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1. INTRODUCTION 

Sustainability is one of the most important issues in architecture today. However, cardboard, 
a very sustainable material which is suited for architecture, is almost never applied by 
architects. The Bucky Lab project used the opportunity to promote cardboard as a building 
material. The assignment was to design a shelter for homeless people or people in 
emergency situations, with cardboard as the main material. To be used in architecture, 
cardboard has to compete with materials like wood, concrete and steel. Especially the 
structural properties can be a problem, since cardboard is less strong than the other 
materials. This report contains the structural analysis of our design for the Bucky Lab 
assignment.  

 

2. DESIGN DESCRIPTION 

We designed a hospital for emergency situations made out of cardboard. The hospital is 
designed in a way which makes it easy to transport and set up on any location. This makes 
the hospital suitable for emergency locations as wars and natural disasters. Multiple hospitals 
can be combined to form a bigger hospital which can support more patients. 

The design is composed out of two parts with a clearly distinctive character. The first part is 
the core, which is the most rigid part of the structure. When transported, the core contains all 
the other elements. Next to the core there is a collapsible part, which is made of structural ribs 
with fabric in between. The second part will be the hospital room containing all the beds for 
the patients, while the core will be used for movement between different elements and 
storage. 

 

 

As written above the core is the most rigid part of the construction. It is made out of frames, 
which are formed out of solid cardboard U-profiles. There is a large beam on top of the lower 
frames, to be able to make door openings in the core. The upper frames are used to get the 
right height and slope of the roof. Crossed beams are used to support the roof. The whole 
structure is cladded with corrugated cardboard panels following the composition of the 
frames, so that the panels overlap the frames, improving the connection of side by side 
structural elements. 



The expanding part acquires transverse stability through the introduction of cross beams 
between the expanding ribs. The fabric is tucked in between the ribs through the use of U-
profiles which follow the shape of the columns and beams, wrapping around them on the 
exterior part. Once the beds are expanded, they are placed between the ribs to improve the 
lateral stability of the lower part of the ribs. In combination with the cross beams, connecting 
the ribs in the upper part, the ribs become fully stable both in plane and out of plane. 

 

The hospital, collapsed view 

 

The hospital, expanded view 

 

3. MATERIAL PROPERTIES 

Assumptions 

The properties of cardboard change considerably with humidity. Since the conditions of the 
places where the hospital is deployed will certainly vary, it is best to consider the most 
unfavourable properties to be on the safe side. This applies especially to the properties of the 
solid cardboard elements, as this is the cardboard forming the structure.  

Cardboards properties also vary depending on how it is produced. Producers use papers with 
different strengths which are layered or meshed together to form their series of products. It 
becomes ever more difficult to know the exact properties of the cardboard one may be 
working with, unless samples are tested. The material properties used are based on those of 
previously built projects of a similar nature, namely those using solid profiles or tubes.  



Modulus of Elasticity 

The modulus of elasticity is an indicator of a materials resistance to deform elastically (non-
permanently) against forces acting on it. The values for cardboard tubes used in other 
projects range between 1 and 3 GPa. Since the U-profiles used in the project have a similar 
nature, these values may be used as a guideline. A moderate value of 2 GPa (2000 N/mm2) 
will be assumed for all profiles.  

Poisson Ratio 

The Poisson ratio is the relationship between elongations in the two perpendicular directions 
relative to the direction in which a compressive force is exerted on a material. It helps us 
understand how a material will deform, which is important to interpret how this may affect 
the structure and its connections. It is difficult to find consistent values for cardboard; however 
cardboard is a material that breaks rapidly, before large deformations take place. One can 
assume that it has a low Poisson ratio of about 0.1. 

Moment of Inertia 

A common U-profile is used to form all the structural elements. In certain parts, the U-profiles 
are paired to form stiffer sections. Four main inertias will be considered in the structural 
calculation: 

1. Crossed beams 

They are formed out of two U-profiles with legs facing opposite directions. They receive the 
load of the roof and snow, and transmit it directly to the columns. 

 

2. Double U-profile middle column. 

It corresponds to the connection between side by side frames. This middle column receives 
the most wind load transmission, equivalent to half the span of the frames on both sides, and 
the most snow load. 

 

 



3. Frame beams and double U-profile lintel 

It corresponds to the connection between the upper beam of the lower frame, the 
intermediate lintel, and the lower beam of the upper frame. The load parallel to the frame is 
minimal, as it only supports its own weight, since the roof weight is transmitted directly to the 
columns. The load perpendicular is that of the wind, which will be much larger.  

 

 

4. Floor plate 

It is formed of two honeycomb layers connected with adhesives. To simplify the calculation, 
the honeycomb mesh is assumed to be hollow and doesn’t contribute to the inertia of the 
section. Only the solid layers on both sides are considered in the inertia calculation. 

