
 

Plybamboo wall-panels for housing : structural design

Citation for published version (APA):
Gonzalez Beltran, G. E. (2003). Plybamboo wall-panels for housing : structural design. [Phd Thesis 1 (Research
TU/e / Graduation TU/e), Built Environment]. Technische Universiteit Eindhoven.
https://doi.org/10.6100/IR568015

DOI:
10.6100/IR568015

Document status and date:
Published: 01/01/2003

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.6100/IR568015
https://doi.org/10.6100/IR568015
https://research.tue.nl/en/publications/f82e168e-7185-4e53-9e9d-ba87c432565b


 
 
 
 
 
 
 
 

Plybamboo wall-panels for housing 
Structural Design 

 
 
 
 

Guillermo E. González-Beltrán 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
ISBN 90-6814-573-8 
© 2003 by Guillermo E. González-Beltrán 
Cover by Karin Widmann  
Printed by University Press Facilities, Eindhoven University of Technology, 
Eindhoven, The Netherlands 

 



 
 
 
 
 
 

Plybamboo Wall-Panels for Housing 
Structural Design 

 
 
 
 
 

PROEFSCHRIFT 
 
 
 
 

ter verkrijgen van de graad van doctor aan de Technische Universiteit Eindhoven, op 
gezag van de Rector Magnificus, prof.dr. R.A. van Santen, voor een commissie 

aangewezen door het College voor Promoties in het openbaar te verdedigen op vrijdag 
15 augustus 2003 om 16.00 uur 

 
 
 

door 
 
 
 
 

Guillermo E. González-Beltrán 
 
 
 
 

geboren te San José, Costa Rica 
 
 
 
 
 
 
 
 
 
 
 
 



Dit proefschrift is goedgekeurd door de promotoren: 
 
 
prof.ir. F. van Herwijnen 
en 
prof.dr. J. A. Gutiérrez 
 
 
Copromotor: 
dr.ir. J. J. A. Janssen 
 
 
 
 



 

Table of contents 
Acknowledgements .....................................................................................................iv 

Symbols and abbreviations .........................................................................................v 

1 Introduction..........................................................................................................1 

1.1 Background ....................................................................................................2 
1.2 Motivation......................................................................................................3 
1.3 Objective ........................................................................................................4 
1.4 Methodology, scope and limitations ..............................................................5 
1.5 Thesis contents...............................................................................................7 

2 Theoretical approach...........................................................................................9 

2.1 Certain specified requirements ....................................................................10 
2.2 Place conditions and selection of factors .....................................................13 

2.2.1 Climatic conditions ..................................................................................13 
2.2.2 Cultural conditions ..................................................................................14 
2.2.3 Socio-economic conditions ......................................................................14 
2.2.4 Selection of factors...................................................................................14 

2.4 Selection criteria ..........................................................................................18 
2.3 Concluding remarks .....................................................................................18 

3 Selection of House Design Mehtod (HDM)......................................................19 

3.1 Proposed designs..........................................................................................20 
3.2 Evaluation of first designs ...........................................................................27 
3.3 Comparison between selected designs.........................................................30 

3.3.1 Description of HDM 1-a, 2-d and 4.........................................................30 
3.3.2 Analysis of HEI ........................................................................................38 
3.3.3 Analysis of DEMA....................................................................................40 
3.3.4 Evaluation and final selection of HDM ...................................................41 

3.4 Concluding remarks .....................................................................................42 

4 Materials: properties and manufacture...........................................................43 

4.1 Bamboo mat board (BMB) ..........................................................................46 
4.2 Bamboo strip board (BSB)...........................................................................47 
4.3 Bending and compression modulus of elasticity .........................................49 

4.3.1 Compression modulus of elasticity ..........................................................49 
4.3.2 Bending modulus of elasticity ..................................................................50 

4.4 Embedding strength .....................................................................................52 
4.4.1 Test specimen ...........................................................................................52 
4.4.2 Test setup .................................................................................................52 
4.4.3 Discussion of results ................................................................................54 

4.5 Concluding remarks .....................................................................................55 

5 Wall-panel connections......................................................................................57 

5.1 Corner connection........................................................................................58 
5.1.1 Methodology ............................................................................................58 
5.1.2 Experimental setup...................................................................................59 
5.1.3 Experimental results ................................................................................60 
5.1.4 Theoretical approach...............................................................................63 



TABLE OF CONTENTS 

 ii 

5.2 T-connection ................................................................................................67 
5.2.1 Methodology ............................................................................................67 
5.2.2 Experimental setup...................................................................................68 
5.2.3 Experimental results ................................................................................69 
5.2.4 Theoretical approach...............................................................................71 

5.3 Sheet-to-frame connection...........................................................................73 
5.3.1 Methodology ............................................................................................73 
5.3.2 Experimental setup...................................................................................73 
5.3.3 Experimental results ................................................................................75 
5.3.4 Theoretical approach...............................................................................76 

5.4 Concluding remarks .....................................................................................80 

6 Wall-panel structural properties ......................................................................81 

6.1 Lateral strength (shear-walls) ......................................................................83 
6.1.1 Methodology ............................................................................................83 
6.1.2 Experimental setup...................................................................................83 
6.1.3 Experimental results ................................................................................86 
6.1.4 Theoretical approach...............................................................................87 

6.2 Out-of-plane bending strength .....................................................................91 
6.2.1 Methodology ............................................................................................91 
6.2.2 Experimental setup...................................................................................91 
6.2.3 Experimental results ................................................................................94 
6.2.4 Theoretical approach...............................................................................95 

6.3 Axial compression strength........................................................................100 
6.3.1 Methodology ..........................................................................................100 
6.3.2 Experimental setup.................................................................................100 
6.3.3 Experimental results ..............................................................................103 
6.3.4 Theoretical approach.............................................................................105 

6.4 Impact strength...........................................................................................109 
6.4.1 Methodology ..........................................................................................109 
6.4.2 Experimental setup.................................................................................109 
6.4.3 Experimental results ..............................................................................110 

6.5 Concluding remarks ...................................................................................111 

7 House structure performance under horizontal load...................................115 

7.1 Lateral strength of wall-panels with openings ...........................................116 
7.1.1 Methodology ..........................................................................................116 
7.1.2 Experimental setup.................................................................................116 
7.1.3 Experimental results ..............................................................................119 
7.1.4 Theoretical approach.............................................................................121 

7.2 Full-scale test of house structure under horizontal load ............................125 
7.2.1 Methodology ..........................................................................................125 
7.2.2 Experimental setup.................................................................................125 
7.2.3 Experimental results ..............................................................................129 
7.2.4 Theoretical approach.............................................................................133 

7.3 Concluding remarks ...................................................................................135 

8 Conclusions and recommendations................................................................137 

References.................................................................................................................141 

Appendices................................................................................................................145 



PLYBAMBOO WALL-PANELS FOR HOUSING 

 iii 

A Comments on Tables 2-1 to 2-3 and climate definitions...............................145 

A.1 Relationship between factors with intention and materiality.....................146 
A.1.1 Intention (Table 2-1) ..............................................................................146 
A.1.2 Materiality (Table 2-2) ..........................................................................150 

A.2 Climate definitions and maps.....................................................................154 
A.2.1 Climate definitions .................................................................................154 
A.2.2 Climate distribution maps......................................................................155 

B Experimental results........................................................................................159 

B.1 Experimental results for Ec, fc, Em and fh ...................................................160 
B.1.1 Experimental results obtained from the compression tests....................160 
B.1.2 Experimental results obtained from the bending tests...........................161 
B.1.3 Experimental results obtained from the embedding strength tests ........163 

B.2 Additional experimental results for the wall-panel structural properties...164 
B.2.1 Additional experimental results of the lateral strength tests .................165 
B.2.2 Additional experimental results of the out-of-plane bending strength     

tests ........................................................................................................167 
B.2.3 Additional experimental results of axial compression strength tests.....168 

B.3 Experimental results of the lateral strength tests with openings................170 

C Numerical and theoretical analyses................................................................177 

C.1 Joint capacities B1, B2, B3 and B4 of the corner connection in                
Section 5.1.4...................................................................................................178 

C.1.1 Nailed connections.................................................................................178 
C.1.2 Screwed connections..............................................................................180 

C.2 Capacity of stud-to-plate connection .........................................................181 
C.3 Beam cases.................................................................................................182 

C.3.1 Beam case 1 ...........................................................................................182 
C.3.2 Beam case 2 ...........................................................................................183 
C.3.3 Beam case 3. Mechanically jointed beam..............................................183 

D Design loads ......................................................................................................185 

D.1 Wind loads .................................................................................................186 
D.1.1 Shear-walls ............................................................................................188 
D.1.2 Walls perpendicular to wind load..........................................................189 

D.2 Seismic loads .............................................................................................190 
D.2.1 Shear-walls ............................................................................................191 
D.2.2 Walls perpendicular to seismic load......................................................192 

D.3 Dead and live loads....................................................................................192 
D.3.1 One-story house .....................................................................................194 
D.3.2 Two-story house.....................................................................................194 
D.3.3 Design loads for different types of floors and roofs ..............................195 

E Technical drawings ..........................................................................................197 

Summary...................................................................................................................207 

Samenvatting ............................................................................................................208 

Resumen....................................................................................................................209 

Curriculum vitae......................................................................................................210 



ACKNOWLEDGEMENTS 

iv 

Acknowledgements 
 
This research would not have been carried out without Jules Janssen, who was the one 
with the starting idea and thereafter was there every time I needed him for anything! 
I would like to thank Frans van Herwijnen, Faas Moonen and Jorge Gutiérrez for their 
valuable remarks and suggestions provided throughout the realization of this project.  
I cannot leave out the invaluable help provided by the Pieter van Musschenbroek 
Laboratory staff, especially Theo van de Loo, Martin Ceelen, Eric Wijen and Rien 
Canters but also Sip Overdijk, Cor Naninck and Jef Neggers.  
I want to thank the following people who somehow contributed to keep me up during 
these five years: Loek Janssen, Frank Schot, Alessandro DiBucchianico, Dagowin la 
Poutré, Steffen Zimmermann, Bright Ng’andu, Gabi Bertram and Johan van den 
Oever. Special thanks to Christophe Houssin, Luc van Ravenstein, Christiaan van 
Westering and Ramidin Kamidi.  
I would like to thank Javier Hess, Geovainer Zúñiga, Jorge Vargas, Pedro Cortez and 
my relatives in Costa Rica and Houston for their long distance support.  
Finally, I would like to thank my wife Catalina, my sisters and my father to whom I 
dedicate this thesis with honor to my brother and my mother for their infinite love and 
support.  
 
 



v 

Symbols and abbreviations 
 
The following is a list in alphabetical order of the most important symbols and 
abbreviations used throughout this thesis:  
 
SYMBOLS 
 
%w:  moisture content [%]. 
a:   acceleration [m/s2]. 
A:   area [mm2]. 
A, B, C:  reaction forces in Figure 5-5 [kN]1. 
b:   width [mm]. 
C:  coefficient. 
d:   diameter [mm]. 
e:   eccentricity [mm]. 
E:   modulus of elasticity [N/mm2], energy [J]2 
EI:   bending stiffness [kNmm2]. 
F:   load [kN]. 
f:   strength [N/mm2], force in a fastener [kN]. 
g:   gravity acceleration [9.8 m/s2]. 
h:   height [mm]. 
I:   moment of inertia [mm4], impulse [kgm/s]2. 
k:   stiffness [kN/mm]. 
l:   (gage) length [mm]. 
L:   length [mm] 
m:   mass [kg]. 
M:   bending moment [Nmm]. 
n:   number of nails. 
P:   compression load [kN]. 
p:   load or weight per length [kN/m]. 
R:   reaction force [kN]. 
r:   rotational stiffness [kN/º]. 
s:   (fastener) spacing [mm]. 
t:   thickness [mm]. 
v:   velocity [m/s]. 
V:   shear force [kN]. 
w:   load per area or wind pressure [kN/m2]. 
W:  weight [kN]. 
x:   distance in x-direction [mm]. 
y:   distance in y-direction [mm]. 
z:  distance in z-direction [mm]. 
∆:   displacement [mm]. 
α:   factor. 
δ:  elastic deformation [mm]. 
ε:  strain [m/m]. 
λ:  factor. 

                                                 
1 Section 5.1.4. 
2 Section 6.4. 



SYMBOLS AND ABBREVIATIONS 

 vi 

ν:   Poisson’s modulus [dimensionless]. 
θ:   rotation or angle [º]. 
ρ:   density [kg/m3]. 
σ:   normal stress [N/mm2]. 
τ:  shear stress [N/mm2]. 
 
Subscripts: 
 
a:   axial. 
b:   board or sheet. 
c,0:   compression parallel to fibers. 
c,90:   compression perpendicular to fibers. 
c:   compression. 
CM:   compression machine. 
cr:   critical. 
D:  dead. 
d:  design, door3. 
ef:   effective. 
f:   floor, flange4 
h:   embedding.  
H:   horizontal. 
i:   initial. 
i,j:  number representation. 
L:  live. 
LC:   load cell. 
m:   bending. 
max:   maximum. 
o:  opening. 
p:   plastic5, (top or bottom) plate, pressure6. 
r:  roof. 
s:   service, seismic7, stud. 
t,0:   tension parallel to fibers. 
T:   tension, total.  
t:  tributary.  
TR:   transition. 
u:   ultimate. 
v:   shear, vertical. 
w:   web4, window3, wind6, wall8. 
x:   x-direction. 
y:   y-direction. 
z:  z-direction. 
 
 
 

                                                 
3 Section 7.2.2. 
4 Equation (6-16). 
5 Referred to as the plastic capacity of a fastener per length. 
6 Section D.1 of appendix D. 
7 Referred to as the seismic coefficient. 
8 Section D.3 of appendix D. 
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ABBREVIATIONS 
 
ADVN:  Adush Bamboo Vikas Nigam. 
AW:   air/warmth. 
B:   corner joint. 
B:   structural timber. 
BB/B:   plywood class (Table 4-1). 
BMB:   bamboo mat board. 
BSB:   bamboo strip board. 
C:   corner connection, construction timber (Table 4-1). 
CSR:   certain specified requirements. 
D:   design (chapter 1), door (chapter 3), door-specimen (chapter 7). 
DEMA:  durability/execution/maintenance/adaptability. 
F:  full-specimen 
H:   house. 
HDM:   house design method. 
HE:   wide flange beam. 
HEI:   hurricanes/earthquakes/impact. 
HQBP:  Hangzhou Qingfeng bamboo products. 
INBAR: International Network for Bamboo and Rattan. 
K17, K24:  timber structural class (Table 4-1). 
LVDT:  linear variable differential transformer. 
M:   method (chapter 1), moisture. 
MPA:   minerals, plants and animals.  
O:   optimum design. 
OSB:   oriented strand board. 
P:   parallel connection. 
P:   plywood/plybamboo. 
PF:   phenol formaldehyde. 
PLF:   phenol lignin formaldehyde. 
PME:   Pontmeyer Eindhoven. 
ST:   sawn timber. 
T:   T-connection. 
T:   timber. 
W:   window (chapter 3), window-specimen (chapter 7). 
 
Notes: 

1. All the unspecified dimensions in the following chapters and appendices are in 
mm. 

2. Symbols taken from other references are not in this list. They are defined in 
the text. 
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1 Introduction 
 
This thesis deals with the development of a house design method and its structural 
performance using plybamboo wall-panels. The house design method is based on 
wall-to-wall connections.  
The subsequent sections of this introduction give some generalities about the research 
and are divided in background, motivation, objective, methodology, scope, limitations 
and thesis contents. The background gives an overview of bamboo research and new 
developments. The motivation explains why this research was carried out. Afterward, 
the objective or goal is established and described followed by the methodology 
employed to achieve it. The scope and limitations are then mentioned. The chapter 
concludes with a brief description of the thesis contents.  
 

1.1 Background 
The subject of this thesis has been never the object of research. It has been recognized 
by INBAR (International Network for Bamboo and Rattan) as part of the Bamboo 
Engineering program, aiming at developing the potential of bamboo as a structural 
material into its full range of housing and related applications [33]. 
Bamboo has been used for housing for centuries. However, only recently has it been 
considered as an engineering material. Although much research has been carried out 
on bamboo, there is still a long way to go to reach the same level of information as we 
have on traditional construction materials [22]. Besides, bamboo-housing technology 
has been transferred generation to generation often in rural areas with no scientific 
investigation whatsoever. Hence, there is a need in filling the gap between traditional 
and engineered bamboo knowledge.  
Most of the research that has been carried out on bamboo concerns its biological 
characteristics such as anatomy, species, plantations and the like. The part of the 
research that has been done on bamboo as construction material is focused on the 
bamboo culm1. For instance, see Janssen, 1981 [32] and Arce, 1993 [1].   
Using bamboo culms as they are for construction has several drawbacks such as 
durability, jointing, flammability and lack of guidance and codification [35]. When 
people are asked about the properties of the material for construction purposes, the 
first problem that is identified is the durability of the culms [1]. Fortunately, research 
on preservation methodologies has verified that bamboo natural durability can be 
improved. The economics of preservation is clear: the price of the bamboo increases 
by about 30%, but its service life increases to 15 years in the open and 25 years under 
cover [34]. Jointing technology of bamboo culms has been an essential issue for the 
development of better bamboo buildings. Making joints in bamboo is rather difficult 
because bamboo is hollow, tapered, has nodes at varying distances and it is not 
perfectly circular [34]. Nevertheless, traditional bamboo joints have been subjected to 
improvements and new developments have been established. Fire presents a potential 
hazard in any form of construction, but the risk is especially high in bamboo 
buildings. It is, however, possible to treat bamboo with a combination of preservative 
and fire retardant chemicals [35]. Finally, the lack of guidance and codification have 
also been topics for investigation and probably in the near future (one year from now), 
the first design code on bamboo will be released.  

