

In the structural analysis it was concluded that the saddle 
shaped roof is the most favourable shape, whereas a portal 
height of 3.3m is the most favourable. A number of full 
scale test cases have been built and water was sprayed onto 
the ‘roof ’. Th e results of a slope of 10° and 20° are given 
in Table 20, Figure 74 shows the result of the performed 
tests. It showed that water accumulation occurs with borh 
roof angels. Th erefore, an additional component of 100mm 
high was mounted in the middle of the roof beams to see 
whether this solved the problem. A 20° roof angle did. 
Another option would be to lower the roof beam so that 
water cannot accumulate at gutter level of the MSU. 

Figure 71:  Erection portal in category 2

Figure 72:  Erection portal at category 3

Figure 73:  Erection portal at category 4
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# Degrees # of 
horizontal 
profi les

10 cm 
height 
addition

Water 
accumulation

1 10 2 No Yes
2 10 3 No Yes
3 10 4 No Yes
4 10 2 Yes Yes
5 10 3 Yes Yes
6 10 4 Yes Yes
7 20 2 No Yes
8 20 3 No Yes
9 20 4 No Yes
10A 20 2 Yes (upper/ 

lower 
beam)

No

10B 20 2 yes (lower 
beam)

No

11 20 3 Yes No
12 20 4 Yes No

7.1.4 Conclusion: determination of portal

Based on wind load, hinges and water accumulation the 
defi nitive geometry is determined (Table 21, Figure 75):

Special attention has to be given to the working height of 
the portal during assembly. Th e moment resistant knees of 
the portals are also crucial, and are preferably fi xed before 
erection. 

Additionally, the cylindrical geometry needs special 
attention during transport or assembly. Due to the shape, 
extra nodes are necessary. Th e portal can be pre-assembled, 
which may cause problems during transport, or assembled 
at the site, which is more labour-intensive.

Defi nitive geometry portal
Geometry Saddle shaped
Height 4,0 meter
Mechanical model Th ree hinged

Additional hinges At column, 1,3m height

7.2 Optimisation of the erection method of 
the portal

Th e principle of the erection method is determined. 
Diff erent variants are designed and calculated with GSA®. 
To verify whether the erection method works, a scaled 
model 1:2, is constructed to perform tests. 

Due to its symmetry it is possible to erect the portal on 
both sides. However, it is only possible to erect all portals at 
the same time if this is done at one side. To avoid confusion 
the portals are erected from the left  side in this report. Th e 
erection of the portals occurs with the aid of a cable and 
manual labour. Pulling the portals at one side, results in 
moving the structure in its fi nal position (Figure 76). 

Objective

To determine with which erection method the occurring 
forces in the cable and foundation are the most favourable. 
Th e structure must be erected manually, if necessary with 
auxiliary tools. 

Figure 74:  Photos of the water accumulation tests.

Additional hinges

Figure 75:  Defi nitive portal model. 

Conclusion 

A roof slope of 10° is excluded because of water 
accumulation. If the beam between the portals is lowered,  
a slope of 20° is possible without water accumulation. 

Table 20Table 20: Result accumulation tests.: Result accumulation tests.

Table 21Table 21: Result basic profi le for further development.: Result basic profi le for further development.
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Result

A total of nine variants and fi ve models (Figure 77) are 
tested in GSA® to obtain the forces during the erection of 
the portal. Note: in variant 2, the cable is attached to the 
column, and in variant 4A to the roof beam. In models 
1, 2 and 4, an auxiliary structure is attached to infl uence 
the angle between the right column and the cable. Before 
erection, the left  lower column is fi xed, and the right lower 
column hinged. Th eoretically, the ridge is unable to touch 
the ground in start position, in practice this might occur. 
Each variant is calculated in six start positions between 
0-and 25 degrees. Th is is the angle between the left  lower 
column and the ground fl oor. Th e variants are calculated 
with:

• Profi le, rectangular : Steel S235, 150∙50∙5 
(h∙w∙t) [mm]

• Cable   : Steel, 30 (Ø) [mm]  

Th e forces which are normative during the erection are, 
forces in the cable, occurring moment at foundation 1 and 
horizontal force at foundation 2.

Forces in cable

During the erection the forces in the cable decrease. 
(Figure 78). Th e smallest forces occur in variant 2,3, and 
4A. At 0° the angle in variant 2 and 4A is larger than in 
variant 3, resulting in less required force to erect the portal. 
But during the erection (from 5°), this angle changes and 
becomes more favourable for variant 3, because this variant 
requires less force. Secondly, this variant does not use an 
auxiliary structure.       

Variants 4C and 5C are unable to erect. Th e following 
variants can only be erected under certain angles, variant 
4B (from 5°), variant 5A (from 5°) and 5B (from 15°). If the 

Figure 76:  Movement  of the portal during erection, from left  to right.

A
B

C

A
B

C

1 2 1 2

1 2 1 2 1 2

Figure 77:  Nine diff erent erection variants.

Variant 1 Variant 2

Variant 3 Variant 4 Variant 5

cable is attached near the ridge, the cable pulls the ridge 
downwards during the erection, ans as a result, the portal 
is unable to rise.

Occurring moment foundation 1

Applying an auxiliary structure has a negative infl uence on 
the occurring moment at foundation 1. At 0° the occurring 
moment is more or less the same for each variant (Figure 
79). When the degrees of the start position increases, the 
size of the occurring moment at the foundation decreases 
more rapidly without. Th e horizontal distance between the 

Figure 78:  Force in cable during the erection of one portal

Figure 79:  Occurring moment at foundation 1
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erection point and the foundation causes a larger moment 
around the foundation. 

Horizontal force foundation 2

In variant 1, the smallest horizontal forces occur on 
foundation 2 (Figure 80). Because the cable is not attached 
to the lower right column, the horizontal force is limited. 
For the other variants, the same applies as with the forces 
in the cable. Th e angle between the cable and lower right 
column determines the importance of the forces. At 0°, the 
angle of the variants with an auxiliary structure is larger 
than without an auxiliary structure, causing the horizontal 
force on foundation 2 to be more favourable. As the angle 
of the starting position increases, the horizontal forces 
on the variants without auxiliaries decrease more rapidly, 
but, the variants with an auxiliary structure remain more 
favourable. 

and 3 are tested Th e system has proven that it works (Figure 
83 , Figure 84 & Figure 85) 

Variant 3 is erected more smoothly than variant 2. Secondly, 
foundation 1 in variant 2 rotates due to the occurring 
moment. Th ese two actions confi rm the calculation. Th e 
system has shown that special attention has to be paid to 
anchoring the foundation.  

Th e defl ection of the ridge must be taken into account. 
If the portals are tensionless, the ridge defl ects inwards. 
Before erection, the structure must be tensioned, otherwise 
it is impossible to erect the structure. 

Both erection tools were able to erect the portals manually. 
However, the attachment of the hand winch requires more 
attention, because while the ratchet strap can be wrapped 
around the portal, the hand winch has to be assembled. 

Th e hand winch is controllable in both rotation directions, 
while the ratchet strap is only controllable during the 
erection. Th e ratchet strap jams when used incorrectly.    

Each portal is equipped with an erection tool. Th e MSU 
contains six portals that require six workers to erect the 
portal simultaneously or one labourer that erect the portals 
gradually one by one.  

Conclusion

Variant 3, start position at 15° and erected by means of 
hand winches are the chosen parameters. At variant 3 
the cable forces are the smallest. At 15° the portal can be 
assembled from ground level. Th e hand winch is the most 
reliable method to erect the structure.Assembly height

Th e starting position of the portal is partly determined by 
the assembly height from the ground level . Th e maximum 
height is set on 2 meter. Table 22 shows the heights with the 
associated angle.   

Angle [°] 0 5 10 15 20 25
Heigth X [m] 1.56 1.68 1.80 1.92 2.04 2.17

 

Erection tools

To erect the portals, erection tools are required. To ensure 
safety, the tools must be able to lock during erection. Two 
erection tools are tested, a hand winch with brake (Figure 
83)and a ratchet strap (Figure 82). Hand winches are 
available in diff erent capacities. With hand force, forces up 
to 15 kN [Lierenshop, 2014]can be reached. A ratchet strap 
with a standard hand force (SFH) of 0,5 kN can reach a 
standard tension force (STF) up to 7,5 kN [Metaltis, 2014].  

Scaled model

To explore the feasibility of erecting the portal, a scaled 
model of aluminium (1:2) is built at the TU/e. Variant 2 

Figure 80:  Horizontal force at foundation 2

Figure 81: Hand winch [Lierenshop]Figure 82:  Ratchet strap [Metaltis]Table 22Table 22: Maximum assembly height per start position. : Maximum assembly height per start position. 
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7.3 Portal profi le  design

At the previous paragraphs the cross-sections were 
assumed. To design the portals profi le, the following 
actions have been performed: determination of cross-
section profi le, design of basic profi le and modifi cation of 
basic profi le.

7.3.1 Determination of cross-section profi le

First the shape of the cross-section had to be determined.  
Diff erent shapes were analysed to determine which cross-
section is the most suitable for the MSU.

Objective

To achieve an as high as possible permissible stress value 
(σmax [N/mm²]) in the cross-section, with a minimum 
amount of material, . Th e second objective is to fi nd which 

Figure 83:  Variant 2 erected with hand winch.

Figure 84:  Variant 3 erection with ratchet strap.

Figure 85:  Details scale test variant 2, left  to right, hand winch, attachment cable to right column, knee portal, foundation.
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parameter(s) infl uences the section modulus Wy. 

Basic geometry 

Th ree basic cross-sections and fi ve derived from them have 
been calculated (Figure 86). 

Th e two hinged models from paragraph 7.1.1, were 
converted into a three-hinged model in which the bending 
moment of 21,3 kN/m (Appendix F)was normative for 
calculation. In order to be comparable to each other, the 
diff erent geometries, they have to meet the following 
requirements:

• All cross-sections must have a surface area of 
2400mm²;

• All cross-sections must be symmetric on the z-axis, 
cross-sections 2A and 3A must also be symmetric 
on the y-axis. 

First, the permissible stress of the base variants were 
calculated (Figure 87). Th e variant with the highest 
permissible stress was selected. Aft er selection, the web/
fl ange ratio was modifi ed to infl uence the section modulus 
Wy. Determining the right ratio should save materials. 
Each cross-section consists of diff erent parts and has 

Based on the results of section modulus Wy, the web/fl ange 
ratio of the basic I- and tube cross-section is modifi ed. 
Figure 89 shows which change in parameters has the most 
eff ect on the section modulus Wy. Two cross-sections are 
emerging, variant 8 and variant 12, in which the length of 
the webs is transferred into the thickness of the fl anges.  

Conclusion

Th e I- and tube cross-sections can receive the largest 
forces. Th e highest section modulus Wy can be obtained 
with fl anges that are thicker than the web(s). Th e next 

Figure 86:  Calculated cross-sections..

fi ve variants. In the fi rst two variants, an increase of the 
parameters was observed, where with the last two variants 
the opposite was observed.  

Result

Th e smallest value between the section modulus Wy above 
and Wy below is normative. the I- and tube cross-section 
(2A and 3A) have the highest section modulus Wy (Figure 
88). Th e basic I- and tube cross-sections have the same 
section modulus value. Th e comparison has shown that the 
highest results can be obtained from cross-sections which 
are symmetrical in the z-direction as well the y-direction.

Figure 87:  Example of converting the surface area of one part to another 
part.

Figure 88:  Comparison section modulus Wy between all base variants of 
all cross-sections.

Figure 89:  Infl uence of changing the ratio between the web and fl ange 
of the cross-section.

Tx = Th ickness part X

Ly = length part Y
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paragraph has to show which ratio meets the requirements 
to act as the structural member. Th ese cross-sections are 
further applied during the development process.

7.3.2 Design basic profi le 

Th e basic profi les can be designed for both wind speeds. 
Th e geometry is selected. Appropriate material and 
dimensions have to be calculated to determine the basic 
profi le characteristics.

Objective

Determination of the basic profi le characteristics for both 
wind speeds. Where the weight has to be minimised.

Material

Steel and aluminium are compared as materials to design 
the structure (Table 23):

Material Type Manufacture 
technique

Calculation 
value, 
σmax[N/mm²]

Steel S235 Hot/warm 
rolled

235

Steel S275 Hot/warm 
rolled

275

Steel S355 Hot/warm 
rolled

355

Steel Depends* Welded Depends*

Aluminum EN AW-6060 
T66

Extrusion 145

Aluminum EN AW-6005 
T6

Extrusion 195

Steel and aluminium have diff erent characteristics and 
manufacturing techniques. Th e density of aluminium is 
approximately 1/3 of steel. [Soetens].  

Aluminium profi les can be manufactured by extrusion 
where steel has to be rolled. [Soetens, Bouwen met staal, 
2001]. With rolled steel, only rectangular profi les with equal 
wall thicknesses can be manufactured, while aluminium 
profi les can be produced with unequal wall thicknesses.

Aluminium gives a designer more design options than 
steel. Th e extrusion mould can be designed in detail, 
whereby more functions can be added in the profi le, for 
example a keder system. However, it is not possible to 
extrude detailed profi les in each aluminium type, EN AW-
6060 T66 and EN AW-6005 T6 are preferred. Additional 
functions in steel have to be attached aft er manufacturing 
of the profi le. 

A framework (Table 24) is established for the minimum 
and maximum dimensions the profi le must have. In total 
1708 cross-sections are generated. 

Parameter Dimension [mm]
Height 100-190
Width 30-90
Th ickness wall sides 2-5
Th ickness wall above/below 2-10

Weight

In order to determine the weight of the MSU per material 
type/ per wind speed, the profi les must be converted into 
weight per m². 

Objective

Determination of weight per m² MSU for both wind 
speeds.

Result

Th e weight of the MSU per profi le height per wind speed is 
given in Figure 90 & Figure 91 (Appendix E). Th e two wind 
speeds compared with the same type of material; this shows 
that the steel variant of 31m/s is approximately 1.5 heavier 

Figure 90:  Weight six portals in kg/m², for a wind speed of 20 m/s.

Figure 91:  Weight six portals in kg/m², for a wind speed of 31m/s.

Table 23Table 23: Steel and aluminium variants that are used for calculation.: Steel and aluminium variants that are used for calculation.

Table 24Table 24: Framework with the minimum and maximum profi le : Framework with the minimum and maximum profi le 
dimensions.dimensions.
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than the 20m/s variant. In aluminium, it is approximately 
a factor of 2.

At a wind speeds of 20m/s, the weight slightly decreases as 
the height of the profi le increase, except with rolled steel 
profi les. At wind speeds of 31m/s, profi les below a height 
of 110mm do not meet the structural requirements. In 
aluminium it is even below 130mm. Compared to wind 
speeds of 20m/s, the diff erences in weight are much larger 
when the height increases.   

Aft er fi ltering the cross-sections per height, the weight 
at 20m/s increases above a height of 130mm, the reason 
being the equal wall thicknesses, with a minimum of 3mm, 
which makes that the surface area increases when the 
height increases.  

Conclusion

In general, it can be concluded that if the height increases, 
the weight of the portals decreases. Th e diff erence in weight 
between steel and aluminium is obviously to the advantage 
of aluminium. Considering things per material, steel S355 
and aluminium EN AW-6005 T6 can withstand the most 
stress per mm², which results in less material.

7.3.3 Transport

According to the boundary conditions, the MSU must 
be packed on pallets and transported in a 20ft  shipping 
containers for long distances. Depending on the profi le 
dimension and stacking method, the number of portals per 
pallet can be calculated. 

Objective

Th e objective is to place as many MSUs  as possible on a 
pallet (six portals).

Transport possibilities 

A euro pallet has a dimension of 1200mm x 800mm x 
144mm (L x W x H). It has a maximum capacity is 2000 
kg [123pallet, 2014]. Th e internal dimension of a 20ft  

Figure 92:  Transport quantity of portals on a  euro pallet, for a wind speed 
of 20 m/s

Figure 93:  Transport quantity of portals on a  euro pallet, for a wind speed 
of 31 m/s

Figure 94:  Transport length.
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Figure 95:  Possibilities to stack  the portals.



41
Development of a MSU for humanitarian purposes 

shipping container are 5898 x 2352 x 2393 (L x W x H) in 
mm [brinkbox, 2014]. Th e portal has to be transported in 
separate pieces, for transport convenience and manageable 
elements. Th e columns and beams have to be folded to fi t 
them transversally in the shipping container (Figure 94). 

Th e portals have to be stacked on pallets. To stack the 
portals as effi  ciently as possible, four options are calculated 
(Figure 95). 

Th e maximum stacking height is 1000mm, for safety 
reasons and due to the internal height of the shipping 
container. Two pallets can be stacked on top of each other 
in the shipping container. Th e maximum width is 800mm. 
For each material type, height category and wind speed the 
maximum number of portals on one pallet is calculated 
(Appendix F).   

Result

Portals with a steel quality of S355 are the most effi  cient 
profi les to transport for both wind speeds (Figure 92 
& Figure 93). A MSU consists of six portals. At a wind 
speed of 20 m/s the maximum number of MSUs that can 
be transported is three, mainly steel cross-sections. In 
aluminium only type  EN AW-6005 T6 achieves this value 
on three height categories.

At a wind speed of 31 m/s the maximum number of MSUs 
which can be transported is two. Largely welded steel S355. 
In aluminium, EN-AW6005 T6, the maximum amount 
of MSUs that can be transported is one. With aluminium 
type EN-AW6060 T66, only height category 160-169 can 
transport one MSU per euro pallet.