 

The values are found in the following table: 

Structural Element Iy (mm4) Ix (mm4) 
Double column 2.490.025 1.406.064 

Frame beams + lintel 4.717.250 7.090.060 
Crossed beams 2.602.537 1.064.400 

Floor plate (per meter) -- 3.370.666 
 

 

 

 



4. STRUCTURAL DESIGN PROCESS 

Structural Diagram 

The structure to be analysed is composed of the following elements. The relationship and 
positioning they hold can be seen in the diagram.  

 

 

 

 

Details of Connections 

1. Floor – frame connection 

The bottom U-profiles are connected to the honeycomb panel floor through a continuous 
glued joint. The glued surface corresponds to the whole area of contact between the U-
profile and the honeycomb panel. The area is considered large enough to form a rigid joint. 

 

 

 



2. Frame – frame connection 

Each frame is connected laterally to the adjacent frame through the 2 standing back to 
back U profiles. The connection is a continuous glued joint. The glued surface corresponds to 
the whole area of contact between the U-profiles. The area is once again considered large 
enough to form a rigid joint and keep the panels together. 

 

3. Internal frame connections: U-profile corner connections 

Each frame is composed of four U-profiles, with the legs facing inward. The two horizontal U 
profiles have a larger width, so that the vertical profiles can fit into them, creating contact 
area between vertical and horizontal profiles. This common surface area is where the profiles 
are connected through a glued joint. The surface is considered to be rather small, especially 
comparing to the previous cases. The connection may be weak against lateral forces so 
diagonal profiles are inserted into certain frames so that the overall composition can retain its 
shape against strong forces parallel to the glued surface. This diagonal profile will be in 
charge of absorbing part of the tensile or compressive forces the frames will experience. 

 

 

 



Boundary Conditions 

1. Frames 

The connections between the top beams and the columns of the frames are considered to 
be hinges, to stay on the safe side as the connection isn’t considered rigid enough to classify 
as clamped. Therefore, no bending moment is considered to be transmitted through the 
hinge connection to the columns, which explains how the beam can be considered simply 
supported at both ends. 

The columns of the frames are rigidly connected to the floor and wood railing, so the 
boundary condition for the footing of the columns is clamped, whereas the top end is hinged 
as explained earlier. 

 

2. Crossed beams 

The crossed beams supporting the roof are in turn supported on the two longitudinal walls of 
the core. One of the ends is simply supported while the other is cantilevered past the second 
support wall. 

 

3. Floor plate 

The floor plate is supported on lightweight foundation elements forming an array. The 
intention is to optimize the amount of elements used in the array while maintaining adequate 
deflections and internal stresses. For hand calculations, the plate is simplified to beams 
spanning in two directions, taking a width of 1 meter for them. The boundary conditions for 
the beams are simple supports when 2 elements are used as foundation in any of the two 
directions. When 3 or more elements form the array in one of the directions, the middle 
supports can be considered clamped in that direction. 

 

 



5. LOAD CASES 

Type of loading 

There are different types of loading that can be taken into account. Some of these loads are 
dependent on the place where the hospital will be built, such as the wind and snow load. In 
these cases we will use the amount which would be sensible as a maximum for this design.  

The calculations of the different loads can be found in appendix A. The table below gives an 
overview of all the loads. 

Use Load 2,0 kN/m2 

Material Load on floor 3,78 kN 

Wind Load 1,45 kN/m2 

Snow Load 0,2 kN/m2 

 

Combinations 

The combinations to be considered are the following: 

Material Load + Use Load + Wind Load 

Material Load + Use Load + Snow Load 

The structure is modelled in a way in which there is no moment transmission between the 
crossed beams and the frames forming the walls, since the connections are modelled as 
hinges. The wind force is therefore absorbed only by the frames, with no force transmitted to 
the cross beams and no increment in moment. 

The snow load on the roof is transmitted from the crossed beams directly to the columns, 
which in turn rest directly over the line of simple supports beneath the floor plate. 
Consequently, this vertical load transmission doesn’t generate a bending moment on the 
floor plate spans, meaning that the combination can be simplified to material and use load. 
The factor corresponding to material load is 1,2 and that of use load is 1,5. 

The combination will then be: 1,2 x Material Load + 1,5 x Use Load  

 

Magnitudes 

The following final loads are calculated for the different structural elements. For calculation 
references appendix B can be checked. 

Crossed Beam: 0,213 kN/m 

Frame Beams: 2,25 kN/m 

Frame Columns: 1,5 kN/m and 0,5 kN axial load 

Floor Plate: 2 kN/m2 

 

 

 

 

 

 



6. STRUCTURAL ANALYSIS 

Goal of the analysis 

The goal of the structural analysis is to check whether the main construction of the hospital is 
strong en stable enough. Therefore the most important structural elements are chosen to 
analyse. In this case the core is the most important part, because it is the main construction, 
which should provide the stability of the whole design. The core consists multiple elements 
that are checked in the structural analysis: the crossed beams under the roof, the beams and 
columns of the frames and the floor. These elements are checked on deflections, moments 
and stresses. The results can be compared with the regulations, to see whether the structure 
meets the requirements. By doing this the dimensions of the structural elements will be 
checked and can be adjusted when necessary. 