                                                 
1 The bamboo culm is defined as the stem of the bamboo plant. It can be compared to tree logs.  
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One can compare bamboo culms with tree logs. At the beginning, construction with 
wood also used to employ logs as structural members as it is done with bamboo. 
Then, wood was industrialized and solid timber appeared as a better alternative for 
building when comparing to logs. While technology advanced, new wooden products 
were brought to the market such as laminated timber, plywood and wood-based panels 
including fiberboard, chipboard, particleboard, OSB (Oriented Strand Board) and so 
on. Somehow, bamboo has instinctively followed the preceding pattern. Nowadays, 
bamboo culms can be transformed into a widely range of industrialized products such 
as bamboo strips, flattened bamboo, woven bamboo mats, bamboo-based panels and 
laminated bamboo [21]. Nonetheless, the application of these products has been 
scarce due to the lack of commercialization, scientific research and standards, 
particularly in the area of structural use for construction. The benefit of using 
industrialized bamboo products is that they could overcome some of the drawbacks 
pointed out earlier. For example, bamboo panel boards are easier to join because they 
are regular in shape and size, which is not the case for bamboo culms.  
This research concentrates on two specific types of bamboo panel boards: bamboo 
mat board from India (BMB) and bamboo strip board from China (BSB). Plybamboo 
is referred in this thesis as a bamboo panel board composed either by bamboo mats or 
bamboo strips. More details about these materials are given later in chapter 4.  
 

1.2 Motivation 
The motivation of this research began with the combination of two issues: the lack of 
decent housing in developing countries including Africa, Asia and Latin America, and 
the possibility of using bamboo as a panel board in walls for prefabricated housing.  
Looking at the astonishing statistics of one billion people in need of decent housing 
and 100 million completely homeless, one as an engineer has to think about better 
solutions for social housing. This does not mean that any type of construction that 
might be suitable will be implemented just because it seems okay. If that were the 
case, this research would have never been carried out.  
Bamboo seems to be a material that can help to improve the battle against lack of 
housing in developing countries that possess this material or are able to plant it. One 
approach is to use plybamboo for housing. The bamboo culms are processed and 
plybamboo is industrially produced2. The bridge from plybamboo to social housing is 
the one attempted to build with this research (Figure 1-1). A composite material like 
BMB has a scope as a structural material. It is particularly suited for prefabricated and 
dry type construction. Unlike woven mat, BMB can be nailed to wood framework or 
studs as sheathing skin in wooden framed house construction [31].  
Many other approaches for using bamboo as construction material for social housing 
have been successfully put into practice. Examples of these can be found in Colombia, 
Ecuador and Costa Rica [28, 34]. However, a large amount of these solutions are 
based on wooden-bamboo walls plastered with cement, which is still expensive in 
such countries. Another advantage of using plybamboo is that it can substitute 
wooden materials such as plywood, which are becoming costly in developing 
countries.  
 
                                                 
2 An investment here is necessary but it will create jobs. Bamboo in panel form is well suited to 

substitute wood and therefore, development/refinement of cost-effective technologies to produce 
bamboo-based panels is an important area of research [21]. As it will be seen later, this area is out of 
the scope of this research.  See chapter 4 for more details about plybamboo production. 
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Bamboo culms 

Plybamboo Social Housing 

Industrial 
Process 

Scientific 
Research 

 

Figure 1-1 Area of research in this thesis. 

 

1.3 Objective 
The goal of this research is to establish a house design method (HDM) that fulfills 
certain specified requirements (CSR), using plybamboo wall-panels as structural 
elements, in order to apply it in prefabricated construction in developing countries 
(Figure 1-1). 
The HDM is the final product of the research and is based on how to make the 
connections between the wall-panels like corner connections, T-connections, parallel 
connections and angular connections (Figure 1-2). Corner and parallel connections 
could be considered a specific case of the angular connections, which means that two 
connection cases might be solved instead of four. In the HDM proposed in this 
research, angular connections are not considered.  
In order to achieve the objective, scientific research is carried out based on the 
hypothesis that ‘the established house design method will fulfill certain specified 
requirements’.  
From the aim, five important features can be underlined: HDM, CSR, plybamboo 
wall-panels, prefabricated construction and developing countries.  
HDM is defined in this thesis as an ordered set of procedures which lead to a plan, 
drawing or model of a building in which people are able to satisfy their basic needs.  
The previous description is based on the following definitions of each of the 
components of HDM3: 

1. House (H): a building in which people are able to satisfy their basic needs. 
Basic needs include protection against the environment, sleeping, eating, 
sitting and hygienic activities.  

2. Design (D): a plan, drawing or model showing how something is to be made.  
3. Method (M): a way of doing something, especially an ordered set of 

procedures or an orderly system.  
CSR and developing countries are defined and described with detail in the following 
chapter. The plybamboo wall-panels are the most important elements of the HDM and 
prefabricated construction is a consequence of the plybamboo industrialization and 
panel production.  

                                                 
3 These definitions are based on an English dictionary (e.g. http://dictionary.msn.com, 2002).  
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Figure 1-2 Main connections between the plybamboo wall-panels. 

 

1.4 Methodology, scope and limitations 
The methodology or process followed to reach the objective is summarized in the next 
activities (see Figure 1-3): 
 

1. Literature study: includes investigation about the specific topic that is being 
considered. For instance, if one is studying nailed joints, then books and 
information about it are searched. This task is carried out during the whole 
research. It is an aid to gain knowledge and helps to be open minded.  

2. Design ideas and / or improvements: is one of the most important parts of the 
project in which knowledge and creativity are combined. Every idea, as 
extreme as it looks is given thoughtful consideration. Improvements are a 
phase that comes after analysis and evaluation. Often, the design idea has the 
same principle but some specific item is changed in order to get a better 
performance of the original design. This activity is carried out during the 
selection of the HDM and the experimental stage. 

3. Drawings: are the results of the ideas and represent the design itself 
(reminding the given definition of design). The drawings are explicit and show 
how a specific solution is to be made. This step is also employed during the 
whole research. 

4. Analysis and evaluation: is the activity in which each design is analyzed 
theoretically and / or experimentally and evaluated according to the 
requirements. This activity helps to make improvements to the designs and 
verifies whether a certain design is correct or not.  

5. Experimental tests: is an activity that proves whether the designs are 
performing as expected or not. This phase is carried out after the establishment 
of the HDM. 

6. Acceptability: consists of two parts. The first one defines which HDM 
continues for experimental testing and the second is the last activity in which 
the HDM has proven to be appropriate regarding the specified requirements. It 
is a corollary of analysis and evaluation.  

Corner connection Parallel connection 

Angular connection T- connection 

θ  ≠  90º 
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Figure 1-3 Schematization of the methodology cycle followed during the research. 

 
Due to the ample topic, the scope of this research is restricted to the structural 
performance of plybamboo wall-panels in one-story houses4 subjected to vertical and 
horizontal loading. Furthermore, only one HDM is experimentally tested based on 
wall-to-wall connections. Other types of connections to be considered are wall-to-
foundation and wall-to-roof connection. Nevertheless, these are limited to one 
particular case. Connections for water piping and electricity are not considered.  
For the mechanical properties and wall-to-wall connections, one sample of BMB and 
BSB are employed as well as one sample of softwood class K24 [39]. Another sample 
of BMB is utilized for the structural behavior of the plybamboo wall-panels with 
softwood class K17 [39]. A final sample of BMB and softwood class K24 is used for 
the full-scale tests including window and door openings and the house structure. A 
plywood sample is employed for some experimental tests (see chapter 4 for more 
details about the materials utilized during the whole research).   
 
 
 
 

                                                 
4  Two story houses are also mentioned in this thesis but only as a possibility (see chapter 6).  
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1.5 Thesis contents 
This thesis is divided in eight chapters including this introduction. Figure 1-4 shows 
the format of the thesis contents which are explained below.  
Chapter 2 presents a theoretical approach in which CSR, place conditions, several 
factors and selection tools are defined. The most important aspects concerning the 
design of the walls using plybamboo sheets are presented. From the industrialized 
product to the transformation into the HDM based on wall-to-wall connections. This 
phase is based on literature study and determines the scope of the research. In other 
words, what the HDM will accomplish. Appendix A complements this chapter with 
more discussion and definitions. 
Chapter 3 deals with design ideas and / or improvements proposed for the HDM. 
Drawings with their respective explanations are shown. Analyses and evaluations of 
these recommended ideas using selection criteria described in the former chapter are 
presented. The chapter ends with a comparison of the selected house design methods 
from which one is elected for further investigation.  
At this point, the fundamental HDM has been established (qualitative approach). The 
remaining part of the thesis is about checking whether this HDM fulfills CSR 
(quantitative approach).   
Chapter 4 is a background on the plybamboo used for the HDM in this research. Both 
BMB and BSB are briefly described including manufacture, physical and mechanical 
characteristics. Relevant properties concerning the HDM are tested and analyzed. 
They include compression and bending modulus of elasticity (Ec and Em) and 
embedding strength (fh).  
Chapter 5 concentrates on the main connections of the HDM. Theoretical and 
experimental analyses are carried out in order to find the structural response, stiffness 
and capacity of such connections. Corner, T- and sheet-to-frame connections are 
studied.  
Chapter 6 deals with the plybamboo wall-panels as structural elements. Full-scale 
tests and theoretical analyses are performed for the wall-panel unit including lateral, 
out-of-plane bending, compression and impact strength.  
Chapter 7 concludes the experimental phase with tests on complete walls and part of a 
hypothetical house that has been designed according to the selected HDM.  
Chapter 8 gives general conclusions and recommendations.  
Appendix B is composed mostly by tables and graphs of additional experimental 
results obtained from the tests described from chapter 4 to chapter 7.  
Appendix C presents numerical and theoretical analyses that are needed for the 
analyses of the theoretical models developed during the research.   
Appendix D describes the design loads considered in this research with some 
numerical examples that are used to compare the experimental and theoretical 
capacities obtained during this investigation.  
Finally, appendix E gives several technical drawings concerning the whole idea of the 
selected HDM.  
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2 Theoretical approach 
This chapter deals with a theoretical approach necessary for building selection criteria 
in order to elect the house design method (HDM) studied in this research. The 
following section (2.1) describes the nature of certain specified requirements (CSR) 
and defines a methodology that is applied in combination with several factors 
affecting the HDM. This methodology is represented by a matrix and is the key for 
establishing CSR. Appendix A, section A.1 complements the section. Section 2.2 
presents different place conditions (climate, culture, socio-economic conditions) on 
which the HDM must be implemented as well as selection of factors (from the 
previous ones) that are considered when developing the HDM (Figure 2-2). Appendix 
A, section A.2 complements the climate paragraph (section 2.2.1). In section 2.3, an 
example of CSR to be used as selection criteria is shown. Several concluding remarks 
are given at the end of the chapter.  

2.1 Certain specified requirements (CSR) 
Every structure is conceived in order to satisfy a necessity. This will be accomplished 
as soon as the structure is able to fulfill certain specified requirements (CSR). The 
word ‘specified’ is used because usually, the one who needs the structure (the client) 
demands several requisites that the designer has to take into account. However, in 
case of developing a design method, these requirements must be established by the 
designer. Thus, the first question is how to know which requirements have to be 
considered and which ones do not. In order to answer this question, a methodology for 
checking structural adequacy combined with relevant factors selected by the author is 
applied.  
The methodology for checking structural adequacy was developed by Gutiérrez [28]. 
It consists of two key components and their interplay: form and context. The form is 
the structure in consideration and the context can be seen as the environment or all 
that surround the form. Two parts and their interaction compose the form: intention 
and materiality. The intention stands for the ideal conditions (going upwards) that are 
to be accomplished by the form whereas materiality corresponds to the material 
resources available (going downwards) to create the form. Intention is in turn 
composed by four elements: delight, firmness, service and economy. Delight refers to 
aesthetic characteristics (beauty) of the form. Firmness is the most important element 
for the purpose of this research and is defined as the capacity of the structure to resist 
gravitation and other loads and actions produced by its use and existence while 
keeping the response of the components and the entire structure under prescribed 
limits [28]. Besides staying firm on the ground, every form (structure) is constructed 
in order to act upon some functions in its lifetime. Service is referred to as the 
performance of these functions in harmony with the context (environment). There 
would be no harmony if the environmental impact caused by the structure were 
severe. In the case of the HDM, service is more related to the comfort of the 
inhabitants of the house. Economy is related to the construction (materials, labor and 
equipment), operation and maintenance of the form. On the other hand, materiality is 
composed by four elements as well: materials, shape, constructive technology and 
details-dimensions. These four elements are related to the goal of this research in the 
following way: materials are represented by the plybamboo wall-panels. The main 
material being plybamboo followed by timber, fasteners and others as it will be 
mentioned later. Shape is already identified as the shape of a house (rectangular walls 
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and sloped roof). The prefabricated walls mounted on site define constructive 
technology and dimensions-details characterize the HDM.  
The CSR are composed by external factors within the context and their influence on 
the form (Figure 2-1). The process of seeking all the factors that affect the form 
(structure) could be unending if all the possibilities are considered. That is why, the 
following factors were selected as the most representative to be deemed in the HDM. 
This list is based on previous researches such as John Olie’s ‘A typology of joints’ 
[41] and the ISO standard 3447 [30]. The factors that have not been taken into 
account are either out of the scope of this research or neglected due to their little 
influence regarding the HDM. The factor’s list is defined below:  

1. Hurricanes: wind forces caused by hurricanes, storms and the like. 
2. Earthquakes: seismic forces caused by ground accelerations produced by 

earthquakes. 
3. People: impact forces caused by people, especially burglars.  
4. Light: sunlight or artificial light. Penetration of natural light through the 

structure and house illumination.  
5. Air: regular air flow passing through house openings.  
6. Warmth: transfer of heat from the outside to the inside and vice-versa.  
7. Moisture: water in general. Penetration of water and contact between water 

and structure. Humidity.  
8. Sound: transmission of sound from one place to another through a structure. 
9. Fire: fire propagation caused by ignitable materials.  
10. Minerals, plants and animals (MPA): termites, insects, vermin, leaves, fungus, 

dust and so on.  
11. Durability: ability of the structure to withstand the effect of the environment 

through time while maintaining its properties almost unchangeable.  
12. Execution: the number of parts with their direction of assembly, disassembly 

and reassembly [41].  
13. Maintenance: reparation and cleaning of parts of the structure when needed.  
14. Adaptability: possible extension or replacement of parts that could be built 

onto the already existing structure.  
The previous factors will interact with the form (structure) which is considered as a 
house built with plybamboo sheets. This interaction is related to CSR and its level is 
represented in two matrices (Table 2-1 and Table 2-2). The first column of each 
matrix is composed by the fourteen considered factors and the first row by the four 
elements of intention and materiality. The relation between the columns and the rows 
indicates the level of interaction of each factor with each element of intention and 
materiality. The level of interaction is divided in five ranks: nearly nothing, little, 
some, fairly and quite a lot (Table 2-3).  
Appendix A, section A.1 comments on the selected level of interaction for each of the 
112 relationships linking the 14 factors and the form.  
The CSR can now be developed from the previous matrices relating fourteen factors 
with intention and materiality. For instance, the house must not collapse when a major 
earthquake occurs. This requirement is an interaction of the factor earthquakes and the 
element firmness. The materiality is used in this research to fulfill the requirement 
mentioned before. Another example could be that the house must have a functional 
working life of at least 20 years. This requirement is an interaction of the factor 
durability and the element service. However, it is very general and it implies that 
other requirements must be also fulfilled. Such kinds of requirements are not taken 
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into account in this research. The CSR considered in this research are defined in the 
following sections. 
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Figure 2-1 Representation of CSR, form and context.  

 

Table 2-1 Level of interaction between the 14 factors and intention. 

  INTENTION  
Factor Firmness Service Delight Economy 
Hurricanes **** ** ** *** 
Earthquakes **** ** ** *** 
People *** ** * ** 
Light ** **** **** ** 
Air ** **** ** ** 
Warmth ** **** * * 
Moisture *** *** ** *** 
Sound - *** * ** 
Fire *** *** * *** 
M, P, A *** *** ** *** 
Durability *** ** *** *** 
Execution * * ** **** 
Maintenance ** *** ** *** 
Adaptability *** ** *** *** 
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Table 2-2 Level of interaction between the 14 factors and materiality. 

  MATERIALITY  
Factor Materials Shape DD1 CT2 
Hurricanes **** *** **** *** 
Earthquakes **** *** **** *** 
People *** ** **** *** 
Light ** **** *** ** 
Air - *** *** ** 
Warmth ** * ** ** 
Moisture **** *** **** **** 
Sound ** * ** ** 
Fire *** ** ** * 
M, P, A *** * ** ** 
Durability **** *** ** ** 
Execution *** ** **** **** 
Maintenance 
Adaptability 

*** 
** 

** 
** 

** 
*** 

** 
*** 

1. DD: Dimensions-Details. 2. CT: Constructive Technology. 
 

Table 2-3 Notation to Table 2-1 and Table 2-2  

Level of interaction Sign 
Nearly nothing - 
Little * 
Some ** 
Fairly *** 
Quite a lot **** 

 

2.2 Place conditions and selection of factors 
Section 2.1 showed a way of looking for CSR to be fulfilled by the HDM. Fourteen 
factors were selected and their interaction with the structure described. The next step 
is to situate the structure in certain place conditions such as climate, culture and socio-
economic conditions. For the application of the HDM, it has to be established which 
places in the world will be able to employ it. At the end, the fourteen factors are 
divided in four items to be used as selection criteria for different house design 
methods. 