7.3.4 Costs

Th e total production cost of a profi le depend on multiple 
parameters:

• Material
• Material type
• Geometry
• Labour intensity
• Production cost
• Factory location
• Kg of material
• Supplier 

It is too complex, especially in this phase, to calculate 
the exact production cost of the profi le. Per material and 
manufacturing method a global estimate can however be 
given. A rough cost estimate per material is given at table 
25. Th e mould cost for a standard rectangular keder profi le 
is € 3000,- (Figure 96). 

Th is cost gives an indication of the cost per material type 
and process. However it is an unreliable representation 
of the eventual cost of the production. Th e tentative 
conclusion which can be given is, that the price in kg per 
material type diff ers little and is not normative.  

7.3.5 Cross-section selection

With the aid of the previous paragraphs the cross-sections 
are selected on:

• Forces during portal erection;
• Structure weight in kg/m²;
• Transport;
• Freedom of design.

Based on this information, the following types of material 
have been excluded: steel welded S235 and S275 and 
aluminium EN-AW6060 T66. For both a wind speeds the 
following profi les have been selected (Table 26 & 27):

Estimation costs
S235, hot rolled, welded, (exclude 
welding) [MCB]

Approx. € 2- per kg

S275, welded, (exclude welding) [MCB]
S355, welded, (exclude welding) [MCB] Approx. € 2.5 - 3.0 

per kg
S235, hot rolled, equal wall thickness 
[MCB]

Approx. € 3.0 - 3.4,- 
per kg

S275, cold rolled, equal wall thickness 
[MCB]

Approx. € 3.0 - 3.4,- 
per kg

S355, cold rolled, equal wall thickness 
[MCB] 

Approx. € 3.3 - 3.6,- 
per kg

EN-AW 6060 T66, extruded aluminium 
[Aludex]

Approx. € 3.0 per kg

EN-AW 6060 T66, extruded aluminium 
[Aludex]

Approx. € 3.2 per kg
Figure 96:  Standard keder-profi le.

Table 25Table 25: Costs material per kg.: Costs material per kg.
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Table 28 shows which cross-section per wind speed is 
selected. Aluminium is the chosen as material. Th e forces 
during the erection of the portal and the freedom of design 
are decisive. 

7.3.5 Modifi cation of basic geometry

Th e cross-section for both wind speeds is selected. Th e 
current cross-section only complies on the bending 
moment and has no additional functions. Th e cross-section 
must meet the following requirements:

• Technical and functional requirements;

• European standard, Eurocode 9, Design and 
calculation aluminium structures; EN 1999-1-1.

Technical and functional requirements cross-section

Th e portal has to meet various technical requirements, as 
for structure, assembly, erection and transport. Additional 
components must be made for structural nodes, membrane 
attachments and temporary provisions to erect the MSU. 
Due to all these features, special attention has been given to 
optimising the amount of space needed during transport.

Secondly, to increase the fl exibility of the MSU, features 

have to be added in the cross-section to assemble the 
add-ons, such as internal partitioning of the inner space 
overhangings and shade nets.   

Paragraph 7.3 shows that the section modulus Wy is the 
same for an I-profi le as for a rectangular profi le with 
the same dimension. Th e dimensions are established in 
paragraph 7.3.5. Derived from these data, three cross-
sections are analysed (Figure 97). 

Wind speed 
20m/s

Material

Parameter Steel, welded, S355 Steel, rolled Aluminium, EN-AW6005 T6
Forces during 
erection portal X X V

Structure weight Height category: 100-190
Approx. 4.2-4.7 kg/m²

Height category: 110-150
5.1-5.6 kg/m²

Height category: 110-190
2.0-2.5 kg/m²

Transport, # of 
MSU

Height category: 110-160
3 pcs

Height category: 120-150
3 pcs

Height category: 130,160
3 pcs

Freedom of design X X V

Windspeed 
31m/s

Material

Parameter Steel, welded, S355 Steel, rolled Aluminium, EN-AW6005 T6
Forces during 
erection portal X X V

Structure weight Height category: 150-190
6.4 – 6.9 kg/m²

Height category: 150-190
7.7 kg/m²

Height category: 150-190
3.4-3.9 kg/m²

Transport, # of 
MSU

Height category: 110-190
2 pcs

Height category: 110-190
1 pcs

Height category: 130-190
1 pcs

Freedom of design X X V

Profi le # Height [mm] Width [mm] Wall thickness 
[mm]

Flange thickness 
[mm]

Wind speed at 20 m/s 423 130 40 2 10
Wind speed at 31 m/s 444 180 60 2 10

Objective

Th e objective is to select the most suitable geometry 
(Figure 8.54) compared to the technical and functional 
requirements and modify the geometry where necessary, 

Table 26Table 26: Selection of potential profi le sections for a wind speed of 20m/s. : Selection of potential profi le sections for a wind speed of 20m/s. 

Table 27Table 27: Selection of potential profi le sections for a wind speed of 31m/s.: Selection of potential profi le sections for a wind speed of 31m/s.

Table 28Table 28: Selected profi le per wind speed.: Selected profi le per wind speed.

Figure 97:  Th ree analysed cross-sections. 
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for wind speeds of 20m/s and 31 m/s.

Structural nodes

Th e nodes in the portal are located: at the foundation, 
halfway the column, at the knee, halfway the roof beam 
and at the ridge. Th e portals are mutually connected with 
lateral profi les, and wind braces are attached. Pre-assembly 
of the MSU is preferred to avoid as much labour on site as 
possible.

To connect the structural members, external or internal 
connections are required. In some cases they can be pre-
assembled, in some cases they have to be assembled on 
site. Th is is also the case for the sidebars and wind braces, 
as attachments may have to be pre-assembled on the 
profi le. As far as transport is concerned, profi les with pre-
assembled attachments require more transport volume 
because of rectangular cross-sections.

A part of the foundation consists of a spindle (Chapter 8), 
which is partly attached to the portal. To hold the forces in 
the centre of the profi le and foundation, it is preferred to 
design the spindle in the centre of the profi le. 

Membrane attachment

A common technique to attach membranes in profi les, is 
with the aid of a keder system (Figure 98), the O.B. Wiikhall 
uses this technique  (Chapter 3). Th is system is easy, fast to 
apply and watertight. It is also modular, because the MSU 
can be expanded or shortened per module without being 
dependent on the membrane dimensions and connection 
technique, as applied at the W. Giertsen Hallsystem. Due 
to the production method of aluminium, the keder system 
can be applied at all three geometries.       

Permanent and temporary parts for structure  
erection and add-ons 

Designing a channel in the middle of the short side of the 
profi le ensures that multiple parts can be attached to the 
profi le. Figure 99 & Figure 100 shows that a lift ing eye or  
bolt can be mounted, which ensures that second structures 
can be assembled  on the portals.    

Result

Th e decisive factors in selecting a fi nal design are the 
nodes, pre-assembly and transport. Th e keder-system and 
multifunctional channel can be integrated in all geometries. 
Firstly, at the foundation a hollow cross-section is preferred 
to position the spindle in the centre. Secondly, the nodes 
and attachments at the profi le, should be preassembled. 
To lose any valuable transport volume and to ensure easy 
stacking of profi les, the nodes and attachments have to be 
integrated in the cross-section. At both factors the semi 
I-cross sections meet the requirements and are selected as 
a design part. 

At each corner of the profi le, a keder system is designed. At 
both short sides the multifunctional channel is integrated. 
Th e dimension of the keder is set on 14.3 mm [zeil-doek, 
2014]. Th e channel in the middle of the short side is 
designed for M8 bolts. With this information the geometry 
of the keder and multifunctional channel can be designed. 
Th e cross-section with the minimum dimensions for both 
wind speeds are given in Figure 101. Th is cross-section has 
to be integrated into the cross-section of the semi I-cross-
section. 

Th e selected cross-section at a wind speed of 20 m/s has a 
width of 40mm. Th e minimum width which is required is 
57mm to integrate the keder-system and multifunctional 
channel. Th is has consequences for the transport of 
the portals. 18 portals per euro pallet are unfeasible. 
To achieve an amount of 12 portals per euro pallet, the 
maximum dimension of the cross-section must be 133 x 
62,5mm. Th e width of the cross-section with a wind speed 
of 31 m/s is enough to integrate the keder-system and the 
multifunctional channel.

Figure 98:  Membrane connected to a profi le with a keder.

Figure 99:  Lift ing eye connected  to  pro-
fi le.

Figure 100:  Bolt connected 
to profi le.
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Figure 101:  Minimum dimension to design cross-section. 
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7.3.7 Structural requirements

Th e design of the cross-section depends on the requirements 
of Eurocode 9 and portal nodes. Th e structural members of 
the portal must meet the requirements from EN 1999-1-1, 
Eurocode 9: Design and calculation aluminium structures.

Objective

Design the portal cross-section that meet the structural 
requirements described in EN 1999-1-1, Eurocode 9: 
Design and calculation aluminium structures, for both 
wind speeds.

Result

Calculation cross-section structural members

To calculate the structural members, the surface in the 
cross-sections that belongs to the additional parts does not 
participate in the calculations (Figure 102). 

Th e web thickness of 2 mm  of both cross-sections is too 
thin and sensitive to folding. At a wind speed of 20 m/s 
the web thickness must be increased to 3mm, at 31 m/s,it 
should be 5mm (Appendix G). 

Both cross-sections comply on axial tension and 
compression and shear. 

Th e basic cross-sections have been calculated on the 
bending moment which clearly emerges from these 
calculations. Th e cross section complies for the bending 
moment for a wind speed of 20 m/s. For a wind speed of 
31 m/s, the fl ange thickness has to increase with 2.5 mm. 

Th e structural members have to resist to buckling. Th e 
resistance against buckling has to be calculated for all 
the portal members. Th e calculation is conducted with 
Eurocode 9, the buckling length is determined according 
to a German publication, where the buckling length for a 
three-hinged model can be calculated manually [Snijder, 
1996]. Both cross-section are resistant against buckling.

 Calculation structural nodes

Th e portal members have to be connected with internal 
or external parts with bolts. Th e calculation is divided in, 
calculation parts and calculation bolts (Appendix G).

Th e bending moment is normative to calculate the nodes, 
where the largest moment occurs at the knee of the portal.  
Th e distance between the fl anges of the cross-section for 
a wind speed of 20 m/s is 81mm, minus the assembly 
tolerance the height is 77mm. Applying an aluminium, EN-
AW 6005 T66, a minimum thickness of 47mm is required.  
Applying steel S355, a thickness of 28mm is required. Th e 
aluminium part is too thick for assembly, there is too little 
space left .

Th e depth at the long side of the profi le is insuffi  cient to 

connect the structural members with steel plates. Th e 
parts have to be connected internally, where the distance 
between the webs has to be increased. 

Th e internal steel plates are bolted with M8 bolts. On bolt 
at the column and one bolt in the beam complies. However 
two bolts are applied to ensure the stability of the internal 
parts.  

Conclusion

Th e fi nal cross-section per wind speed is given in Figure 
103. It is decided to apply an internal S355 steel plate to 
connect the structural members with M8 bolts.

Aluminium is preferred as connection material, but, due 
to the required thickness it is impossible to connect the 
structural members with aluminium. 

Figure 102:  Structural part for 
calculation cross-section.
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Figure 103:  Final cross-section.
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Th e structure of the MSU is further detailed in this chapter. 
Whereby the assembly, erection method, transport, func-
tionality and costs are taken in account.

8.1 I Structure

Th e structure of the MSU comprises, the main structure, 
the secondary structure and the membrane attachment. Th e 
dimensions and cross-section of the portal are determined. 
In this paragraph the nodes, lateral profi les, wind braces 
and membrane attachment are designed. 

Objective

To design the nodes of the main structure between the 
lateral profi les, wind bracing, secondary structure and 
membrane attachments.

Main structure

Th e main structure is divided into the structural members 
of the portal, the lateral profi les and the wind braces (Figure 
104). 

 Nodes portal

To connect the structural members, the nodes have to 
be designed. Th e nodes are situated at: the foundation, 
halfway the column, at the knee, halfway the beam and at 
the ridge. Th e foundation is discussed in paragraph 8.2. 
With the exception of the ridge, the nodes are connected 
with an internal galvanised steel plate. 

Column and beam

An internal galvanised steel plate connects both parts. 
Halfway the column, hinges are attached to control the 
portal during the erection. Before the connection can 
take place, the internal parts have to be moved in position 
during the erection (Figure 105-1). Th e node can be secured 
with four bolts. 

Internal parts are pre-assembled on both sides of the ridge 
component. Holes are pre-drilled to connect the lateral 
profi les (Figure 105-3).

 Knee

Th e internal parts are pre-assembled at the top of the 
column. Th is connection is stiff . Th e node can be bolted 
aft er the attachment of the roof beam. Holes are pre-drilled 
to connect the lateral profi les (Figure 105-2) 

 Ridge

Th e ridge is only connected with a hinge. Because the 
portal is a three-hinged model, permanent fi xation is 
unnecessary. Holes are pre-drilled to connect the lateral 
profi les. Because of the absence of an internal connection 

8. Detailing the MSU8. Detailing the MSU
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part, the holes are reinforced with aluminium tubes to 
support the profi le against dent by tightening the bolts 
(Figure 105-4).   

Figure 104:  One module MSU.
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Figure 105:  Details portal, 1: Column, 2: Knee, 3: Beam, 4: Ridge.
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Lateral profi les

Th e lateral profi le has three functions: support the 
portals in longitudinal direction, ensure stability during 
the erection and affi  x wind bracing. Th ese profi les are 
positioned at the foundation, knee, halfway the roof and 
the ridge (Figure 104). Th e distance between the portals 
is 2.97 meters. Because the maximum transport width is 
2.35 meter (Paragraph 7.4.3), the lateral profi le has to be 
adjustable in length, and to achieve this the same technique 
is applied as in the scaff olding prop (Figure 106). 

A connection between door frame and portal is required, 
on a distance of 1.87 meters. To maintain modularity, the 
lateral profi le can be applied. Th e lateral profi le can be 
designed based on the following requirements:

• Maximum length, 3 meters (distance portals);

• Minimum length 1.87 meters (distance portal/door 
structure);

• Maximum transport width 2.35 meters (Paragraph 
7.4.3);

• Connection with portal on long and short sides;

• Permanent fi xation to secure safety during erection.

Calculation cross-section lateral profi le

Buckling is normative to calculate the profi le dimension. 
Th e geometry of the lateral profi le is circular because less 
material is required compared to rectangular geometries. 
Th e cross-section for the MSU20 is 50 x 3 mm and 
for the MSU31 it is 60x3mm; both manufactured in 
aluminium(Appendix G).  

Result

Th e lateral profi le consists of three parts, one external tube 
and two internal tubes (Figure 107). Folded, the profi le 
length is 1.87 meters, unfolded, it is 2.97 meters. At the ends 
of the internal tubes, plates are welded to affi  x the profi le 
to the portal. Th e plate can rotate to provide connection 
between the door frame and the portal(Figure 108 & Figure 
109). 

Wind bracing

Th e wind braces provide stabilisation in the longitudinal 
direction of the MSU. One module has to be stabilised 
in each wall and roof plane. Steel cables are applied to 
stabilise the structure, the same principle as in the O.B. 
Wiikhall (Figure 104). Holes are pre-drilled at the ends of 
the lateral profi les, through which the karabiner and cable 
tensioner can be attached. With the trun-buckle, the cable 
can be adjusted to the right tension (Figure 108). A four 
millimetre cable is applied to stabilise the structure in 
longitudinal direction.

Figure 106:  Scaff olding prop

2970

1870

Figure 107:  Lateral profi le, (above), acting as door structure, (below), acting as main structure.

Figure 108:  Lateral profi le connect-
ed to foundation and connected with 
turn-buckle.

Figure 109:  Lateral profi le connected to the portals knee and 
connected with karabiner.
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Secondary structure

Th e secondary structure consists of the door frame and 
its supporting elements (Figure 104). Th e supporting 
elements have already been discussed in this paragraph 
(lateral profi les). Th e columns applied at the portals are 
also applied to act as stiles of the door frame. 

Membrane attachment

A keder-system is applied to connect the membrane 
with the portals, same principle as the O.B. Wiikhall. Th e 
membranes are divided into a module section and an end 
section. 

Module section

Th e module section consists of two wall membranes and 
one roof membrane. Between the wall and roof membranes 
an air vent is situated along the length of the MSU(Figure 
110). Th e roof has an overlap to prevent intrusion of 
rainwater. 

A double sided keder-profi le is attached on both ends of the 
roof membrane and is tensioned with ratchet straps, same 
principle as in Figure 111. Th e top of the wall membrane 
is attached to the lateral profi le with elastic tensioners. 
Th e bottom side of the membrane has to be adjustable 
in height. A band is stitched on the membrane, which 
must be wrapped around the lateral profi le and secured 
at the double D-rings, also attached at the membrane. Th e 
remaining bottom part of the wall membrane could be 
buried in order to make it waterproof. 

End section

Th e end section is attached in the same way as the module 
section. Th e end section consists of a wall part and door 
parts. Th e wall part consist of one membrane divided in a 
right, left  and a middle part . Along the sides, the membrane 
is provided with a keder. Th e bottom parts have the same 
tensioning method as the wall membranes from the 
module section. Th e middle part is tensioned with a tube 
and ratchet straps, same principle as the roof membrane. 