Optimization 

The goal of the analysis can also be seen as the optimization of the structural elements. For 
the crossed beams and frames the dimensions of the U-profiles and the distance between 
supports can be optimized. The floor can also be optimized, because it will rest on foundation 
blocks. There should be as little foundation blocks as possible, because they are heavy and 
take a lot of space during transport. This has to be balanced with the deflections and stresses 
of the floor to find the optimal amount of foundation blocks. 

 

HAND CALCULATIONS  

The following results summarize the reactions, bending moments, and deflections of the 
structural elements analysed. Appendix B can be consulted for hand calculation reference. 

Crossed Beams 

Reactions 

Reaction support A = 72,6 N 

Reaction support B = 347 N 

 

Bending Moments 

Negative bending moment = 12.400 Nmm 

Positive bending moment = 65.000 Nmm 

 



Deflections 

Middle-Span deflection = -0,842 mm 

Cantilever deflection = 8,54 mm 

 

Bending stresses 

σ span = 0,355 N/mm2 

σ support = 1,86 N/mm2 

 

Shear stresses 

The shear stress for the most unfavourable section lies between 0,04 N/mm2 and 0,157 N/mm2. 

 

 

Frame Beams 

Reactions 

Reaction support A = 1.125 N 

Reaction support B = 1.125 N 

 

 

 

 



Bending Moments 

Negative bending moment = -280.000 Nmm 

 

 

Deflections 

Middle-Span deflection = 3,11 mm 

 

Bending stresses 

σ span = 2,52 N/mm2 

 

Shear stresses 

The shear stress for the supports lies between 0,1 N/mm2 and 0,66 N/mm2. 

 

Frame Columns 

Reactions 

Reaction support A = 1.875 N 

Reaction support B = 1.125 N 

 



Bending Moments 

Negative bending moment = -421.875 Nmm 

Positive bending moment = 750.000 Nmm 

 

Deflections 

Maximum deflection = 25 mm 

 

Bending stresses 

σ clamp = 12,8 N/mm2 

σ span = 7,2 N/mm2 

 

Shear stresses 

The shear stress for support A lies between 0,23 N/mm2 and 2,16 N/mm2. 

The shear stress for support B lies between 0,14 N/mm2 and 1,3 N/mm2. 

 

 

 



Floor Plate 

An optimization had to be found for the amount of foundation blocks supporting the floor. 
Therefore the first hand calculations are done for the deflections and moments in the floor 
with different amounts of foundation blocks. To simplify the design the floor is calculated as 
beams in two directions. The total maximum deflection (in the middle between four supports) 
is the sum of the deflections of the beams in both directions. 

 
The maximum deflections in the transverse direction: 

- Short span: 0,57 mm 
- Long span: 3,10 mm 

The maximum moments in the transverse direction: 

- Short span: 152.100 Nmm 
- Long span: 354.025 Nmm 

 

The amount of foundation blocks can be changed in the longitudinal direction. The table 
below shows the results for deflection and moments. 

 Amount of foundation blocks 
2 3 4 5 

Deflection longitudinal 
direction 

3.534,87 mm 88,37 mm 17,48 mm 5,52 mm 

Deflection total long 
span 

3.537,97 mm 91,47 mm 20,58 mm 8,62 mm 

Deflection total short 
span 

3.535,44 mm 88,94 mm 18,05 mm 6,10 mm 

Moments longitudinal 
direction 

7.562.500 Nmm 1.890.625 Nmm 840.889 Nmm 472.656 Nmm 

Moments total long 
span 

7.916.525 Nmm 2.244.650 Nmm 1.194.914 Nmm 826.681 Nmm 

Moments total short 
span 

7.714.600 Nmm 2.042.725 Nmm 992.989 Nmm 624.756 Nmm 

 

For 5 supports, the deflections become low enough to be accepted. We will proceed with 
the hand calculations for the span corresponding to 5 supports. We will focus on the long 
span, because that will determine the maxima. 

 



Reactions 

Longitudinal, reaction support A = 1.720 N 

Longitudinal, reaction support B = 1.030 N 

Transverse, reaction support A = 1.490 N 

Transverse, reaction support B = 890 N 

   

Bending moments 

Longitudinal, bending moment support A = 470.000 Nmm 

Longitudinal, bending moment middle = 266.000 Nmm 

Transverse, bending moment support A = 354.000 Nmm 

Transverse, bending moment middle = 200.000 Nmm 

 

 

Deflections 

Longitudinal, maximum deflection = 5,52 mm 

Transverse, maximum deflection = 3,10 mm 

Total maximum deflection = 8,62 mm 

 

 

 

 

 



Bending stresses 

Longitudinal, σ clamp = 4,18 N/mm2 

Transverse, σ clamp = 3,15 N/mm2 

 

 

Shear stresses 

Longitudinal, σ clamp = 0,03 N/mm2 

Transverse, σ clamp = 0,026 N/mm2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



DIANA CALCULATIONS 

All hand calculations are compared with Diana calculations. The images with the results of 
the Diana analysis can be found in appendix C. 