2.2.1 Climatic conditions 
In a general way, it could be assumed that every country or region, which possesses 
tropical weather, would be able to apply the HDM. Nevertheless, a more accurate 
description of climates of the world is shown continent by continent in order to 
establish which regions may utilize the HDM.  
Climate is defined as the weather of a place averaged over a length of time [45]. The 
following types of climates are considered: tropical wet, tropical wet and dry, 
semiarid and desert, subtropical dry summer, humid subtropical, humid oceanic, 
humid continental, subarctic, tundra, icecap and highland. They are defined in 
appendix A, section A.2 in which also climate distribution maps of South America, 
North America, Asia and Africa are shown. In South America, the HDM could be 
applied in all countries with the exception of Argentina, Uruguay and Chile due to 
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their cold or desert areas. Central America, the Caribbean Islands and the southern 
part of Mexico might also apply the HDM. In Asia, only the east-southern part with 
countries like India, Indonesia and Thailand would be able to employ the HDM. Most 
of middle Africa also encloses suitable regions in which the HDM might be 
developed. Since this research is aimed to developing countries, Canada, United 
States, Europe and Japan are not considered.  
After having taken a look to all possible climates that exist in the world, it will be 
established that the HDM could be applied only in tropical wet and tropical wet and 
dry climates (first specified requirement). One of the main reasons is that the wall 
thickness studied in this research is not sufficient for thermal insulation in other 
climates. Moreover, bamboo grows in most of these areas and might be a local 
material. It is concluded then, that a huge part of developing countries in the world are 
able to apply the HDM developed in this research.  

2.2.2 Cultural conditions 
Besides climatic conditions, the culture in which the HDM is to be implemented must 
be considered as well. In every place, people have different kinds of culture. This 
culture is related to the way people make things. They have different religions, foods, 
history and so on. It is complex to create a HDM in which every culture will fit in. For 
this reason, the HDM must be open in the sense that people from different cultures 
can adapt it to their communities without losing their ethnicity. The relation between a 
particular culture and the HDM is centered on the traditional houses that have been 
constructed generation after generation. They could not be changed overnight. They 
involve traditional materials, way of building, tools, equipment, workmanship and 
other issues that are important for housing. Hence, the HDM is intended to be flexible 
and adaptable to these cultures (second specified requirement).  

2.2.3 Socio-economic conditions 
The socio-economic level of the people for which the HDM is to be applied is another 
factor of importance. The HDM is directed to the lowest-income people of the country 
or region (third specified requirement). This research does not deal with the economic 
part, which have to be carried out later in another research. However, some aspects 
regarding economy (element of intention) should be considered such as workmanship, 
production or importation of plybamboo, construction process, equipment, tools, 
materials, productivity and transportation. The possibility of job creation should be 
considered as well. In this case, the beneficiaries will be involved in the construction 
process of their own houses.  

2.2.4 Selection of factors 
Naturally, if one thinks of taking into account all the fourteen factors, then the process 
could be without end. Consequently, the most important factors must be selected for 
the HDM, considering the conditions that have already been established (climate, 
culture and socio-economic). For this purpose, the relationships set in Table 2-1 and 
Table 2-2  represent a helpful support when selecting factors. The factors are in turn 
grouped in four items, as it will be immediately noticed. 
Undoubtedly, the first element to be considered is firmness. It has to be provided that 
the house will stay firm on the ground. As it was alleged before, economy will be 
considered later. Service and delight are considered when analyzing the design of the 
structure by the selected items as well as firmness. These items (selection) are a group 
of chosen factors or a factor itself. 
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The factors hurricanes, earthquakes and impact interact in the same way with 
intention and materiality (Table 2-1 and Table 2-2). In the first case, the higher 
interaction is with firmness followed by economy and then by service and delight. In 
the second case, the interaction with materials and dimensions-details is the most 
important followed by constructive technology and shape. The previous leads to the 
conclusion that hurricanes, earthquakes and impact could be analyzed as one item. 
Usually, in tropical wet and tropical wet and dry countries there is no need for thermal 
insulation in the building structure and often, a good ventilation system maintains 
thermal comfort.  Because of this relationship, air and warmth could be considered 
together as one item when analyzing the HDM. In Table 2-1 it can be seen that air and 
warmth follow the same interaction pattern with intention. This is not the same for the 
interaction with materiality. However, for the presented conditions, if the ventilation 
system is adequate, warmth will be also fulfilled. 
Moisture will be considered as one item since it has interaction with all the 
components of intention and materiality in a different pattern than the rest of the 
factors.  
Light, sound, fire and MPA are factors that are out of the scope of this research. This 
means that they are not considered as detailed as the rest. Nevertheless, they are 
present anytime and somehow affect the design.    
Durability, execution, maintenance and adaptability are considered as one item 
because each of them is related and dependent to the other. For example, durability 
cannot be considered independently from maintenance because maintenance might 
improve durability. Execution depends upon adaptability since we need to know how 
the new structure will be assembled onto the existing structure. In this way, durability-
execution-maintenance and adaptability are analyzed as one item. 
There are ten factors (sub-items) within the four selected items, which must be 
considered when analyzing the HDM. There has to be equilibrium between them. The 
HDM tries to establish this equilibrium as closer as possible to the optimum design 
(Figure 2-2).  

 

O 

O 

O 

O 

M 

DEMA 

HEI 

AW 

HDM 

 
Figure 2-2 Representation of the HDM in relation with the four selected items. O: optimum 

HDM. M: moisture, DEMA: durability/execution/maintenance/adaptability, HEI: 
hurricanes/earthquakes/impact, AW: air/warmth. 
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In order to make the design process simpler, the following four items have been 
selected (Figure 2-2): 
 

1. Hurricanes, earthquakes and impact (HEI): 
 

Considering firmness, all the designs have to be able to withstand hurricanes, 
earthquakes and impact. That means they have to be strong, stiff and stable enough 
before any of those actions. The house must not collapse when a major hurricane, 
earthquake or impact occurs and must not deform excessively when usual winds or 
tremors occur (fourth specified requirement). Different conditions will be presented in 
different places like mean wind speeds, terrain conditions, soil types, ground 
accelerations and so on. Hence, suitable design codes for checking earthquake and 
wind load effects should be used and compared with the actual capacity of the house. 
Service, economy and delight are implicit on the previous statement. Figure 2-3 
shows the most important structural actions to be considered in the design (HEI). 

 

IMPACT FORCE 

Pressure and suction 
loads caused by the 
wind  

WIND 

Soil movement produced by the earthquake 

SEISMIC FORCE 

Figure 2-3 Wind, seismic and impact forces acting on the structure of a house. 

 
2. Air-warmth (AW): 
 

More related to service, air and warmth are linked together since thermal comfort 
depends upon the ventilation-system reminding the imposed climatic conditions 
(tropical wet and tropical wet and dry). The house must be provided with an adequate 
natural ventilation system that achieves thermal comfort (fifth specified requirement).  
Firmness, economy and delight are implicitly affected according to the selected 
ventilation system. In general, the ventilation system could be attained through the 
windows (lattice window) or / and with a tropical roof (Figure 2-4). 
 

3. Moisture (M): 
 

Moisture is related to all components of intention as well as to all components of 
materiality. Considering materials (plybamboo), the physical and mechanical 
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properties of the panels and their relation to moisture should be obtained1. Regarding 
firmness and service, it has to be assumed that the sheets are water-resistant and 
preserved against the attack of insects and fungi (more related to MPA). Contact 
between panels and soil must be avoided and the joints between the panels must be 
detailed to avoid penetration of water through them. The walls should be also 
protected against rain by means of roof overhangs. Figure 2-5 summarizes moisture 
effects. The house must be protected against rain and the wall-panels must be isolated 
from the soil (sixth specified requirement).   

 

Ventilation through the windows 

Ventilation with a tropical roof 

Figure 2-4 Ventilation system 

 
 

HUMIDITY 

RAIN 

PANEL ROT  
Figure 2-5 Effect of moisture against the house structure. 

 
4. Durability-execution -maintenance-adaptability (DEMA): 
 

These four factors have been put together because of the grade of dependence that 
exists between them. All of them are interrelated with all the components of intention 
and materiality. The HDM should be easy to put into practice. For instance, it should 
be characterized by the use of simple tools, simple construction process and simple 
skills. Disassemble and reassemble of the parts would be an important factor when 
                                                 
1 In this research, the material was characterized at standard conditions (Temperature: 20ºC, Relative 

humidity: 65%).  
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considering maintenance and durability. Adaptability options should be considered as 
well. Some elements that have to be taken into account when analyzing DEMA are: 
terrain, accessibility (transportation), materials (prefabricated and on-site), 
workmanship, equipment, tools, possible disassemble and reassemble of parts and 
construction time. The house must be durable (50 years), simple to build, to maintain 
and to adapt to new structures (seventh specified requirement).   
 

2.3 Selection criteria 
CSR to be fulfilled by the HDM have been established. They are useful as selection 
criteria when developing the HDM. Hence, Figure 2-2 is utilized to compare different 
proposed house design methods and select the one that performs best according to the 
requirements. An example of how to employ this tool is shown in Table 2-4.  
 

Table 2-4 Example of CSR as selection criteria. 

CSR / HDM 1 2 3 4 
HEI xx xxx x xx 
AW x xx xxx x 
M xx xxx x xx 

DEMA x xxx xx xxx 
Performance level: xxx - Good, xx - Regular, x - Bad.  
 
From Table 2-4, it can be seen that HDM 2 is the best.  
 

2.4 Concluding remarks 
The following specified requirements to be fulfilled by the HDM have been 
established: 

1. It must be applied in tropical wet or tropical wet and dry climates. 
2. It must be flexible and adaptable to different cultures. 
3. It must be directed to the lowest-income people of the country or region. 
4. It must not collapse when a major earthquake, hurricane or impact occurs and 

must not deform excessively when usual tremors and winds occur. 
5. It must be provided with a natural ventilation system that achieves thermal 

comfort.  
6. It must be protected against rain and the wall-panels must be isolated from the 

soil. 
7. It must be durable (50 years), simple to build, to maintain and to adapt to new 

structures. 
The first three requirements are related to place conditions. They depend on the 
people interested in applying the HDM.  
The fourth requirement is investigated to the full for the developed HDM (chapters 5, 
6 and 7).  
The fifth and sixth requirements are not examined with detail since this research is 
concentrated on walls.  
As mentioned before, the first phrase of the seventh requirement is out of the scope of 
this research. On the other hand, good execution-maintenance-adaptability improves 
durability.  
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3 Selection of house design method (HDM) 
This chapter deals with the first part of the goal of this research. That is, the 
establishment of a HDM. The selected HDM is further studied in order to complete 
the objective (Chapters 5, 6 and 7).  
The chapter begins presenting and describing eleven possible house design methods to 
be evaluated using the criteria developed in chapter 2. The house design methods 
proposed are based on wall-to-wall connections. After that, the house design methods 
are evaluated and three of them are selected as the most promising ones. The three 
remaining house design methods are then fully described including wall-to-foundation 
connections, wall-to-roof connections, prefabricated systems and floor plans examples 
with the respective wall-to-wall connections. Afterwards, the house design methods 
are analyzed according to HEI and DEMA and at the end one of them is chosen as the 
HDM established for the rest of the research.  
 

3.1 Proposed designs 
The HDM is based on how to connect the plybamboo sheets in corner, parallel and T- 
connections (wall-to-wall connections)1. Therefore, the proposed designs shown in 
this section are represented by horizontal sections of corner, parallel and T-joints that 
occur in wall-to-wall connections and are defined as follows: 

1. Corner connection (C): two plybamboo sheets meet at their ends at a right 
angle.  

2. Parallel connection (P): two plybamboo sheets meet at their ends at a straight 
angle. 

3. T-connection (T): two plybamboo sheets meet at right angles or a parallel 
connection meets a plybamboo sheet at a right angle.  

Window and door openings, wall-to-foundation connections and wall-to-roof 
connections are considered later. 
From the proposed designs, seven basic principles for joining flat sheets or boards in 
corner, parallel and T-connections can be defined (Figure 3-1): 

I- The sheets are joined without the use of an extra member. 
II- The sheets are joined with an internal member. 
III- The sheets are joined with an external member. 
IV- The sheets are joined by inserting them into an extra member. 
V- The sheets are joined on-site to form a cavity wall. 
VI- The sheets are prefabricated as cavity walls and joined with an external 

member. 
VII- The sheets are folded at their ends on which they are joined.  

                                                 
1 As shown in Figure 3-16 and Figure 3-21, to construct a house with standard plybamboo sheets, three 

kind of connections need to be made: corner (C), parallel (P) and (T)-joints. 
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I II III IV

V VI VII  
Figure 3-1 Principles for corner joints with flat sheets or boards. 

 
Figure 3-1 only shows horizontal sections of wall-to-wall corner connections from 
which parallel and T-connections can be derived.  
The following pages show the eleven proposed designs which are summarized in 
Table 3-1 (page 26). They are dimensionless and characterized by different ways of 
joining the plybamboo sheets. The extra members are hatched and the fastenings 
correspond to either the use of certain connectors (such as nails, screws, bolts, rivets, 
spikes, staples and the like) or adhesives. The designs have been divided in four 
groups due to the relationship between them as explained below.  
The next two pages show the first group of designs (1-a to 1-e, Figures 3-2 to 3-6). 
They are characterized by vertical solid pieces of timber, bamboo (laminated) or metal 
on which the plybamboo sheets are fastened to. All of these design methods with the 
exception of corner three (C3) of design 1-d (Figure 3-5) and design 1-e (Figure 3-6) 
belong to principle II because they require the use of an internal member to make the 
connection. C3 of design 1-d belongs to principle III and 1-e is a combination of 
principles II and III. 1-a consists of rectangular pieces of timber or laminated bamboo 
on which the plybamboo sheets are fastened to (Figure 3-2). 1-b and 1-c utilize 
triangular and rounded pieces instead of rectangular ones respectively (Figure 3-3 and 
Figure 3-4). 1-d (Figure 3-5) is composed by L-type solid pieces of timber, laminated 
bamboo or metal fastened to the plybamboo sheets. In this case, it may not be 
necessarily one continuous vertical member but several small members placed along 
the height of the plybamboo sheets. Design 1-e (Figure 3-6) consists of a number of 
combinations of designs 1-a, 1-b, 1-c and 1-d with L-type solid pieces in the corners, 
two pieces in parallel connections and rectangular pieces in T-connections.  
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T1

T2
 

Figure 3-2 Design 1-a. 
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Figure 3-3 Design 1-b. 
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Figure 3-4 Design 1-c. 
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Figure 3-5 Design 1-d. 
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Figure 3-6 Design 1-e. 

 
The second group of designs (2-a to 2-d, Figures 3-7 to 3-10) consists of hollow 
vertical sections of timber, bamboo or metal on which the sheets are fastened to. All 
the designs belong to principle II except 2-d which can be seen as a combination of 
principles II and III. Design 2-a (Figure 3-7) consists of rectangular hollow sections 
of timber or metal on which the plybamboo sheets are fastened to. The sections can be 
triangular or rounded as well. Designs 2-b, 2-c and 2-d are distinguished by the use of 
bamboo culms as hollow sections on which the plybamboo sheets are fastened in 
different ways. In 2-b (Figure 3-8) the plybamboo sheets are fastened directly to the 
bamboo culms whereas in 2-c the bamboo culms are tied to the plybamboo sheets by a 
rope or steel wire (Figure 3-9). In the latter case, holes in the plybamboo sheets must 
be made. Design 2-d (Figure 3-10) is composed by bamboo culms with inserted 
wooden plates along the length of the culm on which the plybamboo sheets are 
fastened to2.  
 

                                                 
2 This system is based on John Cauty’s designs developed for the Costa Rican Bamboo Foundation 

(FUNBAMBU). They were presented at the 6th International Bamboo Congress held in San José, 
Costa Rica in November 1998.  
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C1

C2 P2

P1

T2

T1

 
Figure 3-7 Design 2-a. 

 

C2 P2

C1 P1

T2

T1

 
Figure 3-8 Design 2-b. 

 

C1 P1 T1  
Figure 3-9 Design 2-c. 

 
Design 3 (Figure 3-11) consists of special sections of timber or laminated bamboo 
with grooves on which the plybamboo sheets can fit in and belongs to principle IV. 
The joints are achieved by tied fittings or fastening the plybamboo sheets onto the 
sections.  
Design 4 (Figure 3-12) is characterized by the use of two plybamboo sheets to form a 
cavity wall and belongs to principle V and VI. The sheets are fastened to solid pieces 
of timber or laminated bamboo. For this design group, the thickness of the plybamboo 
sheets can be smaller. 
The connections belonging to principle I would consist of furniture joints such as 
miter, lap, tongue and groove, dowel and so on, which are not realistic for housing. 
Principle VII is also not realistic for housing due to the complex shape and weakness 
of the connection.  
Table 3-1 shows a summary of all the previous designs that have been considered in 
this research. The next step is to evaluate each design and select the better ones 
according to selection criteria developed in chapter 2.  
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Figure 3-10 Design 2-d. 
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Figure 3-11 Design 3. 
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Figure 3-12 Design 4. 

 

Table 3-1 Summary of proposed designs showing numbering, principle, figures and brief 
descriptions. 

Design Principle Figure Brief description 

1-a II 3-2 Plybamboo sheets are fastened to rectangular pieces of 
timber or laminated bamboo. 

1-b II 3-3 Plybamboo sheets are fastened to triangular pieces of 
timber or laminated bamboo. 

1-c II 3-4 Plybamboo sheets are fastened to rounded pieces of 
timber or laminated bamboo. 

1-d II and III 3-5 Plybamboo sheets are fastened to L-type pieces of 
timber, laminated bamboo or metal. 

1-e II and III 3-6 Combinations of designs 1-a, 1-b, 1-c and 1-d. 

2-a II 3-7 
Plybamboo sheets are fastened to rectangular, 
triangular or rounded hollow sections of timber or 
metal. 

2-b II 3-8 Plybamboo sheets are fastened to bamboo culms. 