Conclusion

Th e portals can be assembled in randomly sequence due to 
the cross-section. Th e lateral profi les are part of the main 
structure as the secondary structure. Th e membrane at-
tachment is more or less the same as the currently used 
techniques. 

Figure 110: Air vent situated  between the wall and roof along the MSU.

Figure 111:  Roof membrane tensioned with the aid of a tube and ratchet 
strap [Speedkits, 2014].

Figure 112: Wall membrane tensioned at the bottom with a tube and 
threaded end [Speedkits, 2014].
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8.2 II Foundation

Th e foundation must withstand variable soil compositions, 
irregular ground surfaces, rotation and forces during the 
erection, and wind load.   

Objective

To design a foundation which can be deployed on diff erent 
soil compositions and which is adjustable in height. 

Soil compositions

An important point is, whether the soil composition allows  
for penetration by hand or not. If it is penetrable, anchors 
can be applied, if not, ballast has to be placed. Common 
soil types are categorised in Table 29. To determine the 
penetrability, these  compositions are tested with a standard 
penetration test. Th is result indicates how many strokes are 
required to place the anchor into a soil of this composition 
(Blow count) [P. Kok, 2009].

Common soil type de-
scription

Typical blow 
count “N” Per 
ASTM-D1586

L o a d 
c a p a c i t y 
Manta Ray 
MR-88 [kN]

Loose fi ne Sand;

Alluvium; Soft -Firm Clays;

Varied Clays; Fills

4-8 5-7

Loose to Medium Dense

Fine to Coarse Sand; Firm

to Stiff  Clays and Silts

7-14 7-11

Medium Dense Coarse

Sand and Sandy Gravel;

Stiff  to very Stiff  Silts and 
Clays

14-25 9-13

Medium Dense Sandy

Gravel; Very Stiff  to

Hard Silts and Clays

24-40 13-18

Dense Clays, Sands

and Gravel;

Hard Slits and Clays

35-50 18-22

Dense Fine Sand;

Very hard Silts and Clays
45-60 22

Very Dense and/or

Cemented Sands;

Coarse Gravel and Cobbles

60 -100+ 22

Irregular ground surfaces 

Derived from the boundary conditions, the foundation 
must be 2% of the span adaptable in height, which is equal 
to 160mm [Speedkits, 2014]. A technique commonly used 
in scaff oldings is spindles (Figure 113). With a customised 
nut, the profi le can be vertically guided over a threaded 
end. Th e threaded end is welded on a base plate. 

Rotation

At one side of the portal, the foundation has to be hinged to 
make it possible to erect the portal. In scaff oldings, rotatable 
spindles are also available (Figure 114). Aft er erection, the 
portal at option one have to be adjusted downwards, while 
at option two it is upwards.   

Calculation MSU

Forces at the foundation occurs during the erection and 
utilisation of the MSU. Th e forces which are normative, are 
described at Paragraph 7.1.1 and 7.2.1. Th e forces which 
occurs on the foundation per MSU are given in Table 30. 

Forces on foundation Type MSU
During erection MSU20 MSU31

Occurring moment [kN/m] 1,1 1,7
Horizontal [kN] 1,0 1,4
Upwards [kN] 0,5 0,7

Wind load
Horizontal [kN] 5,3 12,4
Upwards [kN] 4,3 7,2
Downwards [kN] 5,9 11,8

Result

Before the foundation can be designed, the following 
requirements are set:

• Identical at both sides;
• Th e foundation must be locked on 15 degrees, 

according to the start position of erecting the portal;
• Adjustable height 160mm.

Two types of foundations are described, the Manta Ray 
earth anchor and the big bag .

Table 29Table 29: Common soil types with the corresponding “blow count value” : Common soil types with the corresponding “blow count value” 
and load capacity Manta Ray MR-88 and load capacity Manta Ray MR-88 [P. Kok, 2009].

Figure 113:  Spindle used in scaff old-
ings.

Figure 114:  Rotatable spindle.

Table 30Table 30: Occurring force during erection and deployment.: Occurring force during erection and deployment.
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Figure 115: Big bag.

Figure 118:  Rotation of foundation during erection and adju

Ballast

Anchors can not be applied on hard surfaces. An option 
is to apply ballast. Precasted or casted concrete is not an 
option  due to its transport possibilities. A big bag ()instead 
is ideal, it is light-weight and takes little transport space it 
can be fi lled with sand or rock (Table 31). It has a volume 
of 1 m³[Bigbags, 2014]. 

Soil type (dry) Density [kN/m³]
Dune sand 15,5

River- gravel sand 16,5

Gravel 16

Earth and clay 16

both situations, the Manta-Ray can resist the forces during 
the erection. Th e anchors have to reach a depth of at least 
500mm in order to use the full capacity. If two anchors are 
applied, the distance between the anchor feet must be at 
least 800mm [P.Kok, 2009].

Th e big bag must be 1/3-fi lled to secure one foundation 
at the MSU20, which is about 40 times a 9-liter bucket of 
sand. Th e big bag must almost be entirely fi lled to secure 
one foundation at the MSU31, which is about 112 times a 
9-liter bucket of sand. 

Foundation

Th e foundation (Figure 117) is designed for both applica-
tion methods. Th rough a hole in the base plate, anchors can 
be installed. If ballast is required, a big bag can be placed 
on the base plate. Th e MSU can be secured by securing the 
portal to the big bag with a rope. 

Due to the hinged spindle, the foundation is able to rotate 
during the erection (Figure 118). With a galvanised steel 
plate the foundation is attached to the portal (Figure 119).

Conclusion

It is possible to apply anchors or ballast at the same 
occasion. Th e blow count can be seen as a standard, to 
determine which type of foundation can be applied.

A blow count of up to 40-50 times is suitable to place 
anchors, in soil equivalent to dense clays, sands and gravel, 
hard silts and clay (Table 29). For locations with dense fi ne 
sand or harder, big bags are preferable.  

Th e foundation is applicable on diff erent soil types. 
With the spindle, the structure can be levelled before the 
erection of the portals. Because the columns have to rotate, 
the spindle is hinged.  

Anchors

Th e anchors have to be assembled without the aid of 
electric tools. Th e Manta Ray MR-88 can be applied with 
a special bar and hammer (Figure 116). Th e capacity of the 
MR-88 diff ers per soil composition, Table 29 shows the 
load capacity for one anchor per soil type [P.Kok, 2009].

Figure 116:  Installing Manta Ray MR-88 [P.Kok, 2009].

Table 31Table 31: Density of  soil types [: Density of  soil types [A.H.L.G. Bone, 2000]

Selecting attachment method

At the MSU20, one Manta Ray MR-88 anchor is suffi  cient 
to hold the MSU in position under wind gusts of 20 m/s. 

Assuming that the MSU31 is applied on loose fi ne sand, 
two Manta Ray earth anchors are required per foundation 
to hold the MSU in position under wind gusts of 31 m/s. In 

Figure 117:  3D-model fi nal  
foundation

Lateral profile, aluminium

Spindle

Foundation

M8 bolt, galvanised steel

Membrane
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81

130

Figure 119:  Detail foundation
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8.3 III Assembly and erection MSU

Th e assembly and erection of the MSU comprises three 
phases. During the fi rst phase, the structure is assembled 
and secured, during the second phase, the structure is 
erected and in the last phase, the door frame is installed 
and the wall membranes are tensioned.

Objective 

Th e structure must be assembled with one size tools without 
electricity. Assembly must be done with a maximum of two 
workers per component within 8 hours. All actions must 
be performed from ground level. 

Pre-assembled components portal 

Th e portals are pre-assembled where possible, especially 
where the hinges are situated. Because incorrect assembly 
of the hinges results in failure during the erection of the 
structure. Th e portal consists of fi ve elements that have 
to be assembled, two columns, two roof beams, and the 
ridge. Th e foundation is pre-assembled at the column. Th e 
connections are pre-assembled to the portal members. Al 
the nodes are connected with M8 bolts.   

Applied hinges

Th e largest forces at the hinges occur in start position. 
With GSA® the forces in the hinges are calculated for both 
wind speeds, which revealed that the largest force occurs at 
the hinge in the right column. 

At a wind speed of 20 m/s, the maximum force in the hinge 
is 0,5 kN, while at a wind speed of 31 m/s the maximum 
force is 0,7 kN. 

Onkenhout® supplies the hinges. Th is is a hot-dipped 
galvanised steel hinge with a riveted pen (Figure 120). Th e 
maximum force that he hinge can radially withstand is 
1kN. Axially the maximum force is 11,25 kN. Th e hinge 
has to be slightly modifi ed. Th e holes have to be placed at 
the centre of the blade to fi x the hinge in the channel of the 
portal. Th e width of the hinge also has to be decreased to 
57mm according to the width of the portal. 

Erection method

Th e required force per portal is (Table 32):

Force Type MSU
MSU20 MSU31

Normal force, 
cable [kN] 1,39 2,04

Figure 120:  Heavy galvanised steel hinge 
[Onkenhout].

Table 32Table 32: Maximum force on hinge by erection.: Maximum force on hinge by erection.

Th e required hand force can be calculated with the windlass 
formula, F= G ∙ (r/R) [A.H.L.G. Bone, 2000]

F= required hand force, G= cable force, r= radius axis, R= 
length handle bar.

To erect three portals per winch (Figure 122), the following 
hand force is required per winch: 
MSU20 : r= 0.02m, R=0.3 meter
 F =1.39 ∙ (0.02/0.3) = 0.278 kN = 27.8 kg
MSU20 : r= 0,02m, R=0,3 meter
 F =2.04 ∙ (0.02/0.3) = 0.278 kN = 40.8 kg

Result

Phase 1, assembly of the MSU before erection

Th e following activities are required to achieve the 
fi rst phase: 1. stake out the structure, 2. assembly of the 
portals, and the lateral profi les, installing the erection 
equipment and wind braces, and as third, attachment of 
the membranes.

 1 stake out structure

To stake out the structure, the columns have to be 
approximately positioned at their place. With the lateral 
profi les assembled between the foundation, the exact 
width can be established in longitudinal direction. Th e 
foundation of the door frame has to be positioned in 
transverse direction. With the lateral profi le and door sill, 
the transverse direction can be established. Aft er assembly, 
the foundation can be secured (Figure 121-1).

2 assembly portal

Th e roof members can be attached to the columns to 
complete the portal (Figure 121-2). Th e remaining lateral 
profi les can then be attached, as well as the erection tools 
and wind braces (Figure 121-3). At one side the column 
has to be secured to the foundation. With the erection 
tools, the portals have to be tensioned in start position. 
Th e roof membrane can be attached and secured. Th e 
wall membranes can be attached on the upper half of the 
column (Figure 121-4).

Phase 2, erection MSU 

Th e structure is ready to be erected. Turning the hand 
winches gradually, makes the structure move to its fi nal 
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position. One hand winch erects three portals. Two workers 
are needed to erect the whole structure (Figure 123). 

Phase 3, completion of the MSU

Aft er the erection of the MSU, the fi nal actions can be 
completed. Th e fi rst action is to install the door structure 
and the door. Th e second action is to tension the walls 
(Figure 124). 

Assembly and erection end portals

Th e membrane of the end sections are designed in three 
parts. Two wall parts and one middle part. Th e middle part 
has an overlap with the wall parts. During the erection, the 

shape of the portals diff ers. Because these membranes are 
“larger”,  they can take the shape of the portals during their 
movement.

Conclusion

Th e portals can be assembled with one size tool. Important 
is the preparedness of the portals position before erection. 
If this action happens inaccurate, the portal can defl ect 
inwards during the erection. Th e whole MSU can be 
deployed with two workers, however supervision by a 
skilled worker/ supervisor is recommended. Because  the 
portals are pre-fabricated and one size bolts are applied 
the expectation is that the MSU can be built in less than 
8 hours.

Figure 121:  Assembly MSU before erection.

1 2

3 4

Figure 122:  Erection of three portals with one hand winch. Figure 123:  Erection of MSU.

Figure 124:  Installing door structure and securing wall membranes
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8. 4 IV Packaging

Th e MSU has to be transported effi  ciently. To achieve 
this, the packages has to be designed according to the 
transportation means.

Objective

A minimum of 12 MSU must fi t into a 20 ft . sea container. 
At least one MSU must be transported in a Toyota land 
cruiser HZJ79 pick-up. 

Transport  

Th e characteristics of a 20 ft . sea container and euro pallets 
are mentioned in paragraph 7.4.3. Th e Toyota land cruiser 
HZJ79 pick-up, can transport a maximum load of 1110 
kg and has a deck dimension of 2235 x 1600 x 415 mm 
(LxWxH).  

Packaging

Th e main part of the packages consists of portals and 
lateral tubes. A portal consists of fi ve parts, two columns, 
two roof beams and a ridge. Th e columns and ridge are 
pre-assembled, due to its design it is possible to fold the 
members into packages without losing value space. While 
folded, the nodes and foundations are in line with the 
profi le dimensions (Figure 125 & Figure 127). Only the 

bottom plate of the foundation protrudes, but is minimal.

 Result

 Transport volume

Table 33 shows the transport characteristics per MSU.

Type MSU  
MSU20 MSU31

# MSU in 20 ft . 
container 14 7

# MSU in Pick 
-up 1 0,5

Heaviest 
package Ridge: 30 kg Ridge: 46 kg

Transport 
weight 1032kg 1336kg

Th e entire MSU20 can be transported on one euro 
pallet(Figure 126) and 14 MSUs can be transported in 
a 20ft . sea container. With a weight of 1032kg and a 
maximum length of 2120mm it is possible to transport the 
entire  MSU in one pick-up. In contrast with the MSU20,  
two pallets are required to transport the MSU31, where, 
7 MSUs fi t in a 20ft . sea-container. Because of the total 
weight, two pick-up trucks are required to transport the 
MSU. 

Conclusion

In terms of transportation, the MSU20 is more effi  cient to 
transport. Due to the dimension and weight of the MSU31, 
twice as many containers, pallets and pick-ups are required.

Only one or two pallets remain aft er the deployment of the 
MSU. Th e pallets can be used as storage material.

8.5 V Multi-functionality

Th e short side of the portals cross-section are modifi ed to 
attach the secondary structures as inner-walls, overhangs 
and shade nets. Th ese solutions are optional.   

Objective

Table 33Table 33: Package characteristics. : Package characteristics. 

Figure 125:  Portal package, above, column (2x), middle, beam (2x), be-
low, ridge.

Figure 126:  Package MSU20 on one euro pallet.
Figure 127:  Bolts do not protrudes the 
cross-sections boundaries.
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Th e possibilities to install inner walls, overhangs and shade 
nets. Secondly, the MSU can be extended per module. 

Multifunctional channel

At the short sides of the portals cross-section, 
multifunctional channels are designed. Th ese channels are 
designed for M8 bolts. Th ese bolts can be attached along 
the profi le length.  

Inner wall 

Between the portal columns inner walls can be assembled. 
At the column, attachments can be mounted, for example 
screw eyes. At these screw eyes membranes can be 
attached. Th e hinge at the column is an obstacle to guide 
“attachments”, above the hinge a small incision is made, 
were attachments can be applied.

Overhang

At the longitudinal direction of the MSU overhangs can be 
mounted per module. At the top, the overhang is mounted 
on the double sided keder-profi le (Figure 128). A similar  
technique can be applied as a folding sunscreen, to fold or 
unfold the overhang. 

to be mounted on the top of the MSU, Th is action must 
occur before erection of the structure to which the shade 
can be attached on.

Modularity

Th e MSU is extendable per module. Th e portals can 
be randomly placed and are independent towards the 
attachment to end sections, unlike the WGH NG1. Th e 
membranes are attached per module. Th e portals are 
erectable per module. 

Conclusion

If the function change or other priorities are required to 
store materials, additional structures can be applied. 

8.6 VI Costs

A rough estimate of the cost per square meter MSU can be 
made, at paragraph 7.3.4 it is already mentioned on which 
factors the fi nal cost of the MSU depends. 

  Objective 

Calculate the cost-price per square meter of the MSU20 
and MSU31. 

 Result

Th e cost of the portals, lateral profi les and membrane are 
calculated and given in Table 34. 

Type MSU  
MSU20 MSU31

Membrane edited
Approx. € 4,-  p/m²
[Speedkits, 2014]

€ 1141,- € 1141,-

Aluminium 
extruded,
Approx. €3,2 p/kg
[Aludex]

€ 2179,- € 3200,-

Steel edited,
€ 3-4 p/kg
[Speedkits, 2014]

€ 436,- € 604,-

Total cost MSU € 3756,- € 4945,-

Cost MSU €/ m² € 31,37,- € 41,21

Converted to Swiss Francs, the MSU20 cost 37,96 CHF per 
m² and the MSU 31 49,86 CHF per m² (1 euro ≈ 1.21 CHF, 
[Wisselkoers.nl, Oct. 2014]. All prices are exclusive trans-
port costs.

 Conclusion

MSU31 is about 25%/m² more expensive than the M20. 
Excluding the transport of the MSU’s.   

 Shade net

Th e shade net is a product which is already applied to other 
tent structures used in the humanitarian fi eld (Figure 129). 
Th is product is not developed for MSUs. A framework has 

Figure 128: Folding sunscreen

Figure 129:  Shade net applied on multi-purpose tent {Speedkits, 2014]

Table 34Table 34: Cost estimation MSU’s.: Cost estimation MSU’s.