Crossed beam 

The crossed beam is a cantilevered beam which is modelled by defining three points: the two 
supports and the end of the beam. Two lines are used as connections between the three 
points. The used meshing type is BE2 L6BEN, because this can be used for a simple beam and 
has the properties that we require for the crossed beam. It allows displacements in the x- and 
y-direction and rotation around the z-axis which is suited for this beam.  

The used material properties are: 

- Young’s modulus (E) = 2.000 N/mm2 
- Poisson’s ratio (v) = 0,1 

The used physical properties are: 

- Beam > Class-I > Predefined shapes > Box 

 

The material and physical properties are attached to the two lines. The load case (q=0,213 
N/mm in the negative y-direction) is also applied to the lines. As boundary conditions both 
supports points are pinned. In reality this will not be the case, but by doing this Diana would 
consider the two lines connected, which does represent the reality.  

For the analysis the following results are selected to be shown: 

- DISPLA TOTAL TRANSL GLOBAL 
- FORCE REACTI TRANSL GLOBAL 
- STRESS TOTAL FORCE LOCAL 
- STRESS TOTAL MOMENT LOCAL 
- STRESS TOTAL CAUCHY LOCAL 
- STRESS TOTAL CAUCHY PRINCIPAL 

 

This analysis gives the results as shown below: 

- Maximum deflection: 8,57 mm 
- Support reaction P1: 72,3 N 
- Support reaction P2: 347 N 
- Maximum moment negative: - 12.100 Nmm 
- Maximum moment positive: 64.800 Nmm 
- Maximum Sxy: 0,0799 N/mm2 
- Minimum Sxy: - 0,0733 N/mm2 
- S1 (middle cantilever): 0,0549 N/mm2 
- S2 (middle cantilever): - 0,0549 N/mm2 



Column of frame 

The column of the frame is modelled by defining two points, which represent the clamped 
and hinged support. A line is made connecting both points. The meshing type that is used is 
BE3 CL18B. This meshing type is suitable because it allows the basic degrees of freedom in all 
directions: displacements in the x-, y- and z-direction and rotations around the x-, y- and z-
axis. A higher division (20) of the line is made to get more precise answers.  

The used material properties are: 

- Young’s modulus (E) = 2.000 N/mm2 
- Poisson’s ratio (v) = 0,1 

The used physical properties are: 

- Beam > Class-I > Predefined shapes > I-shape 

 

The material and physical properties are attached to the line and the load case for the wind 
force (q = 1,5 N/mm) is applied. The following boundary constraints are used: 

- P1 (clamped bottom of column): X Y Z RX RY RZ 
- P2 (hinged top of column): X Y RX RY 

 

For the analysis the same results are chosen as for the crossed beam. The most important 
results are as follows: 

- Maximum deflection: 27,1 mm 
- Support reaction P1: 1.870 N 
- Support reaction P2: 1.130 N 
- Maximum moment negative: - 426.000 Nmm 
- Maximum moment positive: 741.000 Nmm 
- Maximum Sxy: 0,508 N/mm2 
- Minimum Sxy: - 0,844 N/mm2 
- S1 (at clamp): 10,9 N/mm2 
- S2 (at clamp): - 0,0651 N/mm2 

Beam of frame 

The beam of the frame is modelled as a beam with two hinged supports at the outer points of 
the beam. Again the meshing type BE2 L6BEN is used, because of the suitable properties for 
this model: displacement in the x- and y-direction and rotation around the z-axis.  

The used material properties are: 

- Young’s modulus (E) = 2.000 N/mm2 
- Poisson’s ratio (v) = 0,1 



The used physical properties are: 

- Beam > Class-I > Arbitrary shape: 
Moment of inertia: 4.717.250 mm4 

 

The material and physical properties are attached to the line and the load case for the wind 
force (2,25 N/mm) is applied. The following boundary constraints are used: 

- P1: X Y 
- P2: X 

The same analysis results are chosen again, which gives the following results: 
- Maximum deflection: 3,11 mm 
- Support reaction P1: 1.125 N 
- Support reaction P2: 1.125 N 
- Maximum moment negative: - 281.000 Nmm 
- Maximum Sxy: 0,253 N/mm2 
- Minimum Sxy: - 0,253 N/mm2 
- S1 (supports): 0,253 N/mm2 
- S2 (supports): - 0,253 N/mm2  

 

Floor 

In Diana two models of slabs are made to make calculations for the floor. Since we simplified 
the floor in the hand calculations as beams in two directions, it can be hard to compare the 
results with the Diana calculations. Making two Diana models helps making a better 
comparison.  