2-c II 3-9 Plybamboo sheets are tied to bamboo culms using rope 
or steel wire. 

2-d II and III 3-10 Plybamboo sheets are fastened to wooden plates 
inserted along the length of bamboo culms.  

3 IV 3-11 Plybamboo sheets are fit into grooves of special 
sections of timber or laminated bamboo.  

4 V and VI 3-12 
Two plybamboo sheets are fastened to rectangular 
pieces of timber or laminated bamboo to form a cavity 
wall. 

 



PLYBAMBOO WALL-PANELS FOR HOUSING 

27 

3.2 Evaluation of first designs 
This section deals with the evaluation of the proposed designs presented in the 
previous section.  The evaluation is carried out using the criteria formulated in chapter 
2 (See Table 2-4). Table 3-2 shows the evaluation for all the eleven house design 
methods that have been put forward and is explained below. 
 
Table 3-2 Performance of proposed designs according to selection criteria developed in chapter 2. 
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1-a xxx xxx xxx xxx xxx xxx xxx xx xxx xxx 29x 
1-b xx xx xx xxx xx xxx xxx xx xxx xxx 25x 
1-c xx xx xx xxx xx xxx xxx xx xxx xxx 25x 
1-d xx xx xx xxx xx xxx xxx xx xxx xxx 25x 
1-e xxx xxx xxx xxx xx xx x xxx xxx xxx 26x 
2-a xxx xxx xxx xxx x xxx xxx xx xxx xxx 27x 
2-b xx xx xx xx x xxx xxx xx xxx xxx 23x 
2-c xxx xxx xxx xxx x xx xx xx xxx xxx 25x 
2-d xxx xxx xxx xxx xxx xxx xxx xx xxx xxx 29x 
3 xxx xxx xxx xxx xx xx x xxx xxx xxx 26x 
4 xxx xxx xxx xxx xxx xx xxx xx xxx xxx 28x 

Performance level: xxx – Good, xx – Regular, x – Bad.  
1-a, 2-d and 4 have the best performance. 
 
Table 3-2 evaluates the house design methods in a qualitative manner and therefore, is 
subjected to discussion. As mentioned before, the table is based on selection criteria 
previously developed. A performance level (good, regular or bad) has been given to 
each of the house design methods according to all the factors within the items HEI, 
DEMA, M and AW. Each performance is added for each HDM and a total 
performance is obtained (last column of Table 3-2). Air-Warmth (AW) is good in all 
house design methods because it depends on the ventilation system, which is currently 
considered the same for all the house design methods. Moisture (M) is regular in all 
cases except in 1-e and 3 where the vertical members close the gaps between the 
plybamboo sheets. Further on, applying sealant to close the gaps can solve this 
problem. Hurricanes-Earthquakes-Impact (HEI) has been evaluated as one item 
whereas Durability-Execution-Maintenance-Adaptability (DEMA) has been evaluated 
differently for each factor. At the end, the best performances are obtained by house 
design methods 1-a, 2-d and 4. They are analyzed and compared in detail in section 
3.3. The following paragraphs discuss each HDM evaluated in Table 3-2.  
 
DESIGN GROUP 1 
 

Ø 1-a (Figure 3-2): 
It has been qualified as good for hurricanes, earthquakes and impact (HEI) because 
the strength of this joint depends upon the size and spacing of the fasteners, the size of 
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the vertical members and the connection properties between the fasteners and the 
materials that they unite. Thus, the capability to withstand these actions can be 
regulated. The jointing process can be done manually or by machine. The walls could 
be raised in one day. Precision is needed when making these connections and 
therefore elements must possess accurate dimensions. Maintenance is easy and the 
plybamboo sheets can be replaced when they deteriorate without the necessity of 
changing the vertical members (except in T-connections unless the connection is 
bolted). The previous can improve durability. The method is completely adaptable to 
new structures. For instance, a corner connection could become a T- or even a parallel 
connection. For the prior reasons, durability, execution, maintenance and adaptability 
(DEMA) have been qualified as good.  
 

Ø 1-b (Figure 3-3): 
It has been qualified as regular regarding HEI because the triangular members are 
prone to split when fastened. In addition, the reduction in cross-section of the vertical 
members decreases the structural capacity of the structure. Bolted connections and 
other types of fastened connections with these members are difficult to achieve due to 
the geometry of the vertical members. The triangular pieces are produced in factory 
increasing the costs. On the other hand, two triangular pieces can be obtained from a 
rectangular or square member. Those are the reasons why execution has been 
established as regular. 
 

Ø 1-c (Figure 3-4): 
Same as 1-b with minor differences. For example, the cross-section of the vertical 
members is not reduced as for triangular ones. For the execution, extra work and 
equipment is needed to produce the rounded members increasing the costs and waste 
of material. 1-b and 1-c could be considered only for aesthetic reasons (delight).  
 

Ø 1-d (Figure 3-5): 
The spacing of the fasteners and elements can regulate the strength of the structure. 
However, loss in strength is expected due to the L-shape of the jointing vertical 
members (they are not as stiff as rectangular sections). Increasing the thickness of the 
vertical members can increase the strength. The vertical members are prefabricated. If 
metal plates are used, the cost will be considerably high. If timber or laminated 
bamboo is employed, the L-pieces are sawn in the factory but the costs remain high. 
The on-site execution is simple as well as the replacement of the plybamboo sheets. 
The method is adaptable to new structures.  
 

Ø 1-e (Figure 3-6): 
Regarding HEI, the method is the same as 1-a, 1-b, 1-c and 1-d with the exception 
that the reinforced joints are stronger due to the extra member. With respect to 
execution, more material is needed. The possibility of replacing the sheets becomes 
harder due to the fact that the external elements must be removed (except if bolted 
connections are used). The method is more expensive due to the extra material and 
labor and is adaptable to new structures in a less effective manner when compared to 
the other designs within group 1.  
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DESIGN GROUP 2  
 

Ø 2-a (Figure 3-7): 
Same approach as design group 1 but the vertical members are hollow sections instead 
of solid ones. If metal members are used, the costs are very high. On the other hand, 
the production of tubular timber or bamboo sections might be too complicated. For 
this reason, execution has been qualified as bad.  
 

Ø 2-b (Figure 3-8): 
The bamboo culms add to the stability, strength and stiffness of the structure. 
Nonetheless, the fastening is more complicated than the case where solid timber is 
utilized and the splitting tendency of bamboo may reduce the strength. Since the 
bamboo culms do not have the same dimensions (diameter) along its length, the 
connection of the plybamboo sheets is complicated. Therefore, it has been qualified as 
bad regarding execution. The sheets are easy to replace and to adapt to new structures.  
 

Ø 2-c (Figure 3-9): 
The strength of the structure depends on the size of the culms and the thickness and 
spacing of the ropes. Regarding DEMA, the method is less reliable than 2-b. The 
sheets must be predrilled and the durability of the structure is decreased since the rope 
might deteriorate and consequently weakening the connections.  
 

Ø 2-d (Figure 3-10): 
It has been qualified as good for HEI since the strength can be regulated by varying 
the size of the culm and wooden plates (which can be bamboo plates as well), the 
spacing of the plates and the type and size of fasteners. The bamboo culms with 
inserted plates are prefabricated. Special equipment is needed for this increasing the 
cost of the structure but is compensated by the gain of simplicity in the construction 
process. The plybamboo sheets are easily maintained and replaced when damage or 
deterioration occurs. Furthermore, the method is completely adaptable to new 
structures. It has to be mentioned that there is an open space between the plybamboo 
sheet and the bamboo culm due to the shape of the last one. This is an advantage for 
air ventilation but it must be protected against insects with a metal mesh and water 
penetration with large roof overhangs.  
 
DESIGN GROUP 3 (Figure 3-11): 
Regarding HEI, the method is quite strong because its capacity can be regulated by 
the size of the vertical elements and fasteners type, size and spacing. The vertical 
members are prefabricated and need special equipment increasing the production 
costs and waste of material. The execution on-site is simple. The replacing of the 
sheets is a difficult task because the plybamboo sheets are inserted on both sides so 
that one vertical member must be removed. Adaptability is also complicated but 
possible.  
 
DESIGN GROUP 4 (Figure 3-12): 
It might be the strongest structure due to the two-plybamboo sheets, which enhance 
the stability, strength and stiffness of the wall and its joints. The execution depends on 
whether the wall-panels are prefabricated or built on-site. C1, C2, P1 and T1 show 
prefabricated methods whilst C3, P2, P3, T2 and T3 show built on-site methods. Both 
are simple to carry out. The replacing of the sheets can be difficult to achieve in some 
instances. The method is adaptable to new structures.  
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3.3 Comparison between selected designs 

3.3.1 Description of HDM 1-a, 2-d and 4 
 

1. HDM 1-a 
 

The walls consist of prefabricated panels transported from the factory and mounted 
on-site. Figure 3-13 shows three different types of prefabricated walls regarding the 
building process and the structural design. Panel A consists of a plybamboo sheet 
between 12 and 18 mm thick joined to a wooden frame formed by two studs and two 
sills or horizontal members. In this case, the size of the frame coincides with the size 
of the sheet (2450×1225 mm). The studs and the horizontal members are connected at 
the corners by steel angles. In the case of panel B, the studs of the wooden frame are 
shorter. The idea is to cover the top and bottom plates with the plybamboo sheet so 
that they will not be exposed to the outside. Besides, structural capacity to resist 
lateral load is improved. On the other hand, more work on-site is needed. Panel C is 
the same as panel B but without the horizontal members. The joint between the studs 
and top or bottom plates must be made on-site as well as the joint between the sheet 
and the plates. The previous have an impact on the structural design of the top plate.  

b

L
1

2 3 2 3 2

1 1

4 4

A B C

1. Plybamboo sheet (2450×1225×12)
2. Stud (75×50)

3. Horizontal member (75×25)
4. Predrilled holes

 
Figure 3-13 Different types of prefabricated panels for HDM 1-a. 

 
Figure 3-14a shows a vertical section of a possible wall-to-foundation connection 
based on the footing system that has been used by the Costa Rican Bamboo 
Foundation [20]. It consists of a reinforced concrete strip3 foundation. Two concrete 
hollow blocks (i.e. 120×200×400 mm) are placed above the concrete strip. Steel bars 
coming from the foundation are passed through the hollow part of the blocks. This 
part is afterwards filled with mortar. These blocks provide a barrier against humidity 
and termites4. The bottom plate is fixed to the concrete blocks by means of steel bars 
coming from the foundation. Passing the steel bars through predrilled holes on the 
bottom plate over 10 cm and hammering them down to anchor the sole plate achieves 
this. Figure 3-14b shows how each of the different types of panel are connected to the 

                                                 
3 The foundation might be different depending on the soil conditions in which the method is being 

applied.  
4  One of the CSR is to avoid direct contact between the plybamboo wall-panels and the soil. 
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bottom plate. Note that for panel A, screws are needed to connect the panel to the 
bottom plate because these fasteners must prevent uplifting whereas for panel B or C 
nails are sufficient since the sheet is joined directly to the bottom plate. 
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(a) Vertical section (b) Detail for each type of panel.
 

Figure 3-14 Wall-to-foundation connection for HDM 1-a. 

 
The wall-to-roof connection depends on the type of roof structure that will be utilized. 
This structure can be easily joined to the top plate using fasteners or other kind of 
connectors (Figure 3-15). 
 

1. Plybamboo sheet
2. Stud (75×50)
3. Horizontal member (75×25)
4. Top plate (75×25)
5. Roof structure
6. Fastener

2

6
5

4

3

1

 
Figure 3-15 Wall-to-roof connection for HDM 1-a or 4. 

 
Figure 3-16 shows a floor plan of a possible one-story house constructed with HDM 
1-a or 4. It also shows a modular basis of 1225 mm (plybamboo sheet width) on 
center with an offset on both sides equivalent to the thickness of the plybamboo wall-
panels (thickness of the plybamboo sheet plus the depth of the stud). The locations in 
the plybamboo wall-panels with window or door openings are also presented in 
Figure 3-16. Different types of wall-to-wall connections for this plan (C1, C2, P, T1, 
T2 and T3) are indicated in the figure and their details are shown in Figure 3-17. C1 
(Figure 3-17a) is commonly used and requires an extra stud placed on-site. C2 (Figure 
3-17b) may also be employed in cases where the house has five external corners or for 
some internal walls. There are three possible T-connections as shown in Figure 3-17. 
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T1 (Figure 3-17d) is utilized when a parallel connection meets a perpendicular 
plybamboo wall-panel. T2 (Figure 3-17e) is used when two parallel plybamboo wall-
panels on opposite sides from the centerline of the modular basis meet a perpendicular 
plybamboo wall-panel. Finally, T3 (Figure 3-17f) is employed when a perpendicular 
plybamboo wall panel meets another plybamboo wall-panel at certain point. 
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Figure 3-16 Floor plan for HDM 1-a or 4 showing modular basis of 1225 mm, window and door 

openings (W and D respectively) and main wall-to-wall connections. 
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Figure 3-17 Wall-to-wall connections for HDM 1-a. 

 
2. HDM 2-d 
 

This HDM consists of prefabricated bamboo columns with six inserted wooden plates 
along the length of the bamboo culm (Figure 3-18). The process carried out in factory 
to produce these columns consists of preparing and treating the bamboo culms of 
specific diameter (i.e. 100 mm), thickness (i.e. 20 mm) and length (i.e. 2850 mm) as 
well as the wooden plates. Afterwards, holes are drilled (by hand or machine) and 
finally, the wooden plates are inserted into the holes. The connection is achieved 
because the wooden plates are tightened by friction into the hole. 
A possible wall-to-foundation connection for HDM 2-d is shown in Figure 3-19 [27]. 
Each bamboo column has a single concrete footing. This footing is a prefabricated 
concrete cylinder (10 in Figure 3-19) with a vertical steel bar (11 in Figure 3-19) and 
holes at ground level in order to insert horizontal bars (8 in Figure 3-19) that brace the 
columns. The concrete cylinder is buried in the soil over a 10 cm concrete footer cast 
on-site. The cylinders are connected by a mortar strip (7 in Figure 3-19) and the 
horizontal steel bar. A row of concrete hollow blocks is placed over the mortar strip. 
Steel anchors coming from the mortar strip join the bottom plate. The bamboo culms 
are then placed over the concrete cylinders. The culm is inserted into the reduced area 
of the cylinder, which is smaller than the hollow part of the culm, and the gap is filled 
by casting mortar through a hole previously drilled on the culm. The plybamboo 
sheets are then fastened to the bottom plate and the wooden plates.  
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Figure 3-18 Prefabricated bamboo culm for HDM 2-d. 
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Figure 3-19 Wall-to-foundation connection for HDM 2-d. 

 
Figure 3-20 shows a possible wall-to-roof connection for HDM 2-d. The top plate is 
fastened to a piece of wood inserted at the end of the bamboo culm. This wood insert 
is prefabricated with the bamboo column. After that, the plybamboo sheet is nailed to 
the top plate and fastened to the wooden plates. The roof structure is then fastened to 
the top plate.  
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Figure 3-20 Wall-to-roof connection for HDM 2-d. 

 
Figure 3-21 shows a floor plan of a possible one-story house constructed with HDM 
2-d. This plan is similar to the one shown in Figure 3-16 for HDM 1-a and 4. It shows 
a modular basis of 1350 mm on center from each bamboo column. The locations in 
the plybamboo sheets with window or door openings are also presented in Figure 
3-21. Different types of wall-to-wall connections for this plan (C, P and T) are 
indicated in the figure and their details are shown in Figure 3-22. The wall-to-wall 
connections consist of fastening two or three plybamboo sheets to the wooden plates 
inserted in the prefabricated columns.   
 
 

3. HDM 4 
 

The walls consist of prefabricated panels transported from the factory and mounted 
on-site (Figure 3-23). A top and bottom member (3 and 4 in Figure 3-23) and three 
studs (2 in Figure 3-23) compose the wooden frame. Two plybamboo sheets of 6 to 8 
mm thick are fixed on both sides of the frame. The bottom member has a channel 
section that fits into the bottom plate (like 4 in Figure 3-24). The end studs can be a 
rectangular timber section, a channel section (like 4 in Figure 3-24) or a special piece 
with a glued wooden strip (like 3 and 5 in Figure 3-24) depending on the type of wall-
to-wall connection (Figure 3-25). 
A possible wall-to-foundation connection for the previously described prefabricated 
wall-panels is shown in Figure 3-24. The principle is the same as for HDM 1-a 
(Figure 3-14) but the detail is different. The sole plate is an element made in factory 
that consists of a timber beam with a channel section (5 in Figure 3-24) on which a 
wooden strip is glued (3 in Figure 3-24). The bottom plate is fixed to the foundation 
via steel anchors as for HDM 1-a. The prefabricated panel (1, 2 and 4 in Figure 3-24) 
is placed over the bottom plate. This is possible because the bottom member (4 in 
Figure 3-24) has a channel section that fits into the wooden strip. Finally, the panel is 
screwed to the bottom plate via the wooden strip.  
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Figure 3-21 Floor plan for HDM 2-d showing modular basis of 1350 mm, window and door 

openings (W and D respectively) and main wall-to-wall connections.   
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Figure 3-22 Wall-to-wall connections for HDM 2-d. 
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Figure 3-23 Prefabricated panel for HDM 4. 
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Figure 3-24 Wall-to-foundation connection for HDM 4. 