54
T.J. Kuijpers

8.6 Overall Conclusion

At this chapter the MSU is optimised to the fi nal level. 
All aspects are improved compared to the used MSUs. 
Th e MSU is able to be deployed at rocky and unlevelled 
surfaces. Th e total structure can be assembled and erected 
from ground level. Th e MSU package is more compact 
and manageable and more units can be tranported by sea 
freight. Due to the profi les cross-section, add-ons can be 
mounted to the MSU. A rough cost estimation has shown 
that the MSU is cheaper per square meter. 
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Two MSUs, MSU20 and MSU31, have been designed. 
Both have been mutually compared, and verifi ed against 
the boundary conditions whether the problems have been 
solved. Based on these comparisons, conclusions and 
recommendations are given.   

9.1 Validation

Th e two MSUs are compared against the boundary 
conditions to verify if the problems are solved. 

 I Structure

Th e structure is calculated for two wind speeds, 20 m/s and 
31m/s for a lifespan between 2-5 years. Th e results of the 
unique components and number of elements are given in 
Table 35 and 36. 

Type MSU
Requirement MSU 20 MSU 31

Diff erent 
components 
[pcs.]

<11 7 7

Number of 
elements [pcs.] <132 102 114

Type MSU
Requirement MSU20 MSU31

Weight/pcs [kg] 1032 1336
Weight [kg/m²] 9,9 8.6 11.1

Th e objectives are partly achieved. Th e number of 
diff erent components and the number of elements are 
below requirement. Th e main reasons are pre-assembled 
components and the multifunctional use of the lateral 
profi le.

Th e MSU20 is 1.3 kg/m² lighter than the requirement of 9.9 
kg/m². While the MSU30 is 1.2 kg/m² heavier according to 
the requirement.

  II Foundation

Th e foundations of the MSU are deployable on soils of 
diff erent compositions as well irregular surfaces. 

Important improvement on the foundation is the spindle. 
Th is element ensures that the structure can be adjusted in 
height whereby the MSU can be assembled levelled.  

III Assembly and erection

Two workers are required to assemble and erect the 
structure, where the components are pre-assembled. Th is 
causes that the assembly time decreases at site. Whereby 
the expectation is that both MSUs can be assembled in less 
than 8 hours.   

A wrench and erection equipment are required to assemble 
and erect the structure. If anchors are used, a hammer is 
required to install the foundation. Th e entire structure 
can be assembled with a one size wrench for M8 bolts and 
erected from ground level with the aid of hand winches 
and cables. 

Th e MSUs can be assembled and erected by two workers. 
Despite, that the structure is easy to assemble, a supervisor 
is required to erect the MSU. Especially to place portals in 
start position before erection. Wrongly assembled erection 
equipment may lead to failure the erection.

IV packaging

Compared to the requirements, a 20ft . sea-container can 
transport about 15 to 29% more MSU20 storage surface 
than the used MSU’s, while a 20 f. sea-container can 
transport about 30% to 42% less storage surface of the 
MSU31. Th is also clarifi es the amount of MSU’s that can be 
transported whit a 20 ft . sea-container (Table 37). 

Type MSU
Used MSU MSU 20 MSU 31

Storage surface 
per 20. feet sea-
container [m²]

1200 - 1440 1680 840

# of MSU in 20ft . 
container >12 14 7

Two euro pallets and two Toyota pick-ups are required to 
transport one MSU31, where the MSU20 only requires one 
euro pallet and one Toyota pick-up truck.  

An important advantage of the MSU20 and MSU31 
compared to the used MSUs, is the length of the packages. 
Th e maximum packaging length of the used MSUs is 
approximately 5.5 meter, which doesn’t fi t in a regular 
pick-up. Th e longest length at the designed MSUs is 2.29 
meter. Th ese packages are more manageable to transport, 
especially with a pick up. 

Th e maximum package weight of  the MSU20 is 30kg and 
46kg by the MSU31. Both packages meet the requirement.

Th e packages are transported on euro pallets, and bounded 
with steel cables from the structure. Th e big bags can act 
as transport package for the small material, such as hand 
winches, steel cables, bolts, door handles etc. 

V Functionality

Only the RubbHall has the possibility to add inner-walls. 
Further add-ons are possible to install, to improve the 
fl exibility of the MSU. Th e inner-walls, overhangs and 
shade-nets, improves the functionality of the MSU. With 
the inner-walls, internal spaces can be created  to separated 

9. Validation, conclusions and recommendations MSU9. Validation, conclusions and recommendations MSU

Table 35Table 35: Unique components and number of elements MSUs.: Unique components and number of elements MSUs.

Table 36Table 36: Weight MSUs.: Weight MSUs.

Table 37Table 37: Transport volume.: Transport volume.
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functions within the MSU. Th e overhangs can ensures that 
outside storage or hiding is possible. In sun drenched area’s 
shade nets provide a more comfortable indoor climate, 
which pleasant during indoor activities. 

Th e structure and membranes are designed to extend per 
module.  

VI Cost

A rough cost estimate is calculated. Th e cheapest used 
MSU is CHF 62.29 /m². With CHF 37.96 /m² for MSU20 
and CHF 49.86 /m² for MSU31, both structures are below 
the target price. However, the erection equipment, hinges, 
door supplies, small ironmongery must be calculated. 

Overall conclusion

One MSU is designed, and two types are derived from this 
design, MSU20 and MSU31, referred to the wind speed the 
structure has to resist. 

Two features were selected to design the MSU, the folding 
ladder and the erection method of the cable structure. 
Th ese features have proven to be an improvement for the 
new designed MSU. 

In general it can be concluded that the designed MSU 
shows similarities with the currently used MSU’s, especially 
the O.B. WiikHall. All models are portal structures with a 
saddle shaped roof. Th e MSU20 and MSU31 have a roof 
angle of 20 degrees where the used  MSUs the roof angle 
diff ers between 23 and 29 degrees.

Th e major diff erences between the MSU20, MSU31 and 
the used MSUs are, the functionality of the portal profi le, 
the modularity of the lateral profi les, the foundation, the 
erection and assembly method and the transport. Th e used 
MSU’s are calculated as temporary structures [Speedkits 
2014], while the new designed structure is calculated as 
permanent structures, where the standards are stricter 
resulting in heavier structures. Th e MSU20 and MSU31 
are the same in foundation, assembly and erection and 
functionality. Th e biggest diff erence is in the weight, 
transport and costs. 

Th e structure is less complex because all nodes are 
preassembled to the structural members. Th e secondary 
structure (door frame) is mainly built with the parts of the 
main structure, causing in less unique elements.

Th e deployment range of the MSU is increased, because 
the MSU can be assembled and erected on unlevelled rocky 
soils, which is impossible with the currently used MSUs. 

Th e assembly and erection method ensures that only two 
workers are needed to erect the MSU possibly in 8 hours. 

Th e packages are more compact for manually transportation, 
due to the maximum weight and dimension, a maximum 

of two workers is required to replace the packages. 
Compared to the packaging requirements, the MSU 20 
meets the requirements, where the MSU 31 does not meet 
the requirements.

Add-ons can be mounted on both structures. Due to the 
multi-functional channel on the short sides of the profi les, 
inner-walls, overhangs and shade nets could be mounted. 

Th e costs are roughly estimated, causing the price of one 
MSU will increase.

In general it can be concluded that the designed MSU is a 
large improvement compared to the currently used MSUs.

9.2 Product development approach

Th is research has shown that the fi nal solution can be 
targeted with a scientifi c approach. Th ey key to the success 
of the fi nal MSU design is the morphological approach. 
Before the concepts are designed, the parameters (derived 
from the literature study) are provided with sub-solutions 
and rated. Connecting the high rated sub-solutions, results 
in multiple concepts. Th ese are decreased to one concept. 
Th is concept forms the base for further development to a 
fi nal concept.  By repeatedly verifying the parts of the fi nal 
design to the boundary conditions, each aspect gets the 
attention to be solved. 

9.3 Recommendations for further develop-
ment

Th e MSU is designed for a large part. However, some 
parts require further design. First, Special attention must 
be given to the erection of the MSU. With GSA the most 
suitable variant is determined, secondly the erection 
equipment is determined on bases of the scale test. At the 
tests, the MSU was erected per portal, and six workers, 
were needed to erect it. To diminish the amount of workers 
and equipment, the three portals are connected with a rod 
to which a hand winch is mounted. Th is method has to be 
further engineered and tested in practice.

Secondly, only the main structure is designed for packaging. 
Th e other parts of the MSU20 must be designed and packed 
on one pallet, and at the MSU31 on two pallets.

Th irdly, the add-ons, inner-wall, overhangs and shade 
nets have to be designed for this model. A possibility is to 
replace the membranes for sandwich panels to insulate the 
inner space. 

Fourthly, natural ventilation is provided around the MSU. 
According to the used MSUs the surface of the ventilation 
gaps is largely increased. Th e eff ects of these ventilation gaps 
related to the indoor climate, has to be further investigated. 

Finally, the assembly and erection method of the MSU has 
to be tested on the fi eld to adjust any improvements to the 
defi nitive design of the MSU. 
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Appendix A: Overview used MSUsAppendix A: Overview used MSUs
Table A1: Overview characteristics used MSU’s  {Speedkits,2014]

Type Length 
[m]

Width 
[m]

Side height 
[m]

Gable height 
[m]

Arch dist. 
[m]

Area 
Surface [m] Volume [m]

WiikHall EX 10x24 Alu 10 24 3,35 5,5 4 240 1056
RubbHall THAB Steel 10 24 3,35 5,5 4 240 1110
WGH Steel NG1 10 24 3,35 5,85 4 240 1080

A2: Unique elements and amount of elements per used MSU [rubbusa, giertsenhall, obwiik]

Foundation

Element WGH NG1 RubbHall THAB & THABL O.B. WiikHall
Base frame profi le 12 12 -
Anchors 32 32 32*
Base plate - - -
Total 44 44 32

*estimation (WiikHall 4 anchors per portal), base plate O.B. Wiikhall prebricated to column.*estimation (WiikHall 4 anchors per portal), base plate O.B. Wiikhall prebricated to column.

Portals
Element WGH NG1 RubbHall THAB & THABL O.B. WiikHall
Columns 14 14 14
Beams 14 14 14
Suppor  ng beams - 14* -
Connec  on parts 42 21* 6
Total 70 63 34

*estimation, excluding connection part knee O.B. Wiikhall (prefabricated)*estimation, excluding connection part knee O.B. Wiikhall (prefabricated)

Horizontal profi les
Element WGH NG1 RubbHall THAB & THABL O.B. WiikHall
Ridge 2 (end) + 4 (middle) 6* 6
Connec  on Ridge 12 - -
Middle - - 12
Gu  er 4 (end) + 8 (middle) 12* 12
Connec  on gu  er 24 - -
Base frame profi le - - 12
Total 54 18 42

*es  ma  on*es  ma  on

Bracing
Element WGH NG1 RubbHall THAB & THABL O.B. WiikHall
Wall (profi le) 4 4 -
Wall (Wire) - - 8
Roof (Wire) - - 8*
Total 4 4 16

*estimation*estimation

Cover
Element WGH NG1 RubbHall THAB & THABL O.B. WiikHall
Membrane 3 3 8
Total 3 3 8
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Survey [Speedkits, 2014]
Questions regarding the current warehouse tent 
Author:  Tim de Haas

Date:  Juli 25, 2012  

Th e question below are made up to get a better inside view of the current solutions and to set the boundary conditions for 
further development of a warehouse tent within the S(p)eedkits project. In this project it is important not only to come 
with a new/similar product/solution but also improve it, therefore analysis of the current solutions is of great importance. 
Any questions below are related to the 240m2 Rubbhall HSHETENTW2RS (and the 88m2 Hospital HSHETENTH88S). 
Underneath every question there are some suggestions given, this gives our prospective what we want to know.  Please 
add or remove any, or add text, pictures or attachments where needed. If any other structures (also by other NGO’s) are 
used for warehouse or similar use, please let us know. If anything is not clear, please let us know by email t.c.a.d.haas@tue.
nl or r.gijsbers@tue.nl or phone +31(0)6 1068 3658. 

Answers can be written within this document between the questions.
Name: 

- What is the main purpose/use in the fi eld? Storage of:
o Food stock
o Relief stock (tents, shelter kits?)
o Water and sanita  on goods
o Other?
o Or maybe a workshop to repair the vehicle used in the fi eld?
o Or are there other uses (please men  on also the one that are extraordinary)

- Are there any countries where this warehouse is not applied and what are reasons for that?
- What is stored in it? Size, pallet, bag level, storage height, etc.?

o If everything is stored in bags or pallets storage heights can vary, but if this is never above 1,5m the 
roof can be lowered. 

o The means of storage can also infl uence the shape of the tent (for example the walls (must they 
always make a perfect 90° angle with the ground)?

o Are goods put against the wall or is there always a certain distance needed/wished for between the 
two

- How are items put into the storage (hand, forkli  , etc)  ?
o This not only tells something about the dimensions of the door of the warehouse but also the 

stacking height
o Are trucks or cars driving into them?

- In which phase / a  er how many  me is it deployed?
o Is the warehouse needed in the fi rst days or weeks of a disaster?
o How is current warehouse transported? Container, airfreight, back of a pickup
o How should it preferable be possible to be transported?

- For which period minimum and maximum of  me can a warehouse be deployed and what will happen 
a  erwards?

o Minimum amount of  me:
o Maximum amount of  me:
o A  erwards: deconstruct and transported back, demolish result waste, handed over to na  onal soc., 

local gov., or other? 
- How many people (trained and untrained) are necessary to deploy it and how much  me does it take? 

o (Trained) People from producer available on site (number,  me, labor paid by producer?) Is this the 
technician men  oned in the catalogue? Is he/she included in the purchase price?

o Trained people from a NGO (number,  me, volunteer or employed staff )

Appendix B: Questionnaire NGOsAppendix B: Questionnaire NGOs
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o Untrained staff /volunteers (number,  me)
o If there are trainings, who is organizing, paying and where are these trainings (residence of producer, 

buying host nat. soc., disaster aff . area)?
- Vincent said: the ground surface should be treated before building, what should be done?

o Removing trees and bushes 
o Fla  ening the soil
o Digging?
o Are they applicable on tarmac or concrete?

- Stock/storage
o Are these warehouse shelters stored at the regional stockpiles of Panama, Kuala Lumpur, Dubai, Las 

Palmas and Nairobi or at na  onal socie  es or at the factories?
o Is it known what the dimensions of a stored 240m2 Rubbhall HSHETENTW2RS and one 88m2 Hospital 

HSHETENTH88S are?
o How many packages? Loose elements?

- Is there any diff erence in the product of Rubb Hall and Wiik Hall, and if so please men  on. Possible diff erence:
o Size / dimensions
o Materials
o Deployment  me
o  

- What kind of tools are required to erect or deploy these warehouses?
o Ladder
o Hammer
o Sledge-hammer
o Pneuma  c hammer
o Wrenches
o Electric/pneuma  c wrenches
o Shovel
o Cranes or other diesel powered machines (to treat the soil before building)
o Other…….

Any pictures available of the current warehouse are of great use to us, could you please send us as much as possible 
if you have any? Of great interest:

o Founda  on
o Pictures of the structure and se   ng up of the structure
o Use of the warehouse (inside) and of stock that can be stockpiled in the warehouse
o Fixa  ons of the cover to the frame
o Any pictures from outside

Is there any addi  onal informa  on available for example provided by the producer such as brochures, drawings or 
detailed specifi ca  ons?

General remark and things we are missing in the ques  ons above.