For the first Diana model the whole floor is modelled with five supports in each row, as 
resulted from the hand calculations. The points of these supports are defined and surfaces 
between the points are made. The total of points and the total of surfaces are each put in a 
set to make it easier to work with. The chosen meshing type is QU4 Q12PL, which is a regular 
plane stress element with four nodes on each outer line. However, this might not make the 
results precise enough, therefore we devide the lines in 8 or 6 nodes, making square shapes 
for the mesh. 

For the second Diana model only a part of the floor is modelled: a part between four 
supports on the long side of the floor, so with the longest spans. The outer points are defined 



for the supports and a surface is made in between the points. The same meshing type is used 
(QU4 Q12PL), but the lines are devides into 8 nodes instead of 4.  

The used material properties for both models are: 

- Young’s modulus (E) = 2.000 N/mm2 
- Poisson’s ratio (v) = 0,1 

The used physical properties for both models are: 

- Plate bending > isotropic: 
Thickness: 34 mm (by doing this the moment of inertia will be the same as the one 
used for the hand calculations.) 
Shape factor: 1,5 

 

The material and physical properties are attached to the surface of both models. The evenly 
distributed load (0,002 N/mm2) is applied to the surface as a pressure load. 

The boundary contraints for the first model are made for every point: pinned. 

For the second model three of the outer points have pinned boundary conditions, 
representing the point where the floor would continue. The fourth point is simply supported, 
because it reflects a corner of the whole floor. Next to that two lines have boundary 
conditions for rotation, which also represents the continuing floor. 

 The chosen analysis results to be shown for both models are: 
- DISPLA TOTAL TRANSL GLOBAL 
- FORCE REACTI TRANSL GLOBAL 
- STRESS TOTAL DISFOR LOCAL 
- STRESS TOTAL DISMOM LOCAL 
- STRESS TOTAL CAUCHY LOCAL 
- STRESS TOTAL CAUCHY PRINCIPAL 

The analysis gives the following results: 

 Model complete floor Model part floor 
Maximum deflection 11,4  mm 9,58 mm 
Support reaction maximum 3.930 N 1.260 N 
Support reaction minimum 266 N 497 N 
Maximum moment Mxx 341 Nmm/mm 325 Nmm/mm 
Minimum moment Mxx - 557 Nmm/mm - 716 Nmm/mm 
Maximum moment Myy 311 Nmm/mm 297 Nmm/mm 
Minimum moment Myy - 545 Nmm/mm - 694 Nmm/mm 
Maximum Sxx 1,77 N/mm2 1,69 N/mm2 
Minimum Sxx - 2,89 N/mm2 - 3,72 N/mm2 
Maximum Syy 1,62 N/mm2 1,54 N/mm2 
Minimum Syy - 2,83 N/mm2 - 3,6 N/mm2 
Maximum Sxy 1,09 N/mm2 0,914 N/mm2 
Minimum Sxy - 1,09 N/mm2 - 1,09 N/mm2 



Table of hand calculations vs Diana 

Crossed beam 

 Hand calculations Diana 
Maximum deflection 8,54 mm 8,57 mm 
Support reaction point A 72,6 N 72,3 N 
Support reaction point B 347 N 347 N 
Maximum moment negative -12.400 Nmm -12.100 Nmm 
Maximum moment positive 65.000 Nmm 64.800 Nmm 
Bending stress span 0,355 N/mm2  - 
Bending stress support 1,86 N/mm2 - 
Shear stress 0,04 – 0,157 N/mm2 0,08 N/mm2 
 

The values obtained from Diana analysis are very similar to those calculated by hand. The 
values are slightly different due to hand calculation rounding, while Diana calculates carrying 
all the information until the last stage. The way in which the beam is modelled in Diana is 
slightly different from how it is hand calculated, as a result of having to model the beam as 
two separate lines, but the end result is the same. 

Column 

 Hand calculations Diana 
Maximum deflection 25 mm 27,1 mm 
Support reaction P1 1.875 N 1.870 N 
Support reaction P2 1.125 N 1.130 N 
Maximum moment negative -421.875 Nmm -426.000 Nmm 
Maximum moment positive 750.000 Nmm 741.000 Nmm 
Bending stress clamp 12,8 N/mm2 10,9 N/mm2 
Bending stress span 7,2 N/mm2 -6,25 N/mm2 
Shear stress support A 0,23 – 2,16 N/mm2 -0,844 N/mm2 
Shear stress support B 0,14 – 1,3 N/mm2 0,508 N/mm2 
 

There are some differences between the results of the handcalculations and the results from 
Diana. This is due to the fact that the maximum deflection and moments are calculated for 
the middle of the beam in the hand calculations. However, the clamp on one side and the 
hinge on the other make the maxima move from the centre of the beam towards the hinge. 
Diana does take this movement into account, which results in a slightly different result than 
the hand calculations.  