 
The wall-to-roof connection is the same as for HDM 1-a (Figure 3-15).  
The same floor plan as the one shown in Figure 3-16 can be adapted to HDM 4. The 
modular basis remains the same as well as the type of wall-to-wall connections 
(Figure 3-25). C1 (Figure 3-25a) is commonly used and requires an extra stud placed 
on-site. The connection is achieved by fastening the on-site studs to the other ones 
with lag screws. The on-site studs are predrilled so that the on-site connection is 
simple. C2 (Figure 3-25b) may also be employed in cases where the house has five 
external corners or for some internal walls. For this case, is more likely that the holes 
for the lag screws are drilled on-site. P1 (Figure 3-25c) is accomplished by using the 
same system of the wall-to-foundation connection. That is, one of the studs has a 
channel section that fits into a wooden strip glued to the other stud. There are three 
possible T-connections as shown in Figure 3-25. T1 (Figure 3-25d) is utilized when a 
parallel connection meets a perpendicular wall-panel. T2 (Figure 3-25e) is used when 
two parallel wall-panels on opposite sides from the centerline of the modular basis 
meet a perpendicular wall-panel. Finally, T3 (Figure 3-25f) is employed when two 
perpendicular wall-panels meet. These connections are achieved in the same way as 
C2.  

3.3.2 Analysis of HEI 
In this section, the structural performance of HDM 1-a, 2-d and 4 when submitted to 
hurricanes, earthquakes and impact loads is compared. The evaluation is based on a 
qualitative approach since numerical calculations depend on plenty of factors that 
have not yet been considered5. At the end it is concluded that the best HDM with 
respect to HEI is 4 followed by 1-a and 2-d. In order to reach the prior conclusion, 
five structural features have been analyzed for each of the HDM: 
 
  

                                                 
5 Some of the factors are: timber structural quality, dimensions of some of the structural elements such 

as studs, plates, bamboo and so forth, type of fasteners including size, material and spacing. 
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Figure 3-25 Wall-to-wall connections for HDM 4. 

 
LATERAL CAPACITY (SHEAR-WALLS) 
HDM 4 is very strong because it has double sheathing and three studs. HDM 1-a has 
single sheathing and two studs so that the lateral capacity is lower than in HDM 4. 
The lateral capacity of HDM 2-d may be restricted by stress concentrations in the 
connections between wooden plate-to-plybamboo sheet and bamboo culm-to-wooden 
plate. 
 
OUT-OF-PLANE BENDING 
In HDM 4 there may be a composite action between the studs and the plybamboo 
sheets that act as an I-beam bending in its longitudinal direction. In the case of HDM 
1-a the strength is mostly achieved by the bending capacity of the studs with little 
composite action between them and the plybamboo sheet. The out-of-plane bending 
capacity of HDM 2-d is given by the bending capacity of the bamboo culms. 
Nonetheless, since the plybamboo sheets are not continuously supported (only by six 
wooden plates), large deformations in the sheet might occur. 
 
CORNER CONNECTION 
The resultant loads in corner connections are transmitted mostly by the top and 
bottom plates to the shear-wall and foundation respectively. Nonetheless, part of this 
resultant load is transmitted by the connections between the studs. For the second 
case, HDM 4 transmits the load through the lag screws by single shear (Figure 3-25a) 
whose capacity depends on the size and spacing of the fastener and the density of the 
timber. HDM 1-a transmits the load through the on-site nail and the screws (5 and 3 in 
Figure 3-17a respectively). A torsion moment is produced in the connection due to its 
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shape (asymmetrical geometry), which causes eccentricities. This connection is 
therefore, less stable than that one of HDM 4. In the case of HDM 2-d, the torsion is 
transmitted from the wooden plates to the bamboo culm (3 and 1 in Figure 3-22a 
respectively). The capacity might be low due to the torsion strength of the bamboo 
culm.  
 
PARALLEL CONNECTION 
The transmission of forces in parallel connections is important to keep two wall-
panels together in a direction perpendicular to them. In HDM 4, the wooden strip (5 in 
Figure 3-25c) is in charge of the previous task while in HDM 1-a, the nail (5 in Figure 
3-17c) that joins the two studs keep the two wall-panels together. The prefabricated 
column act as intermediary between the two parallel plybamboo sheets in HDM 2-d.  
 
T- CONNECTION 
The transmission of forces in T-connections is the same as for corner connections. 
Three types of T-connections are present in HDM 1-a and 4 (Figure 3-17 and Figure 
3-25). In T1, the load is transmitted from the parallel connection to the wall-panel 
perpendicular to it (shear-wall). Half the load is transmitted through the nail in HDM 
1-a and through the wooden plate in HDM 4 (5 in Figure 3-17d and Figure 3-25d) 
whereas the other half is directly transmitted to the shear-wall. In T2 and T3, the load 
is transmitted directly to the shear-wall although in T2 half the load is transmitted 
through the on-site nail in HDM 1-a (5 in Figure 3-17e) and the lag screw in HDM 4 
(3 in Figure 3-25e). In HDM 2-d, the same drawbacks pointed out in LATERAL 
CAPACITY might occur in T-connections (Figure 3-22c).  
 

3.3.3 Analysis of DEMA 
 
DURABILITY 
In HDM 1-a and 4, only the plybamboo sheets are exposed to the environment 
whereas in HDM 2-d, the bamboo culms are exposed to the outside as well. The major 
disadvantage of HDM 4 against durability is the cavity wall where termites can 
penetrate and start eating the structure from the inside without anybody noticing it. 
From the reasons cited above, the three house design methods can be selected 
according to durability in the following order: 1-a, 2-d and 4. All the plybamboo and 
wooden elements must be preserved and treated against insects and water. As shown 
in the wall-to-foundation connections, all plybamboo and wooden elements are not in 
direct contact with the soil. Roof overhangs of at least 800 mm must be provided in 
order to avoid contact of the rainwater and walls as much as possible.  
 
EXECUTION 
Three different factors regarding execution should be carefully compared. These 
factors are prefabrication, building site and transportation. Regarding prefabrication, 
HDM 4 is the most difficult to produce because it requires special equipment and glue 
to produce the special pieces. Besides, three different types of panels are needed in 
order to be able to make all the possible wall-to-wall connections. HDM 1-a is rather 
simple to fabricate and HDM 2-d requires the production of the bamboo culms with 
the inserted wooden plates and the concrete cylinders for the foundation. Comparing 
building sites, all the design methods are simple, especially HDM 2-d, which has a 
prefabricated foundation system. However, the plybamboo sheets must also be joined 
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on-site. The transportation is simple for all methods. The foundation in HDM 2-d 
needs the transportation of the prefabricated concrete cylinders. For the walls in HDM 
2-d, the plybamboo sheets are transported separately from the prefabricated columns. 
After these statements, it is concluded that the best HDM regarding execution is 
between HDM 1-a and HDM 2-d. HDM 4 is eliminated because of the first statement. 
Finally, HDM 1-a is preferably chosen because of the following disadvantages of 
HDM 2-d: irregularity in bamboo culms, gaps between plybamboo sheets and culms 
might be rather large and limited to make T-connections just in parallel connections.  
 
MAINTENANCE 
For HDM 1-a it would be easy to replace the plybamboo sheets without removing 
studs or horizontal members, which are not exposed to the outside. If a stud or 
horizontal member were decayed it would be more difficult to change it. Cleaning of 
all parts of the house would be simple and the presence of termites or insects would 
be easily noticed and hence, treatment can be applied before the termites can cause 
permanent damage to the members. For HDM 4, the replacement of the sheets or the 
wooden members is not possible. The key problem here is to maintain the exposed 
sheets. Regarding HDM 2-d, it may be the easiest to maintain because the plybamboo 
sheets and the prefabricated columns are easily replaced. All the parts that can be 
damaged are visible and consequently they can be treated before permanent damage is 
caused. From the preceding discussion, the house design methods are selected 
according to maintenance in the following order: 2-d, 1-a and 4. 
 
ADAPTABILITY 
HDM 1-a is very adaptable to new structures. A corner connection can be turned into 
a T-connection and even a four-wall connection. Regarding HDM 2-d, one can say 
that it is the easiest HDM considering adaptability. A corner connection can become a 
T- or a four-wall connection. Finally, HDM 4 would be also adaptable to new 
structures. However, more effort is needed because for every adaptation, a vertical 
piece besides the prefabricated panel is required. Moreover, the modular basis would 
be affected by the extra piece. After making this adaptability analysis, the HDM are 
selected in order of adaptability as follows: 2-d, 1-a and 4. 
 

3.3.4 Evaluation and final selection of HDM 
All the house design methods have been selected according to each of the considered 
factors in the criteria selection. In order to make a numerical selection, a certain 
percentage of importance has been given to each of the items. This is shown in the 
column of Table 3-3 named ‘Weight’: 50% has been given to DEMA and 50% to 
HEI. Moreover, each of the factors or sub items of DEMA has a weight as well. The 
columns 1, 2 and 3 are the places in which each design has been selected according to 
the factors. In this case 1 is the best. The last three columns represent the points that 
each of the house design methods has gained for each of the factors. For instance, 
since HDM 1-a was number 1 in Durability (D) it gets 30 points (3×10). Therefore, 
place6 multiplied by weight gives the number of points for each factor. Finally, the 
total row shows the final point score of each of the house design methods. With 300 
being the maximum, 1-a has obtained 235, 4 - 200 and 2-d - 165, which means that 
the best HDM for the purpose of this research, is HDM 1-a.  

                                                 
6 Score for the place: 1st place = 3 points, 2nd place = 2 points and 3rd place = 1 point. 
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Table 3-3 Comparison between house design methods. 

Factor / Place 1 2 3 Weight 1-a 2-d 4 
D 1-a 2-d 4 10.0%  30 20 10 
E 1-a 2-d 4 25.0%  75 50 25 
M 2-d 1-a 4   7.5%  15   22.5     7.5 
A 2-d 1-a 4   7.5%  15   22.5    7.5 
Total DEMA    50.0% 135 115   50 
HEI 4 1-a 2-d 50.0% 100   50 150 
Total     100.0% 235 165 200 
 
 

3.4 Concluding remarks 
A HDM (1-a) consisting of prefabricated plybamboo wall-panels joined on-site (see 
section 3.3.1) has been selected. This HDM is further studied in order to complete the 
objective of the research (chapters 5, 6 and 7).  
From the three-elected house design methods, 1-a is the best one with regard to 
durability and execution and the second according to maintenance, adaptability and 
HEI. 
HDM 4 is eliminated because it is the last one in all the factors of DEMA although is 
the best according to HEI. Perhaps, HDM 4 is more likely to be applied for middle 
class in developing countries and even in developed ones. 
HDM 2-d is eliminated as well because of its disadvantages regarding structural 
adequacy. On the other hand, it could be a promising method according to DEMA. It 
is recommended for especial cases such as cabins and the like.  
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4 Materials: properties and manufacture 
This chapter deals with several properties and manufacture of the materials used to 
build the test specimens that were studied during this research to complete the second 
part of the objective (…that fulfills certain specified requirements…, see section 1.3).  
The HDM established in the previous chapter could be investigated using different 
materials for both frame and sheet. This research continues with the study of HDM 1-
a using plybamboo and solid timber for sheathing and framing respectively.  
Table 4-1 summarizes the material samples utilized during this research. Four 
different materials can be distinguished in Table 4-1: bamboo mat board (BMB), 
bamboo strip board (BSB), plywood and sawn timber (ST). Other materials such as 
connectors are described in the following chapters.   
The column class in Table 4-1 refers to certain characteristics of each material. For 
example, sample P1-a is different from P2 and P3 because the first one uses phenol 
formaldehyde (PF) as adhesive material whilst P2 and P3 use phenol lignin 
formaldehyde (PLF). The class of sawn timber (ST) is taken from NEN 6760 [39], 
table K.1, page 95. The number of material pieces per sample is given in the column 
quantity, followed by the real dimensions of each piece. The companies from which 
every material sample was acquired is given in the column company. The last two 
columns (tests and chapter) indicate the type of tests carried out on each of the 
samples and the corresponding chapter of the thesis in which they are presented 
respectively.  
 

Table 4-1 Material samples used during the research. 

Sample 
Code Material(1) Class (2) Quantity Real dimensions 

[mm] Company (3) Tests Chapter 

P1-a BMB PF 20 1200×1200×12 ADVN 
Ec, Em,  fh 

and 
connections 

4,5 

P1-b BSB PF 20 1200×1200×18 HQBP fh and 
connections 4,5 

P2 BMB PLF 20 2445×1225×12 ADVN Elements 6 

P3 BMB PLF 40 2440×1220×12 ADVN Structure 7 

P4 Plywood BB/B 10 2500×1220×12 PME Structure 7 

T1 ST B-K24 4 
2 

75×75×6000 
50×75×6000 PME Connections 5 

T2 ST C-K17 25 
6 

69×43×6000 
43×18×6000 PME Elements 6 

T3 ST B-K24 50 69×44×2500 PME Structure 7 

T4 ST C-K17 30 43×43×2500 PME Structure 7 

T5 ST B-K24 2 70×70×2500 PME Structure 7 

T6 ST B-K24 2 94×44×4500 PME Structure 7 

1. BMB: Bamboo mat board, BSB: Bamboo strip board, ST: Sawn timber.  
2. PF: phenol formaldehyde, PLF: phenol lignin formaldehyde, B: structural timber, C: 

construction timber, K-17 and K-24: structural classes according to NEN 6760 [39]. BB/B: 
grading system  for plywood concerning the face and back characteristics. 

3. ADVN: Adush Bamboo Vikas Nigam Co. LTD, HQBP: Hangzhou Qingfeng Bamboo 
Products Co. LTD.  PME: PontMeyer Eindhoven B.V.  
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Table 4-2 gives several material properties considered as the most relevant ones with 
regard to this research.  The properties given in this table are average values and in 
most cases their statistical background is unknown. The bold numbers in the table 
were determined by the author whereas the other ones were obtained from literature 
as shown in the table footnote. For the sawn timber (T1 to T6) samples, the average 
values were derived dividing the characteristic values by 0.852 (1) except the bending 
strength fm which was divided by 0.625 (2). Moreover, the embedding strength values 
for sawn timber (T1 to T6) were determined from the empirical equation 6.3.1.2a in 
Eurocode 5 [11] using a diameter of 5 mm and the density values that are shown in 
Table 4-2. The embedding strength values for the samples P2, P3 and P4 were 
obtained from equation 6.5.1.3 in Eurocode 5 [11] with a diameter of 5 mm and the 
density values given in Table 4-2.  
 

Table 4-2 Properties of materials utilized during the experimental tests. 

 Sample Code (Table 4-1) 

Property [units] Notation P1-a (1) P1-b (2) P2, P3 
(3) P4  T1, T3, 

T5,T6 (4) 
T2, T4 

(4) 

Density [kg/m3] ρ 790 720 868 467 446 458 
Moisture content [%] %w 12 8-10 4.3 7.2 12 12 
Bending strength 
[N/mm2] fm 60 94 51 na 38 27 

Tension strength 
(parallel to fibers) 
[N/mm2] 

ft,0 30 105 26 na 16 11 

Compression strength 
(parallel to fibers) 
[N/mm2] 

fc,0 20 52 34 na 25 20 

Compression strength 
(perpendicular to 
fibers)  [N/mm2] 

fc,90 na 18 na na 6.7 6.1 

Shear strength 
[N/mm2] fv na 9 na na 2.8 2.1 

Embedding strength 
[N/mm2] fh 92 86 91 48.8 22.5 23.2 

Bending modulus of 
elasticity [N/mm2] Em 5700 6500 na na 11000 10000 

Compression modulus 
of elasticity [N/mm2] Ec 3100 na na na na na 

na: not available. 
1. Data obtained from Zoolagud, S.S. [49], table 5, page 26.  
2. Data obtained from Mr. Samuel Yao [47].  
3. Data obtained from Ganapathy, P.M. et al [21], table 5, page 18.  
4. Data obtained from NEN 6760 [39], table K.1, page 95.  

All the bold numbers were obtained by the author.  
The numbers in italic format were derived from empirical equations.  
 

                                                 
1 This corresponds to a coefficient of variation of 10% [12]. 
2 This corresponds to a coefficient of variation of 20% [12].  
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The next part of this chapter gives a brief description of the manufacture of bamboo 
mat boards (section 4.1) and bamboo strip boards (section 4.2). Afterwards, the 
experimental tests that were performed in order to obtain the compression and 
bending modulus of elasticity of bamboo mat boards are fully described in section 4.3 
and complemented by sections B.1.1 and B.1.2 of appendix B. Section 4.4 deals with 
the experimental determination of the embedding strength of bamboo mat board and 
bamboo strip board and is complemented by section B.1.3 of appendix B. Finally, 
section 4.5 finishes the chapter with some concluding remarks about the properties of 
the materials used in this research.  
 

4.1 Bamboo mat board (BMB) 
Bamboo mat board (BMB) is a bamboo-based material made out of layered bamboo 
mats that are glued together to form a panel board. The manufacture of BMB can be 
summarized as follows: 
 

1. Making bamboo mats. 
The bamboo culms are cut into lengths varying from 500 to 2500 mm. 
Afterwards, they are split into splints3 using a machete, hand splitting knives 
or splitting machine (Figure 4-1). The splints are dried and their inner and 
outer nodes as well as their epidermal layer removed by a sharp knife or 
machine. After that, the splints are cut into slivers4 using a sharp knife or 
slivering machine. The slivers are dried and manually woven into mats of 
different sizes5 and patterns (Figure 4-2) [49, 21].  

2. Type of resin. 
Usually, phenol formaldehyde (PF) is used. Phenol lignin formaldehyde (PLF) 
has been also used in the production of BMB [49, 21].  

3. Applying resin. 
After the mats have been dried for 3 to 4 weeks, they are dipped into the resin 
during five minutes (Figure 4-3a) and then they are removed and kept in an 
inclined position for thirty more minutes. The mats are kept one above the 
other for two hours for stabilization and dried at a temperature of 95 ± 5 ºC 
(Figure 4-3b) [49, 21].  