 Any specifi ca  on on the topics below are more then welcome:

- Weight, 
- Steel sizes
- Drawings
- Material outer skin 
- Founda  on
- Costs
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Results
General

NRC and MSF say they almost never purchase a Rubbhall (NRC/MSF)

Storage space in general is needed in the fi rst stage of an interven  on and provides one of the main important 
interven  on criteria. (MSF)

Failure mostly due to assembly mistakes (people not well trained) (CHRC)

Sandstorm worst condi  on (CHRC)

Wiik Hall is a good product (CHRC)

If we want to design a new product we should target the common specs and increase the poten  ality of this product 
but the problem is the cost … because how to do be  er for less ??? (CHRC)

Already improved due change from steel to aluminum, less transport weight and improved erec  on  (BRC) (WFP)

Reason not to choose for this kind of structures are: Temporal structures; Safety concerns; Storage condi  ons 
(diffi  culty to acclima  ze); Diffi  culty to get the structure on loca  on(transport, import condi  ons, etc..) (MSF)

Reason to choose for this kind of structures is: Where we have a short interven  on  meframe, so in emergency 
se   ngs; Quick solu  on; Possibility of re-use; Where it is diffi  cult and/or  me consuming to get construc  on material;  
Where the authori  es are not suppor  ng permanent solu  ons  (MSF) 

“Closed” ques  ons
Culture/climate

Restric  ons on countries used in most countries (NRC)

none (except insecure area’s), possibly not in cold climates (BRC)

There are only a few countries where we use these tents. Currently mainly in the 
central African and Sub-Sahara countries like South Sudan, Chad, Kenia but we might 
also use them in emergency se   ngs (MSF)

Use

General use   NFI storage some  mes temp. offi  ce (BRC)

  mul  purpose use (WFP) 

Storage of construc  on materials (MSF)

Storage of medicines / medical materials if no other solu  ons (MSF)

Storage of medicines/cold chain in a container inside for limita  on of access and 
protec  on against sun (MSF)

Since these solu  ons are mainly used for storage of bulk, most of the goods are 
stored on pallets. However, in many occasions we also put storage racks to improve 
the storage capacity (MSF)

Storage height    mostly below 2m (NRC)

    NFI’s up to 2m (BRC)

Wall angle   90degrees (NRC)

Storage against wall  if non perishable yes (NRC)

    clear area around stacks (BRC)

Stored items transport

Transport into unit  mostly by hand (NRC)

    mostly by hand / small forkli   (1.5mt)(BRC)

Normally by hand. It is nice when a truck can drive into them (with the back) in case 
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of unloading in the rain (MSF)

Trucks enter unit  in some cases (NRC)

    small medium size trucks (BRC)

yes because of (un)load out of sight of people (CHRC)

Site 

Remove trees/bushes  always (NRC)

Fla  ening soil   always (NRC)

    ground leveled (BRC)

    main problem (CHRC) (WFP)

Level fl oor and make it higher, so water doesn’t enter. A hard fl oor is desirable, but is 
ul  mately not required and hard soil (sand) can be suffi  cient  (MSF)

Digging    for drainage (NRC)

    for drainage ½ m deep trench (BRC)

Depl. on tarmac/concrete more relevant in future (NRC)

    securing to the ground important with pins (BRC)

Should be possible to erect on tarmac or concrete, as this will provide a perfect 
warehouse fl oor (MSF)

Deployment

Unit used in fi rst days  rarely but more o  en in future (NRC)

    a  er assessm. if no other solu  on available (BRC)

Storage space in general is needed in the fi rst stage of an interven  on and provides 
one of the main important interven  on criteria.(MSF)

Transport of units  mostly inherit in situ from UN (NRC)

air/sea/land dep. on des  na  on and  meframe. Pre-posi  oned stock (BRC)

All of those, depends on what is available and  meframe of arrival (airfreight 
normally not, but might be used in case of a big emergency (MSF)

Preferable transport ways as fl exible as possible (NRC)

    Container, truck (MSF)

Packaging packaging not a problem, re-packing problem and loosing parts with this (CHRC)

 need for be  er packaging (WFP)

Rubhall takes a full truck to transport (MSF)

Minimum deployment  me unknown (NRC)

    never less than 4 weeks (cost) (BRC)

3 months (MSF)

Maximum deploym.  me unknown (NRC)

    3-4 years (BRC)

5 years (MSF)

Deconstruc  on or else  hand over to someone…(NRC)

    stored (if in good cond.) as disaster prep. assets (BRC)

    Tunisia disass. and send back (CHRC)

Mostly handed over to na  onal gov or other (MSF)



69
Development of a MSU for humanitarian purposes 

On exit of opera  ons, the kit is usually donated to the ONS or other organisa  on.  
Usually we provide training days to show how to dismantle and erect the put back in 
the packaging and into DP stock.  This means that the storage boxes need to be kept 
for the whole opera  on and these take up room. (Independent)  

Deployment hours/people mostly inherit, if not setup by the company (NRC)

    1 trained person + 6 local/untrained = 2 days (BRC)

Mostly erected by MSF people. Erec  on not included in the purchase price (MSF)

Trainings   Change in system, more and more deployed by companies (BRC)

every year training of staff  (CHRC)

in Brindisi (WFP)

Mostly  use of trained MSF staff  or at least some-one who has erected it before (MSF)

Tools for deployment

Other add sturdy ropes (r10mm-50m) for cover

 add blunt-ended poles to assist movem. of cover benefi t from forkli   if available, 
possible pla  orm on forkli   more stable than ladder (BRC)

the less the be  er (WFP)

I would think that the pneuma  c hammer and electric/pneuma  c wrenches are not 
always necessary, but it is important to create  a proper soil (elevated) (MSF)

Stock

Units in stock   no stock (NRC)

    Stock in Kuala Lumpur, Dubai, Panama (BRC)

Factories mostly don’t have stock or limited, so lead  me (WFP)

I am not sure, but mostly at the factories, as we don’t use many of them (MSF)

Stock size   Purchase 500-1000 units a year (WFP)

    Brindisi stock 250 units (WFP)

    Supplier stock 60-80 units (WFP)

    Supplier 400-500 units (WFP)

Rubb/Wiik hall

Diff erences no programma  c diff erences, although many diff erent models available. We mainly 
consider price/lead  me (NRC)

 means of joining frame elements (pins/bolts) (BRC)

“Open” ques  ons
Request for informa  on

If you have pictures, brochures, drawings, detailed info of a storage unit could you send these?

    Erec  on manual, tool kit, color coded frame pieces (BRC)

Flowspan 221m2 = €  13.800 (€ 62/m2)

Rubhall 240 m2 = € 13.100 (€ 56/m2)

2nd hand Container 14m2 = around € 1000 (72/m2) (MSF)
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Possible innova  on direc  on

If we want to defi ne a new product, according to you which direc  on should we inves  gate?

NRC interest in a warehouse unit is limited, they very rarely procure them but mostly 
inherit. Ren  ng or building something on the loca  on is more common (NRC)

Need for racks (long central driveway and perpendicular racks) (CHRC / WFP / MSF)

Reduce height of structure (CHRC)

Be  er ven  la  on (CHRC) (WFP)

Fabric reinforcement to prevent the   (CHRC) 

Clear moun  ng instruc  on (WFP)

Lateral exits (WFP) 

More robust doors (independent)

Raised fl oors (MSF)

Other/be  er anchoring (independent)

Subdivide in ends and sec  ons (independent)

Reusable boxes with low storage volume (independent)

Details for cas  ng insitu concrete anchor blocks (independent)
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Appendix C: Concept generation Appendix C: Concept generation 

 C1: Defi ni  on and rate per parameter 

Subject Boundary conditions Rating (0-4) Weight factor

V Functionality
Storage Straight wall easier stacking Th an  

curved wall
Rectangular (4)
Curved (0)

2

Geometry Cross section in m netto 8 x 2,6 (4)
8 x 2,6-3,5 (3)
>8 x >3,5 (2)  
<8 x <2,6 (0)  

3

Geometry Grond surface in m 8 x (x) (4)
8 x >(x) (3)
>8 x (x)(0) 3

Geometry Free span module Yes (4)
No (0) 3

Geometry Possibility to split up module in 
multiple areas

Yes (4)
No (0) 1

Modularity Easy to extend Extendable (4)
Not extendable (0)

2

Building physics Ventilation in dm�/s per person >12 (4)
4-12 (2)
<4 (0)

1

Building physics Daylight in lux > 400 (4)
50 - 400 (3)
< 50 (0)

1

Packaging
Number of packages Number of packages in 20 ft . 

container.
> 18 (4)
12-18 (3)
6-12 (2)
0-6 (0)

1

Weight Weight total package
0-500 (4)
500-1000 (3)
1000-1500 (1)
>1500 (0)

2

Transportation Transportation warehouse shelter 
package on site with auxiliary 
equipment

No auxiliary equipment (4)
heavy auxiliary equipment (0) 1

Transportation Transportation warehouse shelter 
package on site number of ele-
ments

Number of elements
1
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Packaging material Th e less material that is used for 
packaging the better No package material (4)

Reusable package material (3)
Disposable packaging (0)

1

Functionality Multifunctional use of packaging Packaging as part of warehouse shelter (4)
Packaging not as a part of the warehouse shelter 
(0) 1

Structure

Components Number of individual unique 
components. Non demountable 
components counts as one.

0-5 (4)
5-10 (3)
10-15 (1)
>15 (0)

2

Components Number of total elements in ware-
house shelter 0-60 (4)

60-120 (3)
120-180(1)
>180(0)

2

Components Demountable and reusable: Tarp, 
profi les, connection, foundation

All parts = 4
No parts = 0

2

System Complexity: not standard, many 
(diff erent) connections and ele-
ments, complex geometry

Not complex = 4
Between = 2
Very complex = 0 2

Weight Weight warehouse shelter per kg/
m² 0-4 (4)

4-8 (3)
8-12 (1)
>12 (0)

3

Modularity Element applicable everywhere Applicable everywhere (4)
Applicable in own component (3)
Unique solution (1) 3

Foundation
Composition ground Applicable to various substrates, 

from vary loose to very dense
Solid - loose (4)
Solid (2)
Loose (2)

3

Levelness ground Adjustability of the foundation on 
site in mm. >450 (4)

300-450 (3)
150-300 (2)
0-150 (1)

3

Wind
Load Wind pressure/ wind suction:

Roof angle α
Wind direction Θ = 0° (long side)

α = 30° - 45° (4)
α = 15° - 30° (3)
α = 5°- 15° (2)
α = < 5° (1) 3
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Load Wind pressure/ wind suction:
Roof angle α
Wind direction Θ = 90° (short 
side) Saddle roof/ fl at roof

α = 30° - 45° (4)
α = 15° - 30° (3)
α = 5°- 15° (2)
α = < 5° (1)

Load limitation of height to avoid wind 
load in m < 4 (4)

4 -5 (3)
5-6 (2)
6-7 (1)
>7 (0)

3

Assembly
System Number of actions Depending on element 2
System Number of workers which is nec-

essary per element to assembly 1 (4)
2 (3)
3 (1)
>3 (0)

2

System Weight per element with a max. 
of 25kg per person, two persons 
max. 50 kg, three persons max. 
75 kg

< 25 (4)
25 - 50 (3)
50 - 75 (2)
> 25 (0)

2

System Possibility of loosing parts

No (4)
Yes (0)

2

System Safety of erecting element: Erect-
ing from ground is preferred

Erection from ground (4)
Use of equipment (0) 2

Time Construction days in hours < 4  (4)
4-8 (3)
> 8 (0)

2

Time Unskilles workers
1-5 (4)
5-10 (3)
10-15 (1)
>15 (0)

2

Time Skilled workers

0 (4)
1 (3)
> 1 (1)

2

Equipment Equipment needed to support con-
struction system

0 (4)
> 0 (0) 1

Tools Limited use of diff erent tools 0 (4)
1-3 (3)
3-5 (2)
> 5 (1)

1

Economical
Costs Technology Low tech (4)

High tech (2)
2
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Costs Use of diff erent materials, much 
labour in producing elements Less diff erent materials - less labour (4)

Much diff erent materials - less labour (2)
Less diff erent materials - much labour (2)
Much diff erent materials - much labour (1)

2

Costs More warehouse shelters to trans-
port in 20 ft  container the better

> 18 (4)
12-18 (3)
6-12 (2)
0-6 (0)

2

C2: Pair compare [Gijsbers, 2011]
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I Structure

Components 1 0 0 0 0 1 1 1 1 1 0 1 1 1 0 0 1 1 1 11 2

Weight 0 1 0 0 0 1 1 1 1 1 1 1 1 1 1 0 1 1 1 13 3

Modularity 1 0 0 0 0 1 1 1 1 1 1 1 1 1 1 0 1 1 1 13 3

Wind Load 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 16 3

II Foundation

Composition soil 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 14 3

Levelness soil 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 0 1 1 1 13 3

System 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

III Assembly

System 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 0 1 1 1 12 2

Time 0 0 0 0 0 0 1 0 1 1 0 1 1 0 0 0 0 1 1 7 2

Equipment/Tools 0 0 0 0 0 0 1 0 0 1 0 1 1 0 1 0 0 1 0 6 1

IV Packaging

Number of packages 0 0 0 0 0 0 1 0 0 0 0 1 1 0 1 0 0 1 1 6 1

Weight 1 0 0 0 0 0 1 0 1 1 1 1 1 0 1 0 0 1 1 9 2

Transport 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 2 1

Material 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 2 1

V Functionality

Storage 0 0 0 0 0 0 1 0 1 1 1 1 1 1 1 0 1 1 0 7 2

Multifunctional 1 0 0 0 0 0 1 0 1 0 0 0 0 1 0 0 0 0 0 3 1

Geometry 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 15 3

Modularity 0 0 0 0 0 0 1 0 1 1 1 1 1 1 0 1 0 1 0 9 2

Building physics 0 0 0 0 0 0 1 0 0 0 0 0 1 1 0 1 0 0 0 4 1

VI Economical

Costs 0 0 0 0 0 0 1 0 0 1 0 0 1 1 1 1 0 1 1 8 2
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C3: Sub-solutions per parameter [Gijsbers, 2011]
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C4: Scoring table [Gijsbers, 2011]



77
Development of a MSU for humanitarian purposes 



78
T.J. Kuijpers

01987654321

Anchor-point load Anchor-line load Balast-point load B alast-line load Adjustable panels Elements
162 152 191 169 113 118

No floor Tarp Adjustable panels Elements
193 195 113 118

Structure
62 60 54 56 34 52

Structure
127 130 124 124 109 97 119 93 99 116

Structure Free span Single column Two colums Three columns Four c olumns Five columns
116 78 91 111 101 101

Structure 90° 75° 60° Curved
68 64 39 31

Structure I- profile Tube Tube Truss Space truss Cable Membrane Castellated beam
121 121 121 104 102 89 79 117

Structure H- profile Tube Tube 3D-Truss 
112 112 112 101

Connection
62 60 69 76

Connection One element Telescopic Hinged Loose parts
69 70 66 40

Connection Screw Click-Lock system Rotation Welding Pin- Lock System Glueing Pin
67 71 65 23 80 52 71

Connection Cable Kederprofile Screwing Stringing Clamping
68 64 59 52 61

Set up Erecting from ground Scissor structure Foldable portal (1) Foldable box Flexible elements Umbrela Foldable portal (2)
79 110 125 120 127 132 128 109

Set up
12 12 10 16 16 14

A12
Membrane-structure

C: ASSEMBLY

B1
Structure

B2
Wall/Roof

A9
Portals 

A10
Beams/ colomuns

A11
Joints on site

A6
Wall angle

A7
Beam

A8
Column

A3
Module geometry

A4 Geometry cross 
section

A5
Portal

A: BUILDING PARTS

A1
Foundation

A2
Floor

C3: Generating concepts (1-5) [Gijsbers, 2011]



79
Development of a MSU for humanitarian purposes 

01987654321

Anchor-point load Anchor-line load Balast-point load B alast-line load Adjustable panels Elements
162 152 191 169 113 118

No floor Tarp Adjustable panels Elements
193 195 113 118

Structure
62 60 54 56 34 52

Structure
127 130 124 124 109 97 119 93 99 116

Structure Free span Single column Two colums Three columns Four c olumns Five columns
116 78 91 111 101 101

Structure 90° 75° 60° Curved
68 64 39 31

Structure I- profile Tube Tube Truss Space truss Cable Membrane Castellated beam
121 121 121 104 102 89 79 117

Structure H- profile Tube Tube 3D-Truss 
112 112 112 101

Connection
62 60 69 76

Connection One element Telescopic Hinged Loose parts
69 70 66 40

Connection Screw Click-Lock system Rotation Welding Pin- Lock System Glueing Pin
67 71 65 23 80 52 71

Connection Cable Kederprofile Screwing Stringing Clamping
68 64 59 52 61

Set up Erecting from ground Scissor structure Foldable portal (1) Foldable box Flexible elements Umbrela Foldable portal (2)
79 110 125 120 127 132 128 109

Set up
12 12 10 16 16 14

A12
Membrane-structure

C: ASSEMBLY

B1
Structure

B2
Wall/Roof

A9
Portals 

A10
Beams/ colomuns

A11
Joints on site

A6
Wall angle

A7
Beam

A8
Column

A3
Module geometry

A4 Geometry cross 
section

A5
Portal

A: BUILDING PARTS

A1
Foundation

A2
Floor

C5: Generating concepts (6-10) [Gijsbers, 2011]
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C6: Overview generated concepts
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 D1 Rough estimation weight structure [Kamerling, 2004, MCB, 2007, A. Noble]

Concept 1 folding ladder saddle shape 1A, cylindrical shape1B:
Span portal   : 8m
Ratio    : l/40
Height profi le   : 8/40   = 0,2m -> 200mm 
Material   : Steel, S355
Profi le    : Rectangular tube, (h • w • t) 200•80•4mm
Weight   : 16,9 kg/m 
Membrane   : Ferrari 1502, 1500 g/m² 
Total length one portal 1A : 13,7 m
Total length one portal 1B : 13,8 m
Module   :  5 modules, width 3m
Portals   :  6 pieces 

 Weight one portal 1A : 13,7 • 16,9   =  231,5 kg
 Weight one membrane 1A : 13,7 • 3 • 1,5   =  61,7 kg
Total weight folding ladder 1A :  (6•231,5)+(5•61,7) =  1698 kg

 Weight one portal 1B : 13,8 • 16,9   =  233,2 kg
 Weight one membrane 1B : 13,8 • 3 • 1,5   =  62,1 kg
Total weight folding ladder 1B :  (6•233,1)+(5•62,1) =  1709 kg 

Concept 2 Spindle:
Span portal   : 8m
Ratio    : l/25
Height truss   : 8/25   = 0,32m -> 320mm
Material   : Steel, S235
Profi le truss   : Rectangular tube,  (h • w • t) 40•40•3mm
Weight truss  : 3,41 kg/m
Profi le column   : Rectangular tube, (h • w • t) 200•80•4mm
Weight column  : 16,9 kg/m 
Membrane   : Ferrari 1502, 1500 g/m² 
Total length one truss  : 35,6 m
Total length column portal : 5,4 m
Module   :  5 modules, width 3m
Portals   :  6 pieces 

 Weight one truss  : 35,6 • 3,41   =  121,4 kg
 Weight two columns : 5,4 • 16,9   =  91,3 kg
 Weight one membrane : 13,7 • 3 • 1,5   =  61,7 kg

Total weight Spindle  :  (6•212,7)+(5•61,7) =  1585 kg
Concept 3, Greenhouse:

Span portal   : 11,4m
Ratio    : l/75
Height profi le   : 11,4/75   = 0,11m -> 110mm
Material   : Steel, S355
Profi le    : Rectangular tube, (h • w • t) 110•70•4mm 
Weight   : 10,48 kg
Membrane   : Ferrari 1502, 1500 g/m² 
Total length portal  : 15,2m
Module   :  5 modules, width 3m
Portals   :  6 pieces 
Weight one portal  : 15,2 • 10,48   =  159,3 kg
Weight one membrane  : 15,2 • 3 • 1,5   =  68,4 kg
Total weight Greenhouse :  (6•159,3)+(5•68,4) =  1298 kg

Appendix D: Calculation weight selected conceptsAppendix D: Calculation weight selected concepts
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Concept 4, Cable structure III,
Span portal   : 8m
Ratio, arrow size   : l/10
Arrow size   : 8/10   =  0,8 m
Height column   :  2,6 + 1,4 + 0,8  = 4,8 m
(Wall height+Apex+Arrow size)
Material   : Steel, S355
Dimension cable  : 7x7 WSC, 10mm 
Weight cable   : 0,384 kg/m
Dimension column  : Rectangular tube, (h • w • t) 220•80•5mm
Weight column   : 22,3 kg/m
Membrane   : Ferrari 1502, 1500 g/m² 
Cable length   : Approx. 18,8m 
Length membrane per module : 13,8m 
Module   :  5 modules, width 3m
Portals   :  6 pieces 
Weight one cable  : 18,8 • 0,384 =  7,2 kg
Weight two columns  : 9,6 • 22,3  =  214,1 kg
Weight one membrane  : 13,8 •3 • 1,5   =  62,1 kg
Total weight cable structure III :  (6•221,3)+(5•62,1) =  1638 kg
* Th e dimension of the cables and columns depends on several factors, for example, the load, the distance of the column, cable 
attachment and resisting moment. Th is design is extra susceptible for buckling because the columns are holding up the cables. Due 
to this, the dimensions of the cable and columns are estimated. Because it is probable the forces in the column are larger than in 
the portal structures, the columns have a larger dimension than the columns in the portal structures. 