 

Beam frame 

 Hand calculations Diana 
Maximum deflection 3,11 mm 3,11 mm 
Support reaction P1 1.125 N 1.125 N 
Support reaction P2 1.125 N 1.125 N 
Maximum moment -280.000 Nmm -281.000 Nmm 
Bending stress span 2,52 N/mm2 - 
Shear stress supports 0,1 – 0,66 N/mm2 0,253 N/mm2 
 

The values are practically the same since the model for the beam is very simple and enough 
subdivions were used in Diana. The value for the moment in this case is very precise since the 
middle moment coincides with the maximum moment, given by Diana. 

 



Floor 

 Hand Calculations Model complete floor Model part floor 
Maximum deflection 8,62 mm 11,4  mm 9,58 mm 
Support reaction 
maximum 

1.720 N (long.) 
1.490 N (trans.) 

3.930 N 1.260 N 

Support reaction 
minimum 

1.030 N (long.) 
890 N (trans.) 

266 N 497 N 

Maximum moment 
Mxx 

266.000 Nmm 
 

341 Nmm/mm 
341.000 Nmm 

325 Nmm/mm 
325.000 Nmm 

Minimum moment 
Mxx 

- 470.000 Nmm - 557 Nmm/mm 
- 557.000 Nmm 

- 716 Nmm/mm 
- 716.000 Nmm 

Maximum moment 
Myy 

200.000 Nmm 311 Nmm/mm 
311.000 Nmm 

297 Nmm/mm 
297.000 Nmm 

Minimum moment 
Myy 

- 354.000 Nmm - 545 Nmm/mm 
- 545.000 Nmm 

- 694 Nmm/mm 
- 694.000 Nmm 

Maximum bending Sxx 4,18 N/mm2 1,77 N/mm2 1,69 N/mm2 
Minimum bending Sxx - 4,18 N/mm2 - 2,89 N/mm2 - 3,72 N/mm2 
Maximum bending 
Syy 

3,15 N/mm2 1,62 N/mm2 1,54 N/mm2 

Minimum bending Syy - 3,15 N/mm2 - 2,83 N/mm2 - 3,6 N/mm2 
Maximum Sxy 0,03 N/mm2 1,09 N/mm2 0,914 N/mm2 
Minimum Sxy 0,026 N/mm2 - 1,09 N/mm2 - 1,09 N/mm2 
 

As stated before, it can be hard to compare the Diana results with the hand calculations, 
because the floor is modelled in different ways. The maximum deflection calculated by hand 
is the sum of the deflection in the longitudinal and transverse direction. However, the 
deflection in the middle between four support will be bigger than this sum. Therefore, it makes 
sense that the deflections calculated by Diana have bigger values. The support reactions 
also differ because in reality the middle supports assume much more load transmission, 
whereas when hand calculating as beams, the hinged support on the outside takes a similar 
load to the interior end modelled like a clamp.  

The moments and stresses are very different when comparing to both floor modellings in 
Diana. The positive moments for the spans are not that off, but those for the supports are 
almost half the value because of different boundary condition considerations. 

7. FORCE OVERVIEW 

External forces 

Crossed Beams external equilibrium 

 

Frame Beams external equilibrium 

 



 

Frame Columns external equilibrium 

 

 

Floor plate external equilibrium 

 

 

Internal forces 

All axial and shear forces are represented in kilonewtons and all bending moments are 
represented in kilonewtons . meter. 

Crossed Beams  

 

 

 

 



Frame Beams 

 

Frame Columns 

 

Floor plate 

 

 



8. COMPARISON TO LIMIT STATES 

Deflection vs service limit state 

The deflections for the various structural elements have been calculated previously and now 
must be compared to the maximum admissible deflection in relation to the span. According 
to European regulations, the limitations related to the span are as follows: 

Horizontal structure: 1/300 L 

Vertical separation walls: 1/400 L 

We will now look at each deflection separately and compare it to the relevant limitaion. 

 

Crossed Beams 

Span: 1/300 x 1190 mm = 4 mm  Span Real: -0,842 mm  

Cantilever: 1/300 x 780 mm = 2,6 mm Cantilever Real: 8,5 mm 

The deflection for the span between supports is within the requirements but that of the 
cantilever isn’t. However, given the temporal nature of the structure and the position of the 
element within the roof plane, a deflection of 8,5 mm can be admitted. 

Frame Beams 

Span: 1/300 x 1000 mm = 3,33 mm  Span Real: 3,11 mm 

The deflection for the span is within the requirements so we are sure the beams will retain their 
shape to ensure serviceability. 