4. Gluing mats together and trimming. 
The resin coated dried mats are then glued together in a hot pressing machine 
at an approximate pressure and  temperature of 1.6 to 1.8 N/mm2 and 140 ºC 
respectively during 6 minutes for three mats and one minute extra for an 
additional mat. Finally, the boards are cut to size by a double dimensioning 
saw [49, 21].  
 

Figure 4-5 shows a sample of bamboo mat boards at the left. They correspond to the 
sample P1-a (Table 4-1). These boards are composed by seven mat layers woven in a 
45º angle as shown in the left pattern of Figure 4-2. Several properties of bamboo mat 
boards are given in Table 4-2.   
 

                                                 
3 Splints: bamboo strips from 15 to 20 mm wide and thickness equal to that one of the culm.  
4 Slivers: bamboo strips from 5 to 15 mm wide and thickness ranging from 0.6 to 1 mm.  
5 Typical sizes are 2500×1250 mm, 1800×1250 mm and 1800×1500 mm.   
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Figure 4-1 Different ways of splitting bamboo: using a machete, by hand or machine. After 

Zoolagud [49]. 

 

   
Figure 4-2 Different patterns of woven bamboo mats. After Jayanetti [35]. 

 

  
  

Figure 4-3 (a) Dipping bamboo mats into resin. (b) Drying coated mats. After Zoolagud [49]. 

 

4.2 Bamboo strip board (BSB) 
Bamboo strip board (BSB) is a bamboo-based material made out of bamboo strips 
glued together to form a panel board. The manufacture of BSB can be summarized as 
follows:  
 

1. Making bamboo strips. 
The bamboo culms are cut into desired lengths and the outer nodes and the 
epidermal layer are removed by a sharp knife or machine (Figure 4-4a). The 
strips are then soaked in hot water for several hours (Figure 4-4b) and 
afterwards softened by steam in an electrical heating box at approximately 150 
ºC. After that, the strips are flattened and their inner nodes removed. 
Subsequently, the strips are dried to 8% moisture content (Figure 4-4c) and 
their edges and surfaces are planed [21, 40]. 

2. Type of resin. 
Usually, phenol formaldehyde (PF) is used [21, 40]. 

3. Applying resin. 
The dried strips are assembled and coated with resin at a rate of 350-400 g/m2 
[21, 40].  
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4. Gluing strip boards together and trimming. 
The strips are hot-pressed at a pressure and temperature of 3 N/mm2 and 140-
150 ºC respectively during 1 minute per millimeter thickness (Figure 4-4d). 
Finally, the boards are cut to size [21, 40].  

 
Figure 4-5 shows a sample of bamboo strip boards at the right. They correspond to the 
sample P1-b (Table 4-1). These boards are composed by three plies as shown in 
Figure 4-4e. Several properties of bamboo strip boards are given in Table 4-2.   
 

         
 

(a)                                                     (b) 
 

       
           
           (c)             (d)     (e) 

Figure 4-4 (a) Splitting and removing nodes. (b) Soaking (c) Drying (d) Hot-pressing (e) Finished 
product. Figure (a) after http://www.bambootrade.net and pictures (b), (c), (d) and (e) 
after http://www.china-quingfen.com.  

 

 
Figure 4-5 Samples of bamboo mat board (BMB) and bamboo strip board (BSB). 

 

BMB  

BSB  



PLYBAMBOO WALL-PANELS FOR HOUSING 

49 

4.3 Bending and compression modulus of elasticity  
This section presents two experimental test series carried out in order to obtain the 
modulus of elasticity of plybamboo (BMB) in compression (Ec) and in bending (Em). 
The tests were carried out with sample P1-a (Table 4-1).  

4.3.1 Compression modulus of elasticity 
In order to determine the compression modulus of elasticity of plybamboo, 10 
specimens were tested in compression according to the European Standard EN 789 
[15].  
 
TEST SPECIMEN 
The test specimen consists of four 200×50×12 mm plybamboo pieces glued together. 
The used glue is stronger than the internal glue that joins the mat layers. The loading 
edges are cut straight. 
 
TEST SETUP  
The test specimen is placed in a compression machine as shown in Figure 4-6 . In 
order to measure the deformations, two linear variable differential transformers 
(LVDT’s) (8) are used. They are held at the upper part by an aluminum hollow tube 
(9), which is attached to the specimen. The LVDT’s touch a bracket (7) fixed to the 
specimen at the bottom. The distance (gage length) between the brackets and the 
hollow tube is 100 mm. The test specimen (3) rests on a steel plate (2), which in turn 
is kept in place by a strong support (1) from the compression machine. A thin steel 
plate (4) is placed at the upper edge of the specimen and is loaded by the head of the 
compression machine which is able to rotate (5). The speed rate used for the tests was 
0.2 mm/minute. 

 
Figure 4-6 Test setup to obtain the compression modulus of elasticity. 
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9 1. Strong support. 

2. Steel plate. 
3. Test specimen. 
4. Steel plate. 
5. Loading head free to rotate. 
6. Compression head. 
7. Aluminum bracket attached to specimen. 
8. LVDT attached to 9. 
9. Aluminum hollow tube attached to specimen. 
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EXPERIMENTAL RESULTS  
Ten experimental tests were carried out. The results and Load-Deformation curves 
obtained from each of the tests are presented in Appendix B, section B-1. The 
modulus of elasticity Ec was calculated with the following equation: 

A
lk

E c
c

1=                     (4-1) 

Where,  
kc is the slope of the Load-Deformation curve from 0.1Fmax to 0.4Fmax in N/mm and 
Fmax is the maximum load reached in the test, 
l1 is the gage length (100 mm) and, 
A is the cross-sectional area of the specimen (48×50 = 2400 mm2). 
The Load-Deformation curves where obtained by taking the average of the two 
LVDT’s measurements.  
The compression strength fc was obtained as follows: 

A
F

f c
max=                     (4-2) 

It can be seen in appendix B that all the 10 tests gave similar results regarding both 
modulus of elasticity and compression strength. It can be concluded then that the 
mean compression modulus of elasticity and compression strength of bamboo mat 
board are around 3120 N/mm2 and 19.8 N/mm2 respectively. In the bamboo mat 
board manual [49], a compression strength of 35 N/mm2 is reported which differs 
considerably with the value obtained by the author during this research. On the other 
hand, the modulus of elasticity reported in the manual (3114 N/mm2) is the same as 
the one obtained by the author.  
The observed failure modes in the experimental tests were two (see Figure B-2 in 
appendix B): 

1. Overall buckling, which consisted of splitting of the internal mats of the sheets 
due to tensional stresses and, 

2. Local buckling, which is the same as the prior one but in a localized mat layer. 

4.3.2 Bending modulus of elasticity 
In order to determine the bending modulus of elasticity of plybamboo, 10 specimens 
were tested in bending according to the European Standard EN 789 [15].  
 
TEST SPECIMEN 
The test specimen consists of a 600×300×12 mm plybamboo piece.  
 
TEST SETUP  
The test specimen (6) is mounted on two supports at the extremes and loaded as 
shown in Figure 4-7. These supports (5) consist of a steel roller going along the width 
of the specimen (a rubber strip is placed between the rollers and the specimen) and are 
attached to steel plates at both ends. The steel plates are fixed to horizontal steel plates 
(4) that are in turn bolted (3) to H-steel sections (2) resting on a strong support (1). 
The loading rollers (7) rest on a rubber strip along the width of the specimen and are 
pushed by an apparatus consisting of two adjustable steel blocks (8) that can be 
changed of position along a steel device (9). This is the so-called four point bending 
test. The measurement of deformation is carried out using a steel frame (11) glued to 
the test piece as shown in Figure 4-7. A digital dial gage (12) is fixed to the frame and 
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measures the displacement at the center of the test piece relative to the two points in 
which the steel frame is glued. The speed rate for this test was 4 mm/minute. 
 

22

1

3 3

4 4
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9 10
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12

1. Strong support.
2. H-steel sections.
3. Bolts joining 2 and 4.
4. Steel plate.
5. Steel plate with steel roller joined to 4.
6. Test specimen.

7. Loading steel rollers resting on rubber strips.
8. Adjustable loading device.
9. Loading apparatus. 
10. Compression machine head.
11. Steel frame attached to 6.
12. Digital dial gage attached to 11. 

214

163257163

 
Figure 4-7 Test setup to obtain the bending modulus of elasticity. 

 
EXPERIMENTAL RESULTS  
10 experimental tests were carried out. The results and Load-Deformation curves 
obtained from each of the tests are presented in Appendix B, section B.1.2. The 
modulus of elasticity Em was calculated with the following equation: 

I
llk

E m
m 16

2
2

1=                     (4-3) 

Where,  
km is the slope of the Load-Deformation curve from 0.1Fexp to 0.4Fexp in N/mm and 
Fexp is the maximum expected load (3500 N), 
l1 is the gage length (214 mm), 
l2 is distance between one loading point and its respective support (163 mm) and, 
I is the moment of inertia of the test piece (123×300 / 12 = 43200 mm4).  
 
It can be seen in appendix B (Table B-2) that there are three tests which gave much 
lower values than the mean value (3, 4 and 9) causing a variation of 20% in the 
sample. This is quite normal for wooden materials in this kind of test. Therefore, the 
mean value of bending modulus of elasticity of plybamboo is around 5700 N/mm2 
although a variation of 20% could be expected. 
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4.4 Embedding strength 
This section deals with the determination of the embedding strength (fh) of bamboo 
mat board (BMB) and bamboo strip board (BSB). The results presented here are 
important for the calculation of the capacity of lateral-loaded connections between 
plybamboo and timber. The test specimen, test setup, experimental results and 
analysis for the determination of the embedding strength compose this section.  

4.4.1 Test specimen 
The test specimens were obtained from BMB (P1-a, Table 4-1) and BSB (P1-b, Table 
4-1). 30 specimens of BMB of 12×50×120 mm were tested as well as 30 specimens of 
BSB of 18×50×120 mm. Smooth round nails with a diameter of 5 mm were used for 
each of the 60 tests. The size of the specimens is based on EN 383 [10]. 

4.4.2 Test setup 
The test setup is shown in Figure 4-8 and is based on EN 383 [10]. The test apparatus 
consists of several steel pieces joined together in order to allow the positioning of the 
specimen and the LVDT’s. For more details see González, 2000 [23]. The test 
procedure is as follows: 

1. The specimen is cut into size. 
2. A hole is drilled in the center of the specimen. 
3. The nail is placed perpendicularly into the specimen. 
4. The LVDT cores are attached to the specimen at 5 mm from the bottom edges. 
5. The LVDT bodies (9b in Figure 4-8) are placed on the test apparatus. 
6. The specimen is put on the test apparatus. 
7. The steel plates 4a (Figure 4-8) are screwed to the plates 4b and the loading 

block is inserted above the specimen. 
8. The specimen and apparatus are placed on the compression machine in order 

to begin the test.  
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Figure 4-8 Test setup used for the determination of the embedding strength of plybamboo. 

 
The load and displacements were measured every five seconds at a speed rate of 1 
mm/min. The tests were stopped at a displacement of about 8-10 mm. The maximum 
load Fmax is defined as the load at 5 mm displacement (See Figure 4-9).  

 
Figure 4-9 Typical Load-Displacement curve for the embedding strength tests. 

The embedding strength fh is determined with the following formula: 

dt
F

f h
max= [N/mm2]                                (4-4) 

Where, 
d is the diameter of the nail (5 mm) in mm and t is the thickness of the plybamboo (12 
or 18 mm) in mm. 
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9a. LVDT core. 
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10. Steel plate holding 9b. 
11. Steel plate as platform. 
12. Connection cable for 9b. 
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Eurocode 5 [11] provides the following empirical equation6 to calculate the 
characteristic embedding strength (fh,k) of plywood for bolted connections (equivalent 
to nailed connections with predrilled holes): 

kkh df ρ)01.01(11.0, −=  [N/mm2]                  (4-5) 

Where ρk is the characteristic density of the plywood in kg/m3.  
 

4.4.3 Discussion of results 
The test series were organized as shown in Table 4-3. Sixty tests were carried out in 
total and three variables were combined (material, direction and predrilled hole). For 
each possible combination, five tests were conducted. All the obtained results and the 
Load-Displacement curves of the 60 tests can be seen in Table B-4 and Figure B-4 of 
appendix B respectively.  

 

Table 4-3 Test series design scheme. 

Combination Material 1 Direction 2 Predrilled hole 
diameter [mm] 

Number of 
tests 

1 1 1 4 5 
2 1 1    4.5 5 
3 1 1 5 5 
4 1 2 4 5 
5 1 2    4.5 5 
6 1 2 5 5 
7 2 3 4 5 
8 2 3    4.5 5 
9 2 3 5 5 
10 2 4 4 5 
11 2 4    4.5 5 
12 2 4 5 5 

   Total number 
of tests 60 

1. 1: BMB, 2: BSB.  
2. 1: BMB cut in the direction of the fibers, 2: BMB cut as it is, 3: BSB with center ply 

perpendicular to the load, 4: BSB with center ply parallel to the load. 
 
In order to determine if there was a statistical significance for each of the variables on 
the embedding strength, a multifactor analysis of variance (ANOVA) for the 
embedding strength was done [43]. Firstly, the analysis was carried out with all the 
tests (60) comparing the factors hole and material. This analysis was made in order to 
corroborate whether the material had an influence on the final result. Direction was 
not evaluated in this analysis because it is a material-dependant property. The 
obtained P-value for material is less than 0.05 which means that there is a statistically 
significant effect on the embedding strength. On the other hand, the P-value for hole 
is higher than 0.05 (0.46) indicating that there is no significant effect on the 
embedding strength. In other words, each material has a different embedding strength 
value independently from the size of the predrilled hole in the range of 4 to 5 mm. 
                                                 
6 Equation 6.5.1.3, page 83 in Eurocode 5 [11].  
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The second analysis was conducted for material 1 (30 tests) comparing the factors 
direction and hole. The correspondent ANOVA analysis showed that hole and 
direction do not have a statistically significant effect on the embedding strength since 
both P-values were higher than 0.05 (0.63 for direction and 0.32 for hole). The last 
analysis was the same as the previous one but for material 2. It showed a similar result 
with P-values of 0.67 for direction and 0.29 for hole.  
Table 4-4 shows the calculated mean values of embedding strength (fh,mean) for BMB 
and BSB as well as the standard deviation (SD) and the 95% confidence intervals. It 
also shows the values determined with equation (4-5) using 5 mm for the diameter 
and the mean density values in kg/m3 for BMB (790) and BSB (720) respectively. 
The difference between equation (4-5) and the obtained results is 10% for BMB and 
13% for BSB.  
  

Table 4-4 Embedding strength values in N/mm2 

Property BMB BSB 

meanhf ,  92.5 86.2 
SD 8.1 7.8 

95% Confidence intervals 89.6-95.4 83.4-89.2 

hf  (Equation 4-5) 82.6 75.2 
 
 

4.5 Concluding remarks 
 
Table 4-2 is a collection of some material properties that are further used in this 
research for theoretical estimations.  
Due to the lack of reliable material properties of bamboo mat boards and bamboo strip 
board, characteristic values should be evaluated for a well-established material class. 
Therefore, a class system similar to that one of wood-based materials may be 
implemented in order to be able to use characteristic values for designing purposes.  
 
In Table B-3 of appendix B, it can be seen that bamboo mat board has similar 
modulus of elasticity values as those ones for particleboard and fiberboard. This 
might be due to the fact that in these three kinds of materials, the orientation of the 
fibers is somehow randomly placed (in the case of bamboo mat board, the fibers are 
woven with a 45º angle which makes it less anisotropic than plywood or OSB). In the 
case of plywood and OSB (oriented strand board), the values are higher when the 
specimen is tested parallel to the outer faces7. It must be noticed that in all cases, the 
compression modulus of elasticity is lower than the bending modulus of elasticity. 
The previous is due to the fact that in pure compression, the fibers of all the section 
are equally stressed whereas in bending, only the extreme fibers are more stressed. 
Consequently, in compression there is a higher probability that weak fibers contribute 
to transmit the high stresses. That is also why the bending tests results present higher 
variation of the mean value.  
Based on the European Standard 383 test method [10], the embedding strength of 
bamboo mat board (12 mm thick and 790 kg/m3 of density) and bamboo strip board 
                                                 
7 The length of the specimen is parallel to the outer face fibers and the strands in the case of plywood 

and OSB respectively.  



CHAPTER 4. MATERIALS: PROPERTIES AND MANUFACTURE 

56  

(18 mm thick and 720 kg/m3 of density), using predrilled holes between 4 and 5 mm 
and 5 mm diameter smooth round nails is 92.5 and 86.2 N/mm2 in average 
respectively regardless of the direction of the fibers (Table 4-4).  
Equation (4-5) given by Eurocode 5 for calculating embedding strength values for 
plywood predicted lower values of embedding strength for both bamboo mat board 
and bamboo strip board.  
With the experimental results and statistical analysis obtained from the embedding 
strength tests, it was proven that the direction of the fibers and size of the predrilled 
hole do not have an effect on the embedding strength of plybamboo and that density is 
the most important property affecting it.   
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5 Wall-panel connections 
This chapter begins with the second part of the research. That is, to check whether the 
house design method fulfills the specified requirements mentioned in chapter 2 (page 
18). As already explained in chapter 2, the fourth requirement (“The house must not 
collapse when a major earthquake, hurricane or impact occurs and must not deform 
excessively when usual tremors and winds occur”) is extensively investigated whereas 
some of the other requirements will need further research. 
For the previous purpose, the wall-panel connections, elements and part of the 
structure belonging to HDM 1-a were studied.  
This chapter deals with the first part (wall-panel connections). The objective is to 
obtain the structural response and capacity of several wall-panel connections. The 
chapter concentrates on wall-to-wall connections such as corners (section 5.1), T- 
(section 5.2) and sheet-to-frame1 connections (section 5.3). Each of the previous 
sections is divided in the following sub-sections: methodology, experimental setup, 
experimental results and theoretical approach. The methodology describes how the 
connection was modeled in order to be submitted to experimental tests. The 
experimental setup shows how the test specimen and setup were assembled and how 
the load and displacements were measured. The experimental results sub-section 
presents a table, Load-Displacement curves and failure photographs with their 
relevant explanations. The theoretical approach illustrates a method for calculating 
theoretical capacities of the test specimen in consideration and explicates why the 
specimen behaved in such a way supported by this theoretical approach and the 
experimental results. Additionally, the experimental results are compared with design 
loads according to the examples of appendix D. Section 5.4 finishes the chapter with 
some concluding remarks.    
 