Concept 5, Cable structure I,
Span portal   : 8m
Ratio, arrow size   : l/10
Arrow size   : 8/10   =  0,8 m
Height column, long  :  2,6 + 1,4 + 0,8  = 4,8 m
(Wall height+Apex+Arrow size)
Height column, short  :     = 2,6 m
(Wall height) 
Material   : Steel, S355
Dimension cable  : 7x7 WSC, 10mm 
Weight cable   : 0,384 kg/m
Dimension column  : Rectangular tube, (h • w • t) 220•80•5mm
Weight column   : 22,3 kg/m
Membrane   : Ferrari 1502, 1500 g/m² 
Cable length   : Approx. 16,9m 
Length membrane per module : 13,7m 
Module   :  5 modules, width 3m
Portals   :  6 pieces 
Weight one cable  : 16,9 • 0,384  =  6,5 kg
Weight two columns  : 7,4 • 22,3  =  165,0 kg
 Weight one membrane : 13,7 • 3 • 1,5   =  61,7 kg
Total weight cable structure II :  (6•171,5)+(5•61,7) =  1338 kg
* Idem Concept 4
It is plausible that the dimension of the columns in the cable structures have at least the same dimension as the profi les in the portal 
structures. Th e height which is necessary to achieve the geometry of the cable structures ensures that the columns are longer than 
the columns in the portal structures. As explained in the calculations, the columns are exposed to larger forces, causing an increase 
of size. If the dimension of the columns in the cable structures are the same as the columns in the portal structures, the following 
calculation shows that,
Profi le    : 200•80•4mm
Weight portal concept 1A : 232 kg
Weight columns concept 4 : column length [m] • profi le weight [kg] = 9,6 • 16,9 = 162kg.  
Th e diff erence here is 70 kg and it decrease in the advantage of the portal structures, when the dimensions increase. 
An another remark is that the portal structures can be manufactured in aluminum, which decreases the weight of the concept. 
Due to the forces in the columns of the cable structures, this is less plausible, which makes it diffi  cult to decrease the total weight.      
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E2: Calculation wind load[EN 1991-91 Eurocode 1]

Fw = cscd · cf · qp (ze ) · Aref 

cscd is equal to 1

Structure surface Aref, Wall

Determination of e:

Wind direction 0 °

Apex height [m] B [m] 2h [m] e [m]
3,3 15,0 6,6 6,6
4,0 15,0 8,0 8,0
4,7 15,0 9,4 9,4
5,4 15,0 10,8 10,8

Wind direction 90 °

Apex height [m] B [m] 2h [m] e [m]

3,3 8,0 6,6 6,6
4,0 8,0 8,0 8,0
4,7 8,0 9,4 8,0
5,4 8,0 10,8 8,0

Determination of e:

Length wall section:

Wind direction at 0°
Apex height [M] Length wall sec  ons [m] 

A B C D E
3,3 1,32 5,28 1,40 15,00 15,00

4,0 1,60 6,40  - 15,00 15,00

4,7 1,88 7,52  - 15,00 15,00

5,4 2,16 8,64  - 15,00 15,00

Appendix E: Calculation wind loadAppendix E: Calculation wind load
E1: Floor plan MSU
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Wind direction at 90°
Apex height [M] Length wall sec  ons [m] 

A B C D E
3,3

1,32 5,28 8,40 8,00 8,00
4,0

1,60 13,40 - 8,00 8,00
4,7

1,60 13,40 - 8,00 8,00
5,4

1,60 13,40 - 8,00 8,00

Structure surface Aref, Saddle roof

Width saddle roof, one surface

Apex Height [m] Roof angle [°] Width Roof [m]
3,3 10 4,06
4,0 20 4,24
4,7 28 4,52
5,4 35 4,88

Determina  on of e:

Wind direc  on at 0°    

Apex height 
[m]

b 2h e [m]

 3,3 15,0 6,6 6,6
4,0 15,0 8,0 8,0
4,7 15,0 9,4 9,4
5,4 15,0 10,8 10,8

 
Wind direc  on at 90°

Apex height [m] b 2h e [m]
3,3 8,1 6,6 6,6
4,0 8,5 8,0 8,0
4,7 9,0 9,4 9,0
5,4 9,8 10,8 9,8

Dimension roof zones :

Wind direc  on at 0°, 180°

Apex height [m] Dimension zone [m]
F G H I J

Width Length Width Length Width Length Width Length Width Length
3,3 0,66 1,65 0,66 11,70 3,39 15,00 3,39 15,00 0,66 15,00
4,0 0,80 2,00 0,80 11,00 3,44 15,00 3,44 15,00 0,80 15,00
4,7 0,94 2,35 0,94 10,30 3,58 15,00 3,58 15,00 0,94 15,00
5,4 1,08 2,70 1,08 9,60 3,80 15,00 3,80 15,00 1,08 15,00

Wind direc  on at 90°

Apex height [m] Dimension zone [M]
F G H I J

Width Length Width Length Width Length Width Length Width Length
3,3 1,65 0,66 2,40 0,66 4,05 2,64 4,05 11,70 - -
4,0 2,00 0,80 2,24 0,80 4,24 3,20 4,24 11,00 - -
4,7 2,25 0,90 2,27 0,90 4,52 3,60 4,52 10,50 - -
5,4 2,45 0,98 2,43 0,98 4,88 3,92 4,88 10,10 - -

Wind direc  on at 90°

Apex height 
[m]

b 2h e [m]

3,3 8,1 6,6 6,6
4,0 8,5 8,0 8,0
4,7 9,0 9,4 9,0
5,4 9,8 10,8 9,8
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Structure surface Aref, Single pitched roof

Width single pitched roof

Apex Height [m] Roof angle [°] Width Roof [m]
3,3 5 8,03
4,0 10 8,12
4,7 15 8,27
5,4 20 8,48

Determina  on of e:

Wind direc  on at 0° and 180°

Apex height 
[m]

b 2h e [m]

3,3 15,0 6,6 6,6
4,0 15,0 8,0 8,0
4,7 15,0 9,4 9,4
5,4 15,0 10,8 10,8

Dimension roof zones :

Wind direc  on at 0° and 180°

Apex height 
[m]

Dimension zone [m]
F G H I

Width Length Width Length Width Length Width Length
3,3 0,66 1,65 0,66 11,70 7,37 15,00 - -
4,0 0,80 2,00 0,80 11,00 7,32 15,00 - -
4,7 0,94 2,35 0,94 10,30 7,33 15,00 - -
5,4 1,08 2,70 1,08 9,60 7,40 15,00 - -

Wind direc  on at 90° 

Apex height 
[m]

Dimension zone [m]
F G H I

Width Length Width Length Width Length Width Length
3,3 1,65 0,66 4,73 0,66 8,03 2,64 8,03 11,70
4,0 2,00 0,80 4,12 0,80 8,12 3,20 8,12 11,00
4,7 2,08 0,83 4,12 0,83 8,27 3,32 8,27 10,85
5,4 2,13 0,85 4,23 0,85 8,48 3,40 8,48 10,75

Structure surface Aref, Cylindrical roof
Width single pitched roof

Apex Height [m] Length segment [m] Total 
length 
[m]

3,3 1,02 8,16
4,0 1,08 8,64
4,7 1,17 9,36
5,4 1,29 10,32

Dimension roof zones :

Wind direc  on at 0°, and 180°
Apex height [m] Dimension zone [m]

A B C
Width Length Width Length Width Length

3,3 2,0 15,0 4,1 15,0 2,0 15,0
4,0 2,2 15,0 4,3 15,0 2,2 15,0
4,7 2,4 15,0 4,7 15,0 2,4 15,0
5,4 2,6 15,0 5,2 15,0 2,6 15,0

Wind direc  on at 90°

Apex height 
[m]

b 2h e [m]

3,3 8,0 6,6 6,6
4,0 8,1 8,0 8,0
4,7 8,3 9,4 8,3
5,4 8,5 10,8 8,5
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Wind direc  on at 90°

Apex height 
[m]

Dimension zone [m]
F G H I

Width Length Width Length Width Length Width Length
3,3 1,7 0,7 2,4 0,7 4,1 2,6 4,1 11,7
4,0 2,0 0,8 2,4 0,8 4,3 3,2 4,3 11,0
4,7 2,4 0,9 2,4 0,9 4,7 3,8 4,7 10,3
5,4 2,6 1,0 2,4 1,0 5,2 4,2 5,2 9,8

Aerodynamic factor Cf, Wall, Extern pressure Cpe

Ver  cal wall, Extern pressure coeffi  cients Cpe, wind direc  on 0°, All geometries

Height [m] A B C D E
3,3 -1,2 -0,8 -0,5 0,8 -0,5
4,0 -1,2 -0,8 -0,5 0,8 -0,5
4,7 -1,2 -0,8 -0,5 0,8 -0,5
5,4 -1,2 -0,8 -0,5 0,8 -0,5

Ver  cal wall, Extern pressure coeffi  cients Cpe, wind direc  on 90°, All geometries

Height [m] A B C D E
3,3 -1,2 -0,8 -0,5 0,8 -0,5
4,0 -1,2 -0,8 - 0,8 -0,5
4,7 -1,2 -0,8 - 0,8 -0,5
5,4 -1,2 -0,8  - 0,8 -0,5

Aerodynamic factor Cf, Saddle shape, Extern pressure Cpe

Wind direc  on at 0°, 180°

Apex 
height 
[m]

Aerodynamic factor [m]
F G H I J

- + - + - + - + - +
3,3 -1,3 0,1 -1,0 0,1 -0,5 0,1 -0,5 0,0 -0,8 0,1
4,0 -0,8 0,4 -0,7 0,4 -0,3 0,3 -0,4 0,0 -0,8 0,0
4,7 -0,6 0,6 -0,5 0,6 -0,2 0,4 -0,4 0,0 -0,6 0,0
5,4 -0,3 0,7 -0,3 0,7 -0,1 0,5 -0,3 0,0 -0,4 0,0

Wind direc  on at 90°

Apex 
height 
[m]

Aerodynamic factor [m]
F G H I J

- + - + - + - + - +
3,3 -1,5 - -1,3 - -0,7 - -0,6 - - -
4,0 -1,2 - -1,3 - -0,7 - -0,5 - - -
4,7 -1,1 - -1,4 - -0,8 - -0,5 - - -
5,4 -1,1 - -1,4 - -0,8 - -0,5 - - -
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Aerodynamic factor Cf, Single pitched roof, Extern pressure Cpe

Wind direc  on at 0°
Apex height 
[m]

Aerodynamic factor [m]
F G H I

- + - + - + - +
3,3 -1,7 0,0 -1,2 0,0 -0,6 0,0 - -
4,0 -1,3 0,1 -1,0 0,1 -0,5 0,1 - -
4,7 -0,9 0,2 -0,8 0,2 -0,3 0,2 - -
5,4 -0,8 0,4 -0,7 0,4 -0,3 0,2 - -

Wind direc  on at 90°

Apex height 
[m]

Aerodynamic factor [m]
F G H I

High Low - + - + - +
3,3 -2,1 -2,1 -1,8 - -0,6 - -0,5 -
4,0 -2,3 -1,9 -1,9 - -0,7 - -0,6 -
4,7 -2,4 -1,6 -1,9 - -0,8 - -0,7 -
5,4 -2,3 -1,5 -1,8 - -0,9 - -0,7 -

Aerodynamic factor, wind direc  on at 180°

Apex height 
[m]

Aerodynamic factor [m]
F G H I

- + - + - + - +
3,3 -2,3 - -1,3 - -0,8 - - -
4,0 -2,4 - -1,3 - -0,9 - - -
4,7 -2,5 - -1,3 - -0,9 - - -
5,4 -2,0 - -1,1 - -0,9 - - -

Aerodynamic factor Cf, Cylindrical roof, Extern pressure Cpe
Wind direc  on at 0°

Apex height [m] Aerodynamic factor [m]
A B C

- + - + - +
3,3 -1,2 - -0,8 - -0,4 -
4,0 -1,2 - -0,9 - -0,4 -
4,7 -0,6 0,2 -1,0 - -0,4 -
5,4 0,4 - -1,1 - -0,4 -

Wind direc  on at 90°

Apex height [m] 
 

segment degree [°]
1 2 3 4

3,3 18 12 7 2
4,0 34 24 14 5
4,7 48 35 21 7
5,4 61 44 26 9
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Apex height 
[m] 

 

Aerodynamic factor

F G
3,3 -1,3 1,3 1,4 1,5 -1,3 -1,3 -1,3 -1,3
4,0 -1,1 1,1 1,2 1,3 -1,4 -1,4 -1,3 -1,3
4,7 -1,1 1,1 1,1 1,2 -1,4 -1,4 -1,3 -1,3
5,4 -1,1 1,1 1,1 1,2 -1,2 -1,4 -1,4 -1,3

Apex height 
[m] 

 

Aerodynamic factor

H I
3,3 -0,6 -0,6 -0,7 -0,7 -0,5 -0,5 -0,6 -0,6
4,0 -0,8 -0,7 -0,6 -0,7 -0,5 -0,5 -0,5 -0,6
4,7 -0,9 -0,8 -0,7 -0,7 -0,5 -0,5 -0,5 -0,6
5,4 -0,8 -0,9 -0,7 -0,7 -0,5 -0,5 -0,5 -0,6

Cpi, internal pressure  [Tabellenboek]

All models are considered as closed

Cpi = 0,3 or -0,3 

qp (z) [Speedkits, 2014]

h (m) qp (z)
[kN/m2]

3 0,916
4 0,984
5 1,038
6 1,083
7 1,112

E3: Load combinations
at 0° and 180°. The internal wind pressure is posi  ve (LC 4A) or nega  ve (LC 4B). 

Load case 3 Saddle shaped Single pitched 
shaped

Cylindrical shaped

Windward Leeward Windward A B C

LC3B - - - - - -
LC3C - + + + - -
LC3D + -
LC3E + +

According to equation 6.10 from, the following load combinations are possible for each geometry:
Saddle shaped roof:

10x   1,35 • (LC1+LC2) + 1,5 • (LC3A/ LC3B / LC3C / LC3D / LC3E + LC4A / LC4B)
10x   1,00 • (LC1+LC2) + 1,5 • (LC3A/ LC3B / LC3C / LC3D / LC3E + LC4A / LC4B)

Total of 20 possible load combinations.
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Single pitched shaped roof:

6x    1,35 • (LC1+LC2) + 1,5 • (LC3A/ LC3B/LC3C + LC4A / LC4B)
6x    1,00 • (LC1+LC2) + 1,5 • (LC3A/ LC3B/LC3C + LC4A / LC4B)

Total of 12 possible load combinations.

Cylindrical shaped roof:

6x    1,35 • (LC1+LC2) + 1,5 • (LC3A/ LC3B/LC3C + LC4A / LC4B)
6x    1,00 • (LC1+LC2) + 1,5 • (LC3A/ LC3B/LC3C + LC4A / LC4B)

Total of 12 possible load combinations.

Th e most unfavourable load case within these combinations is normative per model. 

Uneven wind load on portals

The warehouse shelter consist of six portals. Due to the irregular wind load on the surfaces of the warehouse 
shelter, the portals behave diff erent in structural way. The portals are subdivided in three categories. Each category, 
depending on wind direc  on, represent portals  which endure the same forces associated with their geometry. 