Frame Columns 

Span: 1/400 x 2000 mm = 5 mm  Span Real: 25 mm 

The deflection for the span is not within the requirements. Once again, given the nature of 
the structure and the external position of the walls receiving large wind load, the deflection 
can also be admitted as no damage is produced to furniture elements through excess 
deflection of outter walls.  

Floor 

Span 1: 1/300 x 1190 = 4 mm   Span 1 Real: 3,10 mm 

Span 2: 1/300 x 1375 = 4,58 mm  Span 2 Real: 5,52 mm 

For the shorter span the deflection is within the requirements. For the longer span the 
deflection goes 20% over the limit state, which is 1 mm. However, this will not damage the 
material and since the design is made for a temporary building the calculated deflection will 
be accepted. 

 

Stresses vs ultimate limit state 

The internal stresses of the most disfavourable sections of each element have been 
calculated and must now be compared to the yield strength of the material, cardboard, to 
determine whether the material can handle the stresses without suffering permanent 
deformation or breaking, or in other words without going past the elastic limit. 



According to CES database, the yield strength for cardboard lies between 15 and 34 MPa 
(N/mm2). We will take a moderately low value of 20 MPa and introduce a safety factor of 1.5, 
commonly used for less homogenously produced materials like concrete. 

The equation to be satisfied is:  ( σ yield strength / safety factor ) > σ section 

σ yield strength / safety factor = 20 MPa / 1,5 = 13,3 MPa (N/mm2) 

We will now verify each section. 

 

 

Crossed Beams 

σ support B = 1,86 N/mm2 < 13,3 N/mm2  The internal stresses are within the limit. 

Frame Beams 

σ middle span = 2,52 N/mm2 < 13,3 N/mm2  The internal stresses are within the limit. 

Frame Columns 

σ support A = 12,8 N/mm2 < 13,3 N/mm2  The internal stresses are within the limit. 

Floor 

σ support A (long.) = 4,18 N/mm2 < 13,3 N/mm2 The internal stresses are within the limit. 

σ support A (trans.) = 3,15 N/mm2 < 13,3 N/mm2 The internal stresses are within the limit. 

 

 

9. CONCLUSION 

The use of cardboard in architecture as a structural element represents a challenge due to its 
limited strength when compared to materials commonly used in architecture. The structures 
need to be designed cleverly, considering spans and loads carefully, as well as optimizing 
load transmission, making sure it is transmitted through the stiffer sections of the design.  

It also presents considerable advantages, most noticeably the low dead weight of the 
constructive materials, making the weight of the materials used almost neglectable when 
compared to use, snow or wind loads. This makes the empty structure ideal to transport as 
lightweight vehicles are capable of managing the structure for transportation purposes.  

If one wants to design with cardboard as a structural material, it is essential to understand 
that the spans it is able to achieve and the loads it is able to take will always be significantly 
lower than steel, concrete or wooden structures. The design must be thought out with smaller 
modules, combination and collaboration of sections where possible, optimizing load 
distribution when uneven sections are used, along with many other similar thinking patterns.  

 

 

 

 

 

 



APPENDIX A: LOAD CASES 

1. Use Load (People) 

According to the Eurocode regulations, the standard value for use load is a distributed load 
of 2 KN/m2 for floors in ordinary buildings. Generally the load corresponds both to people and 
furniture, but in our case it is mostly due to people load, given the hospital function and the 
large amount of people that may be inside. 

2. Material Load (Structural elements, flooring, roofing, beds and shelves) 

The load resulting from the material can be found through the weight of the material per 
square meter and the amount of square meters used of the material. 

The density for corrugated and honeycomb cardboard varies compared to that of solid 
cardboard flat boards or profiles.  

Density for corrugated / honeycomb: 54 kg/m3 

Density for solid cardboard: 642 kg/m3 

Surface Elements 

For the honeycomb cardboard flooring the weight per square meter is: 

54 kg/m3 x 0.06 m = 3.24 kg/m2 

The weight of the overall core flooring is: 

5.5 m x 2.2 m x 3.24 kg/m2 = 39.2 kg = 0.39 KN 

The weight of each expanding floor is: 

5.3 m x 2.6 m x 3.24 kg/m2 = 44.6 kg = 0.45 KN 

The weight of the roof is: 

5.05 m x 2.2 m x 54 kg/m3 x 0.03 m = 18 kg = 0.18 KN 

The weight of the cladding is: 

26.6 m2 x 54 kg/m3 x 0.02 = 28.7 kg = 0.287 KN 

Structural Elements 

The weight of each rib is: 

2.9 m2 x 3.24 kg/m2 = 9.4 kg = 0.094 KN 

The weight per meter for U profiles is: 

0.00093 m2 x 642 kg/m3 = 0.6 kg/m 

The total weight of the frames is then: 

[48.3 m + 32.6 m + 21.4 m + 15.2 m] x 0.6 kg/m = 117.5 m x 0.6 kg/m = 70.5 kg = 0.70 KN 