5.1 Corner connection 

5.1.1 Methodology 
Two possible corner connections can be found in HDM 1-a (Figure 3-16 and Figure 
3-17). Corner connection 1 (Figure 3-17a) would be most commonly used. Corner 
connection 2 (Figure 3-17b) may also be employed in cases where the house has five 
external corners or for some internal walls. Corner connection 2 is at least as strong as 
corner connection 1 because of a smaller arm causing bending moments. That is why, 
only corner connection 1 was submitted to experimental tests.  
In order to analyze the preceding connection (corner 1), part of the whole joint is 
modeled (see Figure 5-1) neglecting the effects of the roof and foundation connection. 
This approach is conservative because the roof and the foundation strengthen the 
global capacity of the joint. The wall width is taken as 625 mm, which is half of the 
plybamboo sheet width. The length is 450 mm on which three fasteners spaced at 150 
mm on center are placed. The horizontal wind or seismic forces are modeled as a 
resultant load acting along the length of one of the studs. The advantage of this model 
is that it can be analyzed as a two-dimensional structure. After these considerations, 
the corner connection model was built and tested (see following section).  

                                                 
1 The parallel connection (Figure 3-17c) is not investigated because when it is analyzed as a two 

dimensional structure it becomes unstable. In reality, this will not occur because the load will be 
transmitted to the top and bottom plate by bending of the studs. 
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5.1.2 Experimental setup 
 
TEST SPECIMEN 
The test specimen is composed by two 12 (or 18) ×625×450 mm plybamboo sheets 
taken from sample P1-a or P1-b (Table 4-1), two 75×50×450 mm studs and one 
75×75×450 mm stud joined together as shown in Figure 5-1(a, b, e). The studs are 
taken from sample T1 (Table 4-1). The plybamboo sheets are predrilled before driving 
the screws with a hole size that is approximately 80% of the screw diameter. In the 
case of the nails, the 75×75 mm studs are also predrilled with a hole size of 80% of 
the nail diameter. The 75×75 mm stud represents the corner stud placed and joined 
on-site while the plybamboo and the other studs represent the prefabricated panel (see 
section 3.3.1).  
 
TEST SETUP 
In order to fixate the specimen, a steel frame composed by wide flange beams2 was 
built. This frame is useful for the specimen’s supports and the placing of dial gages 
and load cells. The frame also offers and independent fixed reference system for 
measuring of displacements. Figure 5-1(a, b) shows the steel frame that supports the 
specimen. The horizontal sheet support (Figure 5-1c) consists of a steel cylinder 
joined to a steel plate at the extremes3 and is able to rotate around its longitudinal axis. 
The sheet is fastened to the cylinder so that when the load is applied it can rotate. The 
vertical sheet rests on a wood piece with a small groove (Figure 5-1d), which allows 
the rotation of the sheet.  
 
MEASUREMENT OF LOAD AND DISPLACEMENT 
A 10 kN load cell (7 in Figure 5-1) supporting the wood piece measures the load 
transmitted by the connection. The loading system consists of two hydraulic jacks and 
the load cell mentioned beforehand. One jack is placed in a compression machine and 
the other one on top of the specimen held by an upper HE-section. The two jacks are 
connected by an oil pressure tube that transmits the force applied to the jack on the 
compression machine to the one above the specimen. The advantage of doing so is 
that the displacement is controlled by the speed system of the compression machine. 
The load was applied at a speed rate of 1 mm/min and measured every five seconds.  
The displacement measurement system consisted of five digital dial gages placed on 
different positions of the specimen (Figure 5-1f). The measured displacements are as 
follows: 

∆0:  Horizontal displacement at the center of the vertical sheet. 
∆1, ∆2: Horizontal displacements measured to obtain the rotation of the 75×75 mm 

stud. 
∆3, ∆4:  Vertical displacement of the two 75×50 mm studs. 
 

                                                 
2 Hereafter referred to as HE-beams, HE-columns or HE-sections. These sections are squared and are 

indicated in the figures by HE and a number next to it which refers to the width of the section in mm.  
3 Same as (5) in Figure 4-7. 



CHAPTER 5. WALL-PANEL CONNECTIONS 

 60 
 

F

1

2

3

4

7

1 8

8 9

6 6

6

6 6

6

Detail 1

Detail 2

Detail 3

F
F25

1

5

11

(c) Detail 1

10

1

50

50

  

5
4

∆2

∆0

∆3

∆4

75

50

l

∆1

(b) Side view

F
625

62
5

450

1

1

2

3

4

5

7

6

66

6

(a) Front view

75

8

8

12

(f) Displacement measurement 
     scheme

(d) Detail 2 (e) Detail 3

1. Plybamboo sheet.
2. Stud (75×50 mm).
3. Stud (75×75 mm).
4. Wood piece.
5. Steel roller.
6. HE 300.
7. Load cell (10 kN).

8. Screws (5×50 mm),
    spaced at 150 mm on center.
9. Nails (4×90 mm),
    spaced at 150 mm on center.
10. Steel plate bolted to 5 and 11.
11. Steel plate.
12. Loading steel plate.

912 or 18

18 or 15

 
Figure 5-1 Experimental setup for corner connection. 

 

5.1.3 Experimental results 
Nine experimental tests were carried out in total. The first three (M-n, M-g and M-s) 
were part of an exploratory phase (Figure 5-2). M-n is the corner connection shown in 
Figure 5-1e but using 2.8×55 mm smooth round nails instead of the 5×50 mm screws 
(8 in Figure 5-1). The ultimate load for this test was 0.5 kN (Table 5-1). It seems that 
the bending moments produced at the connections between the studs and the sheets 
cause the withdrawal of the nails that join them. At failure load, two hinges form and 
the connecting stud rotates without load increasing (Figure 5-2 and Figure 5-4a). 
From this test, it was concluded that the corner connection becomes weak if only nails 
are used to connect the studs and the sheets. The connection was improved using 
screws. 
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M-g is the same as M-n but using glue between the studs and the sheets. As expected, 
M-g was stronger than M-n (see Figure 5-2). The ultimate load was 2.4 kN which is 
almost five times higher than that one obtained with only nails. The reason is that the 
moment capacities are higher due to the glue (see Figure 5-4b). M-s is the screwed 
connection shown in Figure 5-1e. It behaved similar to M-g in terms of ultimate load 
and stiffness4. The service load could not be obtained and this explains the lack of 
values in Table 5-1.  
 

Table 5-1 Corner connection test results. 

Test Fu 
[kN] 

Fs 

[kN] 
ri 

[kN/º] 
θs 
[º] 

∆0,s 
[mm] 

∆3,s 
[mm] 

∆4,s 
[mm] CM

LC

F
F

 

M-n 0.51 0.30 1.40 0.20 1.10 1.76 2.33 0.70 
M-g 2.40 1.72 0.67 2.60 0.63 4.18 6.56 0.80 
M-s 2.46 - 0.48 - - - - 0.80 
M1 2.60 1.67 0.49 3.48 9.92 3.61 7.37 0.79 
M2 3.22 1.97 0.49 4.22 10.9 4.78 9.15 0.79 
M3 3.63 2.19 0.51 4.47 12.8 5.17 10.0 0.80 
S1 4.33 3.81 1.18 3.28 6.64 3.74 8.05 0.84 
S2 3.95 3.07 1.07 3.62 6.34 4.00 7.77 0.83 
S3 3.80 2.44 0.94 2.53 3.76 2.92 5.61 0.80 

Fu:        Ultimate load or maximum load registered by the load cell under the specimen.  
Fs:         Service load or load at which the initial stiffness ri commences to change and decrease5. 
ri:          Initial stiffness6. 
θs:         Rotation of the 75×75 mm stud at Fs. This rotation was calculated with the following equation: 















 ∆−∆

=
π

θ
180

arctan 21

l
 [º]                                         (5-1) 

Where ∆1 and  ∆2 correspond to the displacements shown in Figure 5-1f and l is the distance                            
shown in Figure 5-1f as well (usually 300 mm).  

∆i, s:        Displacements corresponding to Figure 5-1f (see section 5.1.2) at Fs. 
FLC:        Force increment registered by the load cell under the specimen (Cy in Figure 5-5). 
FCM:       Force increment registered by the compression machine (load applied above the specimen, F 

in Figure 5-5). 
 
After the exploratory phase, six more tests were carried out based on the M-s 
prototype. Three were done using bamboo mat boards (M1, M2 and M3) and three 
using bamboo strip boards (S1, S2 and S3). The results can be seen in Table 5-1 and 
Figure 5-3. The ultimate loads for M1, M2 and M3 were 2.6, 3.2 and 3.6 kN 
respectively. The behavior of these test specimens can be summarized in three phases: 
linear-elastic, loss of stiffness and ductile phase. During the first phase, the screws 
that have not yet plastically deformed take the bending moments produced in the 

                                                 
4 The capacity of the load cell utilized for the exploratory tests (M-n, M-g and M-s) was 2 kN. 

Therefore, the Load-Rotation curves were obtained until 2 kN of load. The ultimate load for M-g and 
M-s was derived from the maximum load registered on the compression machine and the relationship 
of the prior readings of the load cell and compression machine (See FLC / FCM in Table 5-1).  

5 This load was set at the point in the experimental curves where the experimental rotation differed 5% 
or more to the rotation according to the straight line with a slope equal to ri. 

6 This stiffness was obtained by a linear trend line from 10% of Fu to 40% of Fu. 
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connection. In the second phase, the screws yield and the nails are pulled out from one 
of the studs. In the last phase, the screws keep deforming plastically and the nails are 
constantly being withdrawn with no load increase. During the previous process, the 
vertical sheet was bent due to eccentric loading (see Figure 5-4c).  
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Figure 5-2 Load-Rotation curves obtained from the exploratory phase. 
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Figure 5-3 Load-Rotation curves obtained from the test series with screws. 

 
The ultimate loads for S1, S2 and S3 were 4.3, 4.0 and 3.8 kN respectively. The 
behavior of these three tests was similar to the previous ones but stronger and stiffer 
due to the thickness of the strip boards (18 mm) that avoids the bending out-of-plane 
(see Figure 5-4d). Nevertheless, the ductile phase is not present (see Figure 5-3). 
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               (a)             (b)            (c)          (d) 
Figure 5-4 Typical failures during the corner connection tests. (a)Test M-n: the nails joining the 

sheets and the studs are pulled out. (b)Test M-g: the nails joining the 75×75 mm stud 
and the right stud are pulled out and the sheet on the left fails in tension 
perpendicular to the mat layers (delamination). (c) Test M-s, M-series: the nails 
joining the 75×75 mm stud and the right stud are pulled out, the sheet bends in both 
directions and the screws yield. (d) S-series: same as M-series but the sheet does not 
bend due to the higher thickness. 

 

5.1.4 Theoretical approach 
In this section, the structural behavior of the corner connection tests is explained. 
Theoretical calculations are presented for nailed and screwed connections and 
comparisons with the experimental results are discussed. The theoretical calculations 
were carried out for bamboo mat boards (M-n and M-s prototypes). The same 
approach could be used for bamboo strip boards.  
 
TRANSMISSION OF FORCES 
The transmission of forces mechanism in the tested corner connection is shown in 
Figure 5-5. Six free body diagrams can be seen in this figure. Free body diagram 1 is 
showing the whole structure with its respective external reaction forces and the 
applied load F. The horizontal and vertical sheet supports are called A and C 
respectively. The horizontal and vertical reactions are distinguished by the subscript x 
and y respectively. The joints between each element are called B1, B2, B3, and B4. 
The rest of the diagrams show each of the elements separately (two plybamboo sheets, 
two 75×50 mm studs and one 75×75 mm stud). In section C-1 of appendix C, the 
calculation of the capacities of each of the joints is presented. Table 5-2 summarizes 
the results. The capacities are calculated multiplying the capacity per fastener by the 
number of fasteners in the joint. B1 and B3 are joined using two fasteners whereas B2 
and B4 are joined using three fasteners.  
 

Table 5-2 Joint capacities for the corner connection. 

Shear [N] Withdrawal [N] Yielding moment 
[Nmm] 

Maximum 
moment [Nmm] Joint 

Nailed Screwed Nailed Screwed Nailed Screwed Nailed Screwed 

B1 1720 4020 860 5700 14330 95000 21500 142500 
B2 4050 - 1725 - 43120 - 64680 - 
B3 2700 - 1150 - 28745 - 43120 - 
B4 2580 6030 1290 8550 21500 142500 32250 213750 
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Figure 5-5 Free body diagrams of each of the corner elements. 

 
From Figure 5-5, 18 equilibrium equations can be derived. These equations are as 
follows: 
From free body diagram 1: 

xx CA =                                                                                                                 (5-2) 

yy ACF +=                                                                                                    (5-3) 

0681695550 =−+⇒∑ yxA CCFM                               (5-4) 

From free body diagram 2: 

xx AB =1                                                                        (5-5) 

yy ABF += 1                                    (5-6) 

111 )600(550 ByA MxBFM =−−⇒∑                               (5-7) 

From free body diagram 3: 

xx BB 21 =                                                 (5-8) 

yy BB 21 =                                                                                         (5-9)      

112211 BxByornerupperleftc MyBMxBM +=+⇒∑                                      (5-10) 
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From free body diagram 4: 

xx BB 32 =                                                            (5-11) 

yy BB 32 =                                               (5-12) 

∑ +−=+−⇒ 212323 )75()75( BxBytcornerbottomrigh MyBMxBM        (5-13) 

From free body diagram 5: 

xx BB 43 =                                                            (5-14) 

yy BB 43 =                                               (5-15) 

244323 yBMMxBM xBByornerupperleftc ++=⇒∑                                   (5-16) 

From free body diagram 6: 

xx CB =4                                               (5-17) 

yy CB =4                                                                                       (5-18) 

yBxc BMyBM 4424 6)620( +=−⇒∑                                           (5-19) 

In order to solve the equation system, six unknowns must be supposed7. The values x1, 
x2, y1 and y2 can be assumed with certain degree of accuracy because their ranges are 
known and are as follows (see Figure 5-5): 500 1 ≤≤ x , 750 2 ≤≤ x , 750 1 ≤≤ y  
and 500 2 ≤≤ y .  
 
NAILED CONNECTION 
Figure 5-4a shows that there is a simultaneous failure in B1 and B4. From equations 
(5-4), (5-7), (5-19) and the horizontal sum of forces equations, the following 
expressions can be obtained8: 
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It can be assumed that the yielding moments in B1 and B4 are 14330 and 21500 Nmm 
respectively (see Table 5-2). These failures are caused by the withdrawal of the nails 
in B1 and B4 where the structure becomes a mechanism. x1 and y2 can be taken as 8.33 
and 41.7 mm respectively considering that the reaction forces B1y and B4x are located 
at two thirds from the neutral axis (see body diagrams 2 and 5 in Figure 5-5 and 
Figure C-1c in appendix C). Since no failure in B2 or B3 occurs, x2 and y1 are taken as 

                                                 
7 There are 15 independent equations and 21 unknowns including F.  
8 These equations were obtained using the program MathCAD 7 Professional [38].  
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37.5 mm (see body diagrams 3 and 5 in Figure 5-5). With the previous values, the 
following results are obtained: 
F = 552 N, Cy = 489 N, Ax = 42 N, MB2 = 11840 Nmm and MB3 = -4919 Nmm. 
Positive signs indicate that the force or moment direction is as shown in Figure 5-5 
and negative signs indicate that the force or moment acts in the opposite direction of 
that one shown in Figure 5-5.  
 
SCREWED CONNECTION 
The difference in the analysis of the screwed connection is that besides the failure in 
B1 and B4 there is a failure in B2 as well (see Figure 5-4c, d). When using equations 
(5-20), (5-21) and (5-22) with MB1 = 95000 Nmm, MB4 = 142500 Nmm and the same 
values for x1, x2, y1 and y2, the following results are obtained: 
F = 3661 N, Cy = 3242 N, Ax = 280 N, MB2 = 78493 Nmm and MB3 = -32591 Nmm. 
In this case, the calculated moment at B2 is larger than the calculated capacity (43120 
Nmm, see Table 5-2). This could mean that the failure in B2 occurs earlier than the 
one in B1. 
Assuming that there is a simultaneous failure in B2 and B4 and using equations (5-4), 
(5-7), (5-10), (5-19) and the horizontal sum of forces equations, the following 
expressions can be found 8: 
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When introducing MB2 = 43120 Nmm, MB4 = 142500 Nmm, x1 = 25 mm, x2 = 37.5 
mm, y1 = 12.5 mm (two thirds from neutral axis) and y2 = 41.7 mm, the following 
results are obtained: 
F = 3190 N, Cy = 2858 N, Ax = 276 N, MB1 = 111131 Nmm and MB3 = -46819 Nmm. 
Here, the calculated moments at B1 and B3 are higher than the calculated capacities. 
However, when changing x1 to 16 mm and x2 to 41 mm, MB1 becomes 85405 Nmm 
and MB3 changes to -36814 Nmm. The first value is close to the theoretical capacity 
whereas the second one is higher (see Table 5-2). Nonetheless, the experimental tests 
showed no failure whatsoever in B3 (corresponding with Figure 5-4c).  
 