Geometry Portal category 1 Portal category 2 Portal category 3
Wind direc  on Wind direc  on Wind direc  on

0°, 180° 90° 0°, 180° 90° 0°, 180° 90°
Saddle A,F A B,E B C,D C,D,E,F
Single pitched A,F A B,E B C,D C,D,E,F
Cylindrical * A,F A B,C,D,E B - C

Of the six portals, the portal which endures the largest forces is normative for all portals within the specifi c model.
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Saddle 
roof

Wind direction 0-180 °

Portal 
3,3m

Portal 
4,0m

Bar NxMin NxMax VzMin VzMax MyMin MyMax Bar NxMin NxMax VzMin VzMax MyMin MyMax
S1 -3,2 13,4 -2,9 11,4 0,0 19,5 S1 -0.47 11.40 -2.54 11.25 0.00 22,3
S2 -3,2 6,0 12,6 2,0 -6,8 19,5 S2 -1.91 6.86 -9.79 0.82 -3.41 18.30
S3 -4,2 5,1 -6,4 6,7 -13,8 2,2 S3 -1.99 4.35 -5.55 4.52 -8.13 0.33
S4 -6,9 7,5 -3,7 7,4 -13,8 1,1 S4 -4.00 5.60 -2.31 4.97 -6.53 0.00

Saddle 
roof

90,0

Portal 
3,3m

Portal 
4,0m

Bar NxMin NxMax VzMin VzMax MyMin MyMax Bar NxMin NxMax VzMin VzMax MyMin MyMax
S1 0,00 11,64 -1,14 9,24 -0,22 10,89 S1 -2,09 10,44 -2,83 7,49 -1,25 7,31
S2 0,00 11,26 -9,87 1,97 -6,58 10,89 S2 -0,88 10,84 -7,38 3,79 -3,02 7,31
S3 0,00 11,26 -1,97 9,87 -6,58 10,89 S3 -0,88 10,84 -3,79 7,38 -3,02 7,31
S4 0,00 11,64 -9,24 1,14 -0,22 10,89 S4 -2,09 10,44 -7,49 2,83 -1,25 7,31

Single pitched roof 0 °
Portal 
3,3m

Portal 
4,0m

Bar NxMin NxMax VzMin VzMax MyMin MyMax Bar NxMin NxMax VzMin VzMax MyMin MyMax
S1 -7,0 8,9 -7,1 6,0 -14,4 5,9 S1 -10,1 7,6 -8,7 7,0 -19,0 6,4
S2 -1,6 5,2 -9,4 14,5 -14,4 19,9 S2 -1,0 5,6 -8,7 13,3 -19,0 18,3
S3 -2,5 14,8 -11,6 1,4 0,0 19,9 S3 -2,6 14,0 -11,5 0,7 0,0 18,3
Single pitched 180 °
Portal 
3,3m

Portal 
4,0m

Bar NxMin NxMax VzMin VzMax MyMin MyMax Bar NxMin NxMax VzMin VzMax MyMin MyMax
S1 0,0 20,2 -0,1 14,7 0,0 32,1 S1 0,0 26,0 -2,0 17,3 0,0 42,4
S2 -1,0 3,0 20,6 10,3 -18,2 32,1 S2 -3,3 0,0 26,4 10,4 -27,7 42,4
S3 0,0 10,5 -1,9 4,8 -7,0 0,0 S3 -2,4 10,1 0,0 9,5 -17,5 0,0

Single pitched roof 90,0 °
Portal 
3,3m

Portal 
4,0m

Bar NxMin NxMax VzMin VzMax MyMin MyMax Bar NxMin NxMax VzMin VzMax MyMin MyMax
S1 0,00 10,97 -3,02 11,00 -1,44 14,93 S1 0,00 13,85 -3,59 13,23 -1,65 21,51
S2 0,00 10,07 11,73 10,25 -9,63 14,93 S2 0,00 10,88 15,66 11,54 -13,25 21,51
S3 0,00 10,91 -9,01 1,95 -0,61 9,75 S3 0,00 13,19 -8,42 2,31 -0,66 8,20

E4: Load on portal 

 S1, S4 = column  S2,S3 = Beam

S1, S3 = column  S2 = Beam
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Portal 
4,7m

Portal 
5,4m

Bar NxMin NxMax VzMin VzMax MyMin MyMax Bar NxMin NxMax VzMin VzMax MyMin MyMax
S1 -5,7 10,7 -3,0 13,3 0,0 22,3 S1 -6,0 8,4 -2,7 14,3 0,0 24,3
S2 -3,3 7,6 -10,5 3,8 -1,5 22,3 S2 -2,8 7,0 -12,8 4,6 -2,9 24,4
S3 -9,1 4,1 -9,6 3,7 -22,0 0,7 S3 -12,0 1,5 -9,6 1,6 -26,8 1,7
S4 -10,2 4,9 -2,3 11,2 -22,0 0,0 S4 -12,5 1,7 -1,0 13,5 26,8 0,0

Portal 
4,7m

Portal 
5,4m

Bar NxMin NxMax VzMin VzMax MyMin MyMax Bar NxMin NxMax VzMin VzMax MyMin MyMax
S1 -3,97 13,98 -3,95 7,71 -2,24 7,37 S1 0,00 18,11 -3,49 8,08 -1,85 6,82
S2 -2,76 13,80 -8,79 7,24 -3,53 7,37 S2 0,00 17,44 -10,49 11,77 -5,10 10,02
S3 -2,76 13,80 -7,24 8,79 -3,53 7,37 S3 0,00 17,44 -11,77 10,49 -5,10 10,02
S4 -3,97 13,98 -7,71 3,95 -2,24 7,37 S4 0,00 18,11 -8,08 3,49 -1,85 6,82

Portal 
4,7m

Portal 
5,4m

Bar NxMin NxMax VzMin VzMax MyMin MyMax Bar NxMin NxMax VzMin VzMax MyMin MyMax
S1 -13,7 3,2 -10,0 6,8 -23,8 2,7 S1 -15,8 5,1 -11,1 8,5 -25,8 9,5
S2 0,0 5,8 -4,8 12,1 -23,8 20,9 S2 0,0 7,6 -6,7 13,2 -25,8 27,1
S3 -2,8 11,6 -13,1 0,1 0,0 20,9 S3 -2,4 12,0 -15,7 1,0 0,0 26,9

Portal 
4,7m

Portal 
5,4m

Bar NxMin NxMax VzMin VzMax MyMin MyMax Bar NxMin NxMax VzMin VzMax MyMin MyMax
S1 0,0 31,2 -3,6 19,1 0,0 49,7 S1 0,0 34,5 -3,0 20,0 0,0 54,2
S2 -8,3 0,0 30,9 9,0 -38,3 49,7 S2 -13,5 0,0 33,0 7,6 -49,3 54,2
S3 -4,7 7,3 0,0 14,9 -30,6 0,0 S3 -3,0 3,7 0,0 20,3 -43,4 0,0

Portal 
4,7m

Portal 
5,4m

Bar NxMin NxMax VzMin VzMax MyMin MyMax Bar NxMin NxMax VzMin VzMax MyMin MyMax
S1 0,00 15,81 -4,75 16,10 -2,68 29,27 S1 0,00 18,21 -6,03 18,22 -4,32 37,15
S2 0,00 11,56 19,37 13,46 -18,01 29,27 S2 0,00 11,43 23,20 14,30 -23,68 37,15
S3 0,00 15,83 -7,56 3,69 -1,62 5,46 S3 0,00 16,99 -6,28 5,75 -3,93 2,13



102
T.J. Kuijpers

Cylindrical roof 0-180 °
Portal 3,3m Portal 

4,0m
Bar NxMin NxMax VzMin VzMax MyMin MyMax Bar NxMin NxMax VzMin VzMax MyMin MyMax
S1 0,0 20,3 0,0 12,8 0,0 23,2 S1 0,0 19,5 -0,4 11,6 0,0 18,7
S2 0,0 10,8 17,9 0,0 0,0 23,2 S2 0,0 13,5 14,5 0,0 0,0 18,7
S3 0,0 9,7 -13,1 0,0 -3,1 7,4 S3 0,0 12,0 -10,7 0,0 -2,2 6,2
S4 0,0 9,2 -8,2 0,0 -9,2 0,0 S4 0,0 11,1 -6,7 0,0 -6,9 0,0
S5 0,0 8,8 -4,8 0,0 -11,8 0,0 S5 0,0 10,6 -4,0 0,6 -8,8 0,0
S6 0,0 8,7 -1,2 3,1 -12,0 0,0 S6 0,0 10,5 -1,2 3,4 -8,9 0,0
S7 0,0 9,0 0,0 6,5 -10,9 0,0 S7 0,0 10,9 0,0 6,1 -7,6 0,0
S8 0,0 9,4 0,0 8,0 -6,5 0,6 S8 0,0 11,7 0,0 6,4 -3,5 2,3
S9 0,0 10,0 0,0 9,2 -0,9 9,1 S9 0,0 12,6 0,0 6,6 0,0 8,2
S10 0,0 11,7 -6,8 0,6 -0,4 9,1 S10 0,0 12,4 -6,7 0,4 -0,1 8,2

Cylindrical roof 90 °
Portal 3,3m Portal 

4,0m
Bar NxMin NxMax VzMin VzMax MyMin MyMax Bar NxMin NxMax VzMin VzMax MyMin MyMax
S1 0,00 11,63 -1,29 9,00 -0,28 10,28 S1 0,00 13,28 -3,03 8,01 -1,18 7,37
S2 0,00 12,11 -8,46 0,00 0,00 10,28 S2 0,00 14,17 -6,61 0,00 0,00 7,37
S3 0,00 11,59 -6,99 0,00 -2,74 2,95 S3 0,00 13,67 -4,83 0,00 -1,13 2,45
S4 0,00 11,33 -4,60 0,00 -5,75 0,00 S4 0,00 13,35 -3,57 0,02 -3,45 0,00
S5 0,00 11,14 -2,62 0,45 -6,85 0,00 S5 0,00 13,13 -2,51 1,10 -4,44 0,00
S6 0,00 11,14 -0,45 2,62 -6,85 0,00 S6 0,00 13,13 -1,10 2,51 -4,44 0,00
S7 0,00 11,33 0,00 4,60 -5,75 0,00 S7 0,00 13,35 -0,02 3,57 -3,45 0,00
S8 0,00 11,59 0,00 6,99 -2,74 2,95 S8 0,00 13,67 0,00 4,83 -1,13 2,45
S9 0,00 12,11 0,00 8,46 0,00 10,28 S9 0,00 14,17 0,00 6,61 0,00 7,37
S10 0,00 11,63 -9,00 1,29 -0,28 10,28 S10 0,00 13,28 -8,01 3,03 -1,18 7,37

Saddle 
roof
Portal 
[m]

3,3 4,0 4,7 5,4

z+ 12,8 10,8 10,1 7,8
z- 6,9 8,5 10,2 12,5
x+ 0,0 0,0 0,0 0,0

x- 11,4 11,9 13,3 14,3

Cylindrical

Portal 
[m]

3,3 4,0 4,7 5,4

z+ 19,7 18,9 15,6 16,6
z- 0,0 0,0 0,0 0,0
x+ 1,8 3,0 4,5 5,8

x- 12,8 11,6 14,3 18,0

Single pitched roof

Portal 
[m]

3,3 4,0 4,7 5,4

z+ 19,5 25,1 30,1 33,3
z- 7,0 10,1 13,7 15,8
x+ 11,5 11,5 13,1 15,7

x- 14,7 17,3 19,0 20,3

S1, S10 = column  S2-S9= Beam

Load on foundation
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Portal 
4,7m

Portal 
5,4m

Bar NxMin NxMax VzMin VzMax MyMin MyMax Bar NxMin NxMax VzMin VzMax MyMin MyMax
S1 0,0 16,1 0,0 14,3 0,0 24,3 S1 0,0 17,2 0,0 18,0 0,0 32,7
S2 0,0 13,8 -9,0 0,0 0,0 24,3 S2 0,0 19,3 -3,6 0,1 0,0 32,7
S3 0,0 12,2 -9,3 0,0 0,0 18,2 S3 0,0 17,8 -11,4 0,0 0,0 30,1
S4 0,0 10,8 -11,7 0,0 -5,3 8,0 S4 0,0 13,2 -16,2 0,0 0,0 17,4
S5 0,0 9,9 -8,1 1,0 -8,7 0,0 S5 0,0 10,2 -12,4 0,0 -10,4 1,3
S6 0,0 9,9 -4,1 4,3 -10,4 0,0 S6 0,0 8,1 -8,2 0,0 -16,5 0,0
S7 0,0 10,6 -1,2 4,1 -10,1 0,0 S7 0,0 7,5 -3,3 3,7 -17,3 0,0
S8 0,0 11,2 0,0 3,9 -8,8 0,8 S8 0,0 8,2 0,0 3,9 -16,3 0,0
S9 0,0 11,7 0,0 3,7 -7,3 3,6 S9 0,0 8,8 0,0 4,4 -13,2 0,0
S10 0,0 11,0 -4,9 5,0 -5,3 3,6 S10 0,0 9,6 -0,3 7,3 -9,6 0,0

Portal 
4,7m

Portal 
5,4m

Bar NxMin NxMax VzMin VzMax MyMin MyMax Bar NxMin NxMax VzMin VzMax MyMin MyMax
S1 0,00 14,69 -4,53 6,76 -2,46 4,70 S1 0,00 14,91 -5,81 5,24 4,04 1,66
S2 0,00 15,68 -4,68 0,90 0,00 4,70 S2 0,00 15,86 -3,18 2,83 -1,51 1,66
S3 0,00 15,51 -3,55 1,55 -0,31 1,72 S3 0,00 16,19 -2,55 4,07 -0,90 1,16
S4 0,00 15,51 -2,76 1,79 -1,61 0,36 S4 0,00 16,70 -2,39 2,74 -0,28 1,72
S5 0,00 15,50 -2,18 1,87 -2,31 0,31 S5 0,00 16,85 -2,15 2,63 -0,50 2,23
S6 0,00 15,50 -1,87 2,18 -2,31 0,31 S6 0,00 16,85 -2,63 2,15 -0,50 2,23
S7 0,00 15,51 -1,79 2,76 -1,61 0,36 S7 0,00 16,70 -2,74 2,39 -0,28 1,72
S8 0,00 15,51 -1,55 3,55 -0,31 1,72 S8 0,00 16,19 -4,07 2,55 -0,90 1,16
S9 0,00 15,68 -0,90 4,68 0,00 4,70 S9 0,00 15,86 -2,83 3,18 -1,51 1,66
S10 0,00 14,69 -6,76 4,53 -2,46 4,70 S10 0,00 14,91 -5,24 5,81 -4,04 1,66
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E5: Calculation weight portal
Profi le selec  on

h w t A Wy fy;d kg
1 100 50 3,2 914 0,024 235 7,2
2 100 50 4 1130 0,028 235 8,9
3 100 50 5 1390 0,034 235 10,9
4 100 50 6,3 1710 0,041 235 13,4
5 100 60 2,9 890 0,024 235 7,0
6 100 60 3,6 1090 0,029 235 8,6
7 100 60 5 1490 0,039 235 11,7
8 100 60 6,3 1840 0,046 235 14,4
9 120 60 3,6 1240 0,038 235 9,7
10 120 60 5 1690 0,051 235 13,3
11 120 60 6,3 2090 0,061 235 16,4
12 120 80 5 1890 0,067 235 14,8
13 120 80 6,3 2340 0,075 235 18,4
14 120 80 8 2910 0,090 235 22,9
15 120 80 10 3550 0,105 235 27,9
16 150 100 5 2390 0,100 235 18,7
17 150 100 6,3 2970 0,121 235 23,3
18 150 100 8 3710 0,147 235 29,1
19 150 100 10 4550 0,175 235 35,7
20 160 80 5 2290 0,094 235 18,0
21 160 80 6,3 2850 0,115 235 22,3
22 160 80 8 3550 0,139 235 27,9
23 160 80 10 4350 0,165 235 34,2
24 200 100 5 2890 0,151 235 22,7
25 200 100 6,3 3600 0,185 235 28,3
26 200 100 8 4510 0,227 235 35,4
27 200 100 10 5550 0,272 235 43,6

Prof Sad SP Cyl S SP C S SP C S SP C
1 3,5 5,8 4,2 4,0 7,6 3,4 4,0 9,0 4,4 4,4 9,8 5,9
2 2,9 4,8 3,5 3,3 6,3 2,8 3,3 7,4 3,6 3,7 8,1 4,9
3 2,4 4,0 2,9 2,8 5,3 2,3 2,8 6,2 3,0 3,1 6,8 4,1
4 2,0 3,3 2,4 2,3 4,3 1,9 2,3 5,1 2,5 2,5 5,6 3,4
5 3,4 5,6 4,1 3,9 7,4 3,3 3,9 8,7 4,3 4,3 9,5 5,7
6 2,8 4,7 3,4 3,2 6,1 2,7 3,2 7,2 3,5 3,5 7,9 4,7
7 2,2 3,5 2,6 2,5 4,7 2,1 2,5 5,5 2,7 2,7 6,0 3,6
8 1,8 3,0 2,1 2,1 3,9 1,7 2,1 4,6 2,2 2,3 5,0 3,0
9 2,2 3,6 2,6 2,5 4,7 2,1 2,5 5,5 2,7 2,7 6,0 3,6