The weight of the core’s crossed ribs per meter is: 

0.00093 m2 x 2 units x 642 kg/m3 = 1.2 kg/m 

The total weight of all core crossed ribs is then: 

1.2 kg/m x 8 units x 2.2 m = 21.1 kg = 0.21 KN 

 



Furniture  

The weight of a bed unit is: 

[(0.84m x 0.66m + 0.6m x 0.66m + 1m x 0.92m) x 2 sides x 0.04m + 0.16m x 0.66m x 0.84m] x 
54kg/m3 = 12.9 kg = 0.13 KN 

The weight of a shelf is: 

[0.26m x 0.3m x 2 sides + 1.45m x 0.3m] x 54 kg/m3 x 0.04 m x 5 units = 6.4 kg = 0.064 KN 

Overall 

The overall load on the core floor will be the sum of the following components. 

Floor Load = floor weight + frames weight + cladding weight + crossed ribs weight + roof 
weight + ribs weight + bedding weight + shelf weight 

Floor Load = 0.39 KN + 0.70 KN + 0.287 KN + 0.21 KN + 0.18 KN + [0.094 KN/unit x 9 units] + [0.13 
KN/unit x 8 units] + [0.064 KN/unit x 2 units] = 3.78 KN 

 

3. Wind Load 

The wind load can be obtained through a formula relating a series of coefficients, 
dependent on location and orientation of the structure in relation to wind direction 
(pressure/suction) 

Qe = Qb x Ce x Cp 

Qb can in turn be calculated from the following general formula: 

Qb = 0.5 x D x Vb2 

Vb represents the basic wind velocity, dependent on geographical area 

D represents the wind density, with an average value of 1.25 kg / m3 

We consider a wind speed of 30 m/s to be representative of the maximum load the wind may 
be able to exert on the structure in any direction.  

Qb will then be: Qb = 0.05 x 1.25 x 302 = 56.3 kg/m2 = 0.563 KN/m2 

Since the building is low, we can take the standard value for Ce of 2. 

The values for Cp depend on orientation. We have a value for the surfaces against which the 
wind exerts pressure and a different values for those where there is wind suction. The 
tabulated value taken depends on the slenderness of the building; that is the relationship 
between height and width of the cross section.  

H/W = 2.65 / 5.3 = 0.5  

The corresponding pressure and suction values are 0.7 and 0.4. The total value for the 
coefficient is 0.7 + 0.4 = 1.3 

Overall the wind load will be: Qe = 0.563 x 2 x 1.3 = 1.46 KN/m2 

 

 

 

 



 

4. Snow load 

The structure is meant to be usable in different geographical environments. Moderate, rather 
than extreme, snow conditions will be taken into account as a variable load. The structure will 
generally be used at low or moderate altitudes, where most of the population lives; the snow 
loads corresponding to these areas are on average moderate. We can assume a critical use 
height of 500 meters and a moderate climatic region. The roof designed has a small slope, so 
in practical terms it can be considered horizontal to simplify this calculation. 

The corresponding tabulated snow load for these conditions is 0.2 KN/m2 for horizontal 
surfaces. In practice pressed, wet snow has an approximate density of 2.0 KN/m3. If we 
assume the load is of 0.2 KN/m2, it is equivalent to saying that 0.10 meters of snow are 
accumulated uniformly every square meter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



APPENDIX B: HANDCALCULATIONS 

 

 

 

 

 



 

 

 

 

 

 

 



 

 



 

 

 

 

 



 

 

 

 

 

 



 

 

 

 



 

 

 

 

 



 

 

 

 



 

 

 



 

 

 

 

 



 

 

 

 

 

 

 



 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 



APPENDIX C: DIANA IMAGES 

 

Crossed beam 

 

 

Shape of deflection 

 

 

 

Moments diagram 

 

 

 

Reaction forces 

 

 

Stresses Sxy 

 

 

 

 

 

 

 

 



Column of frame 

                 

Shape of deflection, moments diagram, reaction forces and stress Sxy. 

 

Beam of frame 

 

Shape of deflection 

 

Moments diagram 

 

Reaction forces 

    

Stress Sxy 



Floor total 

 

Deflection, long side view 

 

Deflection, short side view 

 

Support reactions vectors 

 

Moments Mxx peaks, max = middle between supports, min = on support 

 

Moments Mxx levels 



 

Moments Myy peaks, max = middle between supports, min = on support 

 

Moments Myy levels 

 

Bending stresses Sxx levels 

 

Bending stresses Syy levels 

 

Shear stresses levels 

 

 



Floor part 

 

Deflection shape 

 

Support reactions vectors 

 

Moments Mxx levels 

 

Moments Myy levels 



 

Bending stresses Sxx levels 

 

Bending stresses Syy, levels 

 

Shear stresses Sxy levels 