10 1,6 2,7 1,9 1,9 3,5 1,6 1,9 4,2 2,0 2,0 4,5 2,7
11 1,4 2,2 1,6 1,6 2,9 1,3 1,6 3,5 1,7 1,7 3,8 2,3
12 1,2 2,0 1,5 1,4 2,7 1,2 1,4 3,2 1,5 1,5 3,4 2,1
13 1,1 1,8 1,3 1,3 2,4 1,1 1,3 2,8 1,4 1,4 3,1 1,9
14 0,9 1,5 1,1 1,1 2,0 0,9 1,1 2,4 1,2 1,2 2,6 1,6
15 0,8 1,3 0,9 0,9 1,7 0,8 0,9 2,0 1,0 1,0 2,2 1,3
16 0,8 1,4 1,0 1,0 1,8 0,8 1,0 2,1 1,0 1,0 2,3 1,4
17 0,7 1,1 0,8 0,8 1,5 0,7 0,8 1,7 0,9 0,9 1,9 1,1
18 0,6 0,9 0,7 0,6 1,2 0,5 0,6 1,4 0,7 0,7 1,6 0,9
19 0,5 0,8 0,6 0,5 1,0 0,5 0,5 1,2 0,6 0,6 1,3 0,8
20 0,9 1,5 1,0 1,0 1,9 0,8 1,0 2,2 1,1 1,1 2,5 1,5
21 0,7 1,2 0,9 0,8 1,6 0,7 0,8 1,8 0,9 0,9 2,0 1,2
22 0,6 1,0 0,7 0,7 1,3 0,6 0,7 1,5 0,7 0,7 1,7 1,0
23 0,5 0,8 0,6 0,6 1,1 0,5 0,6 1,3 0,6 0,6 1,4 0,8
24 0,5 0,9 0,7 0,6 1,2 0,5 0,6 1,4 0,7 0,7 1,5 0,9
25 0,4 0,7 0,5 0,5 1,0 0,4 0,5 1,1 0,6 0,6 1,2 0,8
26 0,4 0,6 0,4 0,4 0,8 0,4 0,4 0,9 0,5 0,5 1,0 0,6
27 0,3 0,5 0,4 0,3 0,7 0,3 0,3 0,8 0,4 0,4 0,8 0,5
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Height 
portal

Type portal Profi le 
number

kg/m kg/m2

3,3 saddle 20 18,0 12,0
3,3 single pit. 24 22,7 15,8
3,3 cylinder 20 18,0 12,0
4,0 saddle 20 18,0 12,3
4,0 single pit. 25 28,3 20,8
4,0 cylinder 20 18,0 12,5
4,7 saddle 20 18,0 12,8
4,7 single pit. 25 28,3 22,0
4,7 cylinder 20 18,0 13,1
5,4 saddle 16 18,7 14,0
5,4 single pit. 26 35,4 29,2
5,4 cylinder 24 22,7 17,6
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Appendix F: Determination cross-section profi leAppendix F: Determination cross-section profi le
F1: possible surface transfer per cross-section

T= thickness part, L= length part

Cross-sec  on 1A and 1B:  #12 Cross-sec  on 2A: #12 Cross-sec  on 3A:#12
T1 -> T2/L1/L2  T1,T3 -> T2/L1,L3/L2  T1,T4 -> T2,T3/L1,L4/L2,L3
T2 -> T1/L1/L2  T2 -> T1,T3/L1,L3/L2  T2,T3 -> T1T4/L1,L4/L2,L3
L1 -> T1/T2/L2  L1,L3 -> T2/L1,L3/L2  L1,L4 -> T1,T4/T2,T3/L2,L3
L2 -> T 1/T2/L1  L2 -> T2/L1,L3/L2  L2,L3 -> T1,T4/T2,T3/L1,L4

Cross-sec  on 2B and 2C: #46 Cross-sec  on 3B and 3C: #46
T1, T3 -> T2/ L1/L2/L3/L1,L3  T1,T4 -> T2,T3/L1/L2,L3/L4/L1,L4  
T1 -> T2/T3/L1/L2/L3/L1,L3  T2,T3 -> T1,T4/T1/T4/L1/L2,L3/L4/L1,L4  
T2 -> T1/T3/T1,T3/L1/L2/L3/L1,L3  T1 -> T2,T3/T4/L1/L2,L3/L4/L1,L4  
T3 -> T1/T2/L1/L2/L3/L1,L3  T4 -> T2,T3/T1/L1/L2,L3/L4/L1,L4  
L1, L3 -> T1/T2/T3/T1,T3/L2  L1, L4 -> T1,T4/T2,T3/T1/T4/L1/L4/L2,L3 
L1 -> T1/T2/T3/T1,T3/L2/L3  L2, L3 -> T1,T4/T2,T3/T1/T4/L1/L4/L1,L4
L2 -> T1/T2/T3/T1,T3/L1/L3/L1,L3  L1 -> T1,T4/T2,T3/T1/T4/L2,L3/L4  
L3 -> T1/T2/T3/T1,T3/L1/L3  L4 -> T1,T4/T2,T3/T1/T4/L1/L2,L3

F2: Wind load three hinged model [En 1991-91 Eurocode 1]

20M/S
-/- Nmin Nmax Vmin Vmax Mmin Mmax
S1 -0.70 5.77 -0.96 4.93 0.00 9.27
S2 -1.00 4.15 -4.72 0.25 -0.05 9.27
S3 -1.44 3.15 -2.70 2.51 -2.65 0.77
S4 -2.02 3.35 -1.99 1.61 -2.65 0.77

-/+ Nmin Nmax Vmin Vmax Mmin Mmax
S1 -1.38 4.23 -1.76 3.40 -0.22 5.28
S2 -1.87 2.20 -3.78 0.80 -0.35 5.28
S3 -1.86 2.21 -2.08 0.81 -3.40 0.39
S4 -2.88 1.32 -1.71 1.89 -3.40 0.39

+/- Nmin Nmax Vmin Vmax Mmin Mmax
S1 -2.43 2.58 -1.01 5.13 0.00 9.78
S2 -1.62 3.28 -4.09 1.57 -0.00 9.78
S3 -3.11 0.99 -4.29 1.40 -7.87 0.00
S4 -3.02 1.52 -0.46 3.61 -7.87 0.00

+/+ Nmin Nmax Vmin Vmax Mmin Mmax
S1 -3.43 1.00 -1.85 3.27 -0.34 4.95
S2 -2.74 1.18 -2.98 2.23 -0.34 4.95
S3 -4.05 0.53 -3.31 0.13 -8.62 0.00

S4 -4.88 0.24 -0.28 3.90 -8.62 0.00
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31M/S
-/- Nmin Nmax Vmin Vmax Mmin Mmax
S1 0.00 11.85 -0.04 12.21 0.00 21.11
S2 0.00 7.88 -9.86 0.00 -0.00 21.11
S3 -0.41 5.37 -5.91 4.59 -5.27 0.24
S4 -0.57 6.05 -3.39 3.72 -3.83 0.24

-/+ Nmin Nmax Vmin Vmax Mmin Mmax
S1 0.00 8.17 -2.09 8.53 0.00 11.53
S2 -1.47 3.18 -7.60 0.99 -0.29 11.53
S3 -1.54 3.11 -2.54 0.56 -5.37 0.10
S4 -3.01 1.19 -2.70 4.40 -5.39 0.00

+/- Nmin Nmax Vmin Vmax Mmin Mmax
S1 -1.50 3.90 -0.05 12.29 0.00 21.32
S2 -0.40 5.09 -8.56 1.51 -0.00 21.32
S3 -4.41 0.64 -8.83 1.81 -15.98 0.00
S4 -2.91 1.54 0.00 8.48 -15.98 0.00

+/+ Nmin Nmax Vmin Vmax Mmin Mmax
S1 -3.98 0.78 -2.26 8.32 0.00 10.99
S2 -3.31 0.92 -6.01 2.62 -0.00 10.99
S3 -6.39 0.00 -5.33 0.00 -17.18 0.00
S4 -7.56 0.00 0.00 8.95 -17.18 0.00

F3: Profi le characteristics per material/ windspeed
Wind speed 20 m/s

Material: S235
Range 
0-235
Categorie # Height Width A N/mm2 kg/m 1 portal kg 6 portals 

kg
kg/m2

100-109 118 108 90 1120 504 8,7 121,3 727,5 6,06
110-119 366 118 40 1120 507 8,7 121,3 727,5 6,06
120-129 207 122 50 1040 527 8,1 112,6 675,6 5,63
130-139 415 130 30 1040 531 8,1 112,6 675,6 5,63
140-149 305 146 30 1000 515 7,8 108,3 649,6 5,41
150-159 250 154 30 980 515 7,6 106,1 636,6 5,30
160-169 195 162 30 960 520 7,5 103,9 623,6 5,20
170-179 133 170 30 940 531 7,3 101,8 610,6 5,09
180-189 134 180 30 980 487 7,6 106,1 636,6 5,30
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Material: S275
Range 
235-275
Categorie # Height Width A N/mm2 kg/m 1 portal kg 6 portals 

kg
kg/m2

100-109 100 108 70 960 622 7,5 103,9 623,6 5,20
110-119 254 114 40 960 626 7,5 103,9 623,6 5,20
120-129 146 120 50 940 609 7,3 101,8 610,6 5,09
130-139 248 134 30 900 628 7,0 97,4 584,6 4,87
140-149 139 140 40 920 583 7,2 99,6 597,6 4,98
150-159 194 152 30 920 571 7,2 99,6 597,6 4,98
160-169 132 160 30 900 582 7,0 97,4 584,6 4,87
170-179 8 176 30 860 628 6,7 93,1 558,6 4,66
180-189 9 186 30 900 574 7,0 97,4 584,6 4,87

Material: S355
Range 275-
355
Categorie # Height Width A N/mm2 kg/m 1 portal kg 6 portals 

kg
kg/m2

100-109 82 108 50 800 813 6,2 86,6 519,7 4,33
110-119 246 114 30 820 790 6,4 88,8 532,7 4,44
120-129 191 122 30 800 785 6,2 86,6 519,7 4,33
130-139 129 130 30 780 792 6,1 84,4 506,7 4,22
140-149 130 140 30 820 710 6,4 88,8 532,7 4,44
150-159 6 156 30 780 763 6,1 84,4 506,7 4,22
160-169 7 166 30 820 690 6,4 88,8 532,7 4,44
170-179 - - - - - - -
180-189 - - - - - - -

Material: Steel equal
 
Categorie # Height Width A N/mm2 kg/m 1 portal 

kg
6 portals 

kg
kg/m2 S

100-109 497 106 60 960 776 7,5 103,9 623,6 5,20 355
110-119 489 116 50 960 761 7,5 103,9 623,6 5,20 355
120-129 481 126 40 960 757 7,5 103,9 623,6 5,20 355
130-139 473 136 30 960 764 7,5 103,9 623,6 5,20 355
140-149 474 146 30 1020 678 8,0 110,4 662,6 5,52 355
150-159 475 156 30 1080 606 8,4 116,9 701,6 5,85 275
160-169 476 166 30 1140 545 8,9 123,4 740,5 6,17 275
170-179 477 176 30 1200 493 9,4 129,9 779,5 6,50 235
180-189 478 186 30 1260 448 9,8 136,4 818,5 6,82 235

Material: EN AW-6060 T66
Range 
0-145
Categorie # Height Width A N/mm2 kg/m 1 portal 

kg
6 portals 

kg
kg/m2

100-109 - - - - - - -
110-119 803 116 70 1720 328 4,6 64,5 386,8 3,22
120-129 438 120 60 1600 322 4,3 60,0 359,8 3,00
130-139 328 136 60 1440 321 3,9 54,0 323,8 2,70
140-149 432 140 50 1480 310 4,0 55,5 332,8 2,77
150-159 322 156 50 1360 313 3,7 51,0 305,8 2,55
160-169 426 160 40 1360 314 3,7 51,0 305,8 2,55
170-179 316 176 40 1280 319 3,5 48,0 287,8 2,40
180-189 261 184 40 1240 325 3,3 46,5 278,8 2,32
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Material: EN AW-6005 T6
Range 145-
195
Categorie # Height Width A N/mm2 kg/m 1 portal kg 6 portals 

kg
kg/m2

100-109 1056 108 90 1520 440 4,1 57,0 341,8 2,85
110-119 374 118 50 1300 417 3,5 48,7 292,3 2,44
120-129 319 126 50 1240 415 3,3 46,5 278,8 2,32
130-139 423 130 40 1240 416 3,3 46,5 278,8 2,32
140-149 313 146 40 1160 411 3,1 43,5 260,8 2,17
150-159 362 158 30 1100 430 3,0 41,2 247,3 2,06
160-169 418 160 30 1160 397 3,1 43,5 260,8 2,17
170-179 252 174 30 1060 431 2,9 39,7 238,3 1,99
180-189 197 182 30 1040 438 2,8 39,0 233,9 1,95

Wind speed 31 m/s

Material: S235
Range 
0-235
Categorie # Height Width A N/mm2 kg/m 1 portal kg 6 portals 

kg
kg/m2

100-109 - - - - - - -
110-119 1344 118 90 2420 229 18,9 262,0 1572,0 13,10
120-129 407 128 90 2060 220 16,1 223,0 1338,1 11,15
130-139 400 138 80 1920 223 15,0 207,9 1247,2 10,39
140-149 393 148 70 1780 231 13,9 192,7 1156,3 9,64
150-159 394 158 70 1820 213 14,2 197,0 1182,2 9,85
160-169 387 168 60 1680 225 13,1 181,9 1091,3 9,09
170-179 332 176 60 1600 230 12,5 173,2 1039,3 8,66
180-189 381 188 50 1580 226 12,3 171,1 1026,3 8,55

Material: S275
Range 235-
275
Categorie # Height Width A N/mm2 kg/m 1 portal kg 6 portals 

kg
kg/m2

100-109 - - - - - - -
110-119 398 118 80 1840 272 14,4 199,2 1195,2 9,96
120-129 343 126 80 1720 274 13,4 186,2 1117,3 9,31
130-139 392 138 70 1740 252 13,6 188,4 1130,3 9,42
140-149 385 148 60 1600 265 12,5 173,2 1039,3 8,66
150-159 330 156 60 1520 269 11,9 164,6 987,4 8,23
160-169 379 168 50 1500 262 11,7 162,4 974,4 8,12
170-179 324 176 50 1440 267 11,2 155,9 935,4 7,80
180-189 373 188 40 1400 270 10,9 151,6 909,4 7,58

Material: S355
Range 275-
355
Categorie # Height Width A N/mm2 kg/m 1 portal kg 6 portals 

kg
kg/m2

100-109 - - - - - - -
110-119 334 116 70 1520 343 11,9 164,6 987,4 8,23
120-129 327 126 60 1400 354 10,9 151,6 909,4 7,58
130-139 376 138 50 1380 340 10,8 149,4 896,4 7,47
140-149 321 146 50 1320 342 10,3 142,9 857,5 7,15
150-159 370 158 40 1280 342 10,0 138,6 831,5 6,93
160-169 315 166 40 1240 345 9,7 134,2 805,5 6,71
170-179 260 174 40 1200 351 9,4 129,9 779,5 6,50
180-189 365 188 30 1220 336 9,5 132,1 792,5 6,60
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Material: equal
S355
Categorie # Height Width A N/mm2 kg/m 1 portal kg 6 portals 

kg
kg/m2

100-109 - - - - - - -
110-119 1588 110 90 1900 353 14,8 205,7 1234,2 10,29
120-129 1580 120 80 1900 340 14,8 205,7 1234,2 10,29
130-139 1050 138 80 1680 339 13,1 181,9 1091,3 9,09
140-149 1042 148 70 1680 333 13,1 181,9 1091,3 9,09
150-159 529 156 90 1440 343 11,2 155,9 935,4 7,80
160-169 521 166 80 1440 338 11,2 155,9 935,4 7,80
170-179 513 176 70 1440 335 11,2 155,9 935,4 7,80
180-189 505 186 60 1440 334 11,2 155,9 935,4 7,80

Material: EN AW-
6060 T66

Range 
0-145
Categorie # Height Width A N/mm2 kg/m 1 portal kg 6 portals 

kg
kg/m2

100-109 - - - - - - -
110-119 - - - - - - -
120-129 - - - - - - -
130-139 - - - - - - -
140-149 - - - - - - -
150-159 - - - - - - -
160-169 1404 160 90 2920 142 7,9 109,4 656,6 5,47
170-179 467 170 90 2400 143 6,5 89,9 539,7 4,50
180-189 413 188 90 2300 137 6,2 86,2 517,2 4,31

Material: EN AW-6005 T6
Range 145-
195
Categorie # Height Width A N/mm2 kg/m 1 portal kg 6 portals 

kg
kg/m2

100-109 - - - - - - -
110-119 - - - - - - -
120-129 - - - - - - -
130-139 932 130 90 2460 193 6,6 92,2 553,1 4,61
140-149 409 148 90 2140 184 5,8 80,2 481,2 4,01
150-159 457 150 80 2120 186 5,7 79,4 476,7 3,97
160-169 450 160 70 1960 194 5,3 73,5 440,7 3,67
170-179 451 170 70 2000 179 5,4 75,0 449,7 3,75
180-189 444 180 60 1840 191 5,0 69,0 413,7 3,45
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F4: Stacking methods



113
Development of a MSU for humanitarian purposes 



114
T.J. Kuijpers



115
Development of a MSU for humanitarian purposes 



116
T.J. Kuijpers



117
Development of a MSU for humanitarian purposes 

Appendix G: Calculation main structureAppendix G: Calculation main structure
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Appendix H: Drawings MSUAppendix H: Drawings MSU
• Floor plan 1:50

• Front view 1:50

• Side view 1:50
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