 
THEORY VERSUS EXPERIMENTS 
In the nailed connection, the theoretical failure load was 489 N whereas the 
experimental failure load was 512 N. This might be seen as a good approximation. 
However, more experimental tests are needed to corroborate the magnitude of this 
load. Besides, wooden materials have natural variability and important deviations 
from the mean values can be expected as well. In the theoretical calculation, the ratio 
between Cy and F is about 89% whilst in the experimental result the derived value 
was 70%. However, the loading-plate weight registered by the load cell was 90% of 
the real weight which coincide with the theoretical ratio. Moreover, the initial weights 
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(specimen, loading-plate and jack cylinder) are about 50% of the failure load so that 
the actual loading of the compression machine is reduced to a range of only 250 N.  
In the screwed connection, the theoretical failure load is between 2858 and 3242 N 
depending on which failure mode is taken into account. The experimental yielding 
loads for mat boards were 1670, 1970 and 2190 N but the failure loads were 2600, 
3220 and 3630 N closer to the theoretical ones (see Table 5-1). Here, the variability is 
clear. The theoretical ratio between Cy and F is about 88% whereas in the 
experimental results the calculated value was about 80%. The load cell registered the 
same 90% of the real weight of the loading-plate. The difference in the forces ratio 
could be due to the following factors: 
1. The accuracy of the load cell (10 kN) is different from the accuracy of the 

compression machine (100 kN). 
2. The loading jack could introduce horizontal forces that can affect the distribution 

of the internal forces in the connection. It has to be noticed that the difference 
from 80 to 90% is just a difference in the horizontal reactions of about 50 N.  

 
DESIGN LOADS 
It can be determined that the design load for the corner connection according to the 
example of section D.1.2 of appendix D is about 2.3 kN/m. This value is calculated 
multiplying the design wind pressure (1.87 kN/m2 in the example) by the tributary 
width, which is taken as the width of one wall-panel unit (1.22 m). The experimental 
capacities Fu can be compared to the design value if they are divided by 0.45 m (see 
Table 5-3). 
 

Table 5-3 Comparison between experimental capacities and design load. Values in kN/m. 

Design load M-n M-g M-s M1 M2 M3 S1 S2 S3 
2.3 1.1 5.3 5.5 5.8 7.2 8.1 9.6 8.8 8.4 

 

5.2 T-connection 

5.2.1 Methodology 
Three possible T-connections can be found in HDM 1-a (Figure 3-16 and Figure 3-
17d, e, f). However, only T-connection 1 (T1 in Figure 3-17) was submitted to 
experimental tests because T2 (Figure 3-17e) would be used for internal walls and 
would be submitted to lower loads. On the other hand, T3 (Figure 3-17f) is at least as 
strong as T1. 
In order to analyze T-connection 1, the model shown in Figure 5-6 was built and 
tested. As for the corner connection (section 5.1), part of the whole joint is modeled 
neglecting the effects of the roof and foundation connection9. The wall width and 
length are also taken as 625 and 450 mm respectively with three fasteners spaced at 
150 mm on center. The horizontal forces are modeled as two resultant loads acting 
along the length of two studs as shown in Figure 5-6. The next section describes the 
experimental setup.  
 
 

                                                 
9 In reality, this connection would be much stronger than the modeled one because part of the load is 

transmitted to the top plate and then to the shear wall. 
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5.2.2 Experimental setup 
 
TEST SPECIMEN  
The T-connection test specimen consisted of three 12(or 18)×625×450 mm 
plybamboo sheets taken from sample P1-a or P1-b (Table 4-1) and three 75×50×450 
mm studs taken from sample T1 (Table 4-1) joined together as shown in Figure 5-6 
(detail 4). In this case, all the elements represent three prefabricated panels connected 
together on-site.  
 
TEST SETUP 
The steel frame used for the corner connection tests was modified in order to fixate 
the T-connection specimen. The frame also offers an independent fixed reference 
system for measurements of displacements. Figure 5-6a shows the steel frame that 
supports the specimen. The horizontal and vertical sheet supports are the same as for 
the corner connection setup (see Figure 5-1c, d).  
 
MEASUREMENT OF LOAD AND DISPLACEMENT 
As for the corner connection, two hydraulic jacks and a load cell were used to 
measure loads. The loading system is the same as the one applied for the corner 
connection but in the T-connection, two steel tubes loaded by a steel plate transfers 
the load to the specimen as shown in Figure 5-6b. 
The displacement measurement system consisted of three digital dial gages placed on 
different positions of the specimen (Figure 5-6c). The measured displacements are as 
follows: 

∆0: Horizontal displacement at the center of the vertical sheet. 
∆1, ∆2: Vertical displacements of the 75×50 mm studs. 
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Figure 5-6 Experimental setup for T-connection. 

 

5.2.3 Experimental results 
For the T-connection, seven tests were performed. Four were carried out using 
bamboo mat boards (M1, M2, M3 and M4) and three using bamboo strip boards (S1, 
S2 and S3). Table 5-4 shows the most relevant results obtained for each test. The 
ultimate loads for mat boards were 15.1, 14.5, 12 and 12.2 kN. The structural 
response shown in Figure 5-7 is basically that one of the vertical sheet under 
eccentrically axial compressive load and therefore, the strength is limited by the load 
at which buckling of the sheet occurs. In addition to this, there are other factors that 
affect the behavior of the specimen such as the nailed connections between the studs. 
Figure 5-7 and Figure 5-8 shows the Load-Displacement curves until 10 kN of load 
because that was the maximum range of the load cell. The ultimate loads for S1, S2 
and S3 could not be obtained because the critical load for strip boards is much higher 
than that one for mat boards due to the higher thickness. The loads at 4 mm of 
displacement of the left stud (∆1 in Figure 5-6) were 14, 12.1 and 18.4 kN. In Table 
5-4, the stiffness of the specimen measured according to ∆1 and ∆2 are presented (see 
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also Figure 5-8). k1 gives the stiffness of the nailed connection between the upper 
studs which is considered to transmit half of the load. k2 gives the stiffness of the 
vertical sheet in its own plane. It can be noticed that both stiffnesses are higher for 
tests S1, S2 and S3.  
 

Table 5-4 T-connection experimental results. 

Test 2Fu [kN] 2Fs [kN] k1 [kN/mm] k2 [kN/mm] 
CM

LC

F
F

  

M1 15.1 7.91 6.4 2.8 0.916 
M2 14.5 7.24 4.8 2.8 0.932 
M3 12.0 7.50 5.0 3.1 0.933 
M4 12.2 4.31 7.4 2.8 0.928 
S1 - 14.0(1) 8.4 5.1 0.920 
S2 - 12.1(1) 9.2 4.8 0.931 
S3 - 18.4(1) 8.6 5.8 0.919 

2Fu: Ultimate load or maximum load registered by the compression machine multiplied by the factor 
FLC / FCM.  

2Fs: Service load or load at which the stiffness of the connection starts to decrease (this load was 
determined directly from the Load-Displacement curves and data). 

 (1) Since the maximum load could not be obtained for the specimens with bamboo strip boards 
(S1, S2 and S3), 2Fs is defined as the load when ∆1 = 4 mm.  

k1:   Stiffness of the connection according to ∆1 multiplied by two (F / ∆1). This stiffness was obtained 
from 10% of 2Fs to 40% of 2Fs. 

k2:     Stiffness of the connection according to ∆2 (2F / ∆2). This stiffness was obtained from 10% of 2Fs 
to 40% of 2Fs. 

FLC:  Force increment registered by the load cell under the specimen. 
FCM: Force increment registered by the compression machine (load applied above the specimen). 
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Figure 5-7 Load-Displacement curves obtained from the test series for ∆0. 
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Figure 5-8 Load-Displacement curves obtained from the test series for ∆1 and ∆2. 

 

     
                            (a)                                    (b)                                  (c)                            
Figure 5-9 Typical failures during the T-connection tests. (a) Typical failure in tests M1, M2 and 

M3. (b) Failure in M4 (The plybamboo sheet is placed directly under the left stud). (c) 
Typical behavior of tests S1, S2 and S3.  

 

5.2.4 Theoretical approach 
Figure 5-10 shows a free body diagram of the T-connection specimen. From the 
experimental tests, it was obtained that the reaction force at the bottom (2F1) is 92.5% 
of 2F in average or that F1 = 0.925F. The distance from the load F to the point where 
the resultant load F1 is transmitted can be calculated as 44.6 mm by equilibrium of 
forces and moments in the sheet. This result means that the force F1 on the left is 
directly transmitted through shear plane A (Figure 5-10) with an eccentricity of about 
5 mm. The force F1 on the right is transmitted through plane C.  
The capacity of shear plane A was calculated as 4050 N (see Table 5-2). When this 
capacity is achieved, the force in the vertical sheet is 8.1 kN. It has to be noticed that 
this force is close to 2Fs for the M-series and test S2 (see Figure 5-8). The stiffness of 
shear plane A (instantaneous slip modulus) can be calculated with the following 
equation according to section 4.2 of Eurocode 5 [11]: 

20

5.1 d
k

ρ
= [N/mm]                                                    (5-26) 
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Where ρ is the density of the materials joined by the fastener in kg/m3 and d is the 
fastener diameter in mm. With ρ = 446 (Table 4-2) and d = 4, k = 1884 N/mm per 
fastener. Thus, the theoretical stiffness of shear plane A is 5.65 kN/mm. This value is 
similar to k1 in Table 5-4 for the M-series and lower than the ones for the S-series. If 
the vertical sheet were infinitely stiff, the value k1 must be that one given in equation 
(5-26). The previous means that the value given by equation (5-26) is conservative. 
The value of k1 is lower for the M-series because the vertical sheet is less stiff. The 
value of k1 for M4 is high because the vertical sheet is placed directly under the left 
stud (see Figure 5-9b). 

F F

F2 F2

2F1

C

B
a b

c

A: shear plane between a and b.
B : nailed connection between c and b.

C: contact plane between b and d.

d

A

 a,  b and c: 450×75×50 mm studs.
 d: Plybamboo sheet (450×625×12 mm).

 
Figure 5-10 Free body diagram for the T-connection specimen. 

 
The theoretical critical load Pcr of the vertical sheet can be determined with Euler’s 
formula: 

2

2

ef
cr

L
EI

P
π

=                                                                            (5-27) 

Where E is the modulus of elasticity, I is the moment of inertia and Lef is the effective 
buckling length.  
For bamboo mat boards, I = t3b/12 = 123×450/12 = 64800 mm4 and E = 5700 N/mm2 
whilst for bamboo strip boards, I = 18 3×450/12 = 218700 mm4 and E = 6500 N/mm2 
(Table 4-2). The effective length would be between 625 mm and 2/625 considering 
that there is moment capacity at the top connection of the vertical sheet. For the 
bamboo mat boards, the buckling load would be in the range of 9.3 to 18.7 kN and for 
the bamboo strip boards the range would be 35.9 to 71.8 kN. The behavior of the first 
two test specimens M1 and M2 was similar (see Figure 5-7) and it could be explained 
by the fact that the loads F1 transmitted by shear plane A and C (Figure 5-10) have 
opposite and equal values of eccentricity. That is why, at the beginning, the sheet tries 
to deform to one side but finally deforms to the expected one. In tests M3 and M4 the 
sheet starts deforming to one side right away, especially in test M4 because the 
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vertical sheet was placed differently (Figure 5-9b). From this, it can be concluded that 
the specimen is very sensible to eccentricities regarding the initial stiffness. However, 
similar failure loads were obtained. One would have expected to get loads closer to 
9.3 kN but in all cases the experimental loads were higher. The behavior of the S-
series was different due to the high stiffness of the vertical sheet and the critical load 
could not be reached.   
 
DESIGN LOADS 
In the case of the T-connection, the design load is computed as 4.6 kN/m multiplying 
the design wind pressure (1.87 kN/m2) by the tributary width, which is taken as the 
width of two wall-panel units (2.44 m). The experimental capacities 2Fu or 2Fs (in the 
case of the S-series) can be compared to the design value if they are divided by 0.45 
m (see Table 5-5).  

Table 5-5 Comparison between experimental capacities and design load. Values in kN/m. 

Design load M1 M2 M3 M4 S1 S2 S3 
4.6 33.6 32.2 26.7 27.1 31.1 26.9 40.9 

 
 
 

5.3 Sheet-to-frame connection  

5.3.1 Methodology 
The sheet-to-frame connection was tested by building a scaled model of a plybamboo 
wall-panel and loading it laterally. The sheet is fastened to the studs using 5×50 mm 
screws (which represent the prefabricated wall-panel) and nailed to the top and 
bottom plates with 2.8×55 mm smooth round nails (which represent the on-site work). 
Having agreed with this, a wall-panel model of 1200×1200 mm with one plybamboo 
sheet, two studs, one top and bottom plate was laterally loaded in order to obtain the 
structural response and capacity of the sheet-to-frame connections. The following 
section describes the experimental setup.  
 

5.3.2 Experimental setup 
 
TEST SPECIMEN  
The test specimen consisted of a 1200×1200×12 mm plybamboo sheet joined to a 
wooden frame as shown in Figure 5-11a. 5×50 mm screws spaced at 190 mm on 
center were used to join the sheet to the studs whereas 2.8×55 mm nails spaced at 190 
mm on center were employed to connect the sheet to the top and bottom timber plates.   
 
TEST SETUP 
The test specimen was mounted on a steel frame consisting of one HE-beam and one 
HE-column fastened together forming a corner (11 in Figure 5-11b). The test 
specimen was fixed to the HE-beam with two bolts at the extremes of the bottom plate 
(9 in Figure 5-11b). Two steel rods connected together by steel plates at both ends are 
placed at the top of the specimen (7 and 8 in Figure 5-11b). A load cell and a 
hydraulic jack are fixed to one of the steel plates and the HE-column (10 in Figure 
5-11b). The idea is to produce a concentrated load at the geometrical center of the top 
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plate. The load is transmitted by pulling the steel rods and allowing the rotation of the 
specimen at the loading point.  
 
MEASUREMENT OF LOAD AND DISPLACEMENT 
The load was transmitted manually by a pneumatic pump connected to the hydraulic 
jack at an approximate rate of 1 kN/min. A 15 kN load cell fastened to the hydraulic 
jack measured the load every 5 seconds. The measurement of displacements consisted 
of three different deformations (see Figure 5-11c): 

∆0: Horizontal displacement at the geometrical center of the top plate. 
∆1: Diagonal elongation of the plybamboo sheet. 
∆2: Diagonal elongation of the wooden frame.  

For the diagonal displacements, an aluminum hollow cylinder on which an LVDT is 
inserted is fixed to the opposite corners of the plybamboo sheet and wooden frame. 
For the horizontal displacement, a digital dial gage is placed at the geometrical center 
of the top plate.  
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Figure 5-11 Sheet-to-frame connection test setup. 
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5.3.3 Experimental results 
Seven tests were carried out in total. Four were made using bamboo mat boards (M1, 
M2, M3 and M4) and three using bamboo strip boards (S1, S2 and S3). Table 5-6 
presents the most significant results.  

Table 5-6 Sheet to frame connection test results 

Test Fu [kN] Fs [kN] ∆s,0 
[mm] 

∆s,1 
[mm] 

∆s,2 
[mm] 

ki,0 
[kN/mm] 

ks,0 
[kN/mm] 

M1 1.82 0.60 1.17 0.16 0.95 0.45 0.51 
M2 5.36 1.77 2.44 - - 0.98 0.72 
M3 4.36 1.44 2.18 0.16 1.53 0.72 0.66 
M4 5.41 1.78 2.73 0.29 2.05 0.73 0.65 
S1 4.73 1.56 3.12 0.31 2.44 0.59 0.50 
S2 4.11 1.36 2.17 0.17 1.56 0.66 0.63 
S3 4.63 1.53 2.53 0.27 1.56 0.81 0.60 

Fu:    Ultimate load or maximum load registered by the load cell.  
Fs:     Service load defined as 0.33Fu.  
∆s,i:   Displacements ∆0, ∆1 and ∆2 at Fs. 
ki,0:   Lateral stiffness at a load of 1 kN and according to displacement ∆0. 
ks,0:   Lateral stiffness at Fs and according to displacement ∆0.  
 
The ultimate loads for bamboo mat boards were 1.8, 5.4, 4.4 and 5.4 kN. The first one 
(M1) was carried out without the steel angles that join the studs to the top and bottom 
plates and hence the lower value (see Figure 5-12 and Figure 5-13a). For the strip 
boards, the ultimate loads were 4.7, 4.1 and 4.6 kN. The structural response shown in 
the experimental tests is quite typical for timber framed walls under lateral load. That 
is, non-linear behavior due to the nailed connections between the sheet and frame, 
controlling the stiffness [4, 18].  
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Figure 5-12 Load-Displacement curves obtained from the sheet to frame connection tests. 
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                          (a)                              (b)                                     (c) 
Figure 5-13 Typical failures during the sheet to frame connection tests. (a) Test M1: the nail at 

the loading bottom corner deforms plastically. (b) Tests M2-M4: besides the plastic 
deformation of the nail at the loading bottom corner, the steel angle yields and the 
screws are pulled out. (c)Tests S1-S3: same as (b). 

 

5.3.4 Theoretical approach 
The following are some of the available models for calculating lateral capacities of 
timber framed walls. Each of the models will be briefly explained and applied to the 
test specimen.  
 
MODEL 1  
The first model assumes linear-elastic behavior of the fasteners, hinged connections 
between individual elements and that uplifting is prevented. Besides, the beam 
elements and sheathing are considered to be completely stiff against bending and 
elongation in the loading plane. With these assumptions, the lateral capacity of a 
timber framed wall FH is attained when the maximum loaded nail reaches its 
maximum capacity fi,max [7]10. Equalizing the external and internal moments according 
to Figure 5-14, the following expressions can be obtained: 
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Where fx,i and fy,i are the force components in x and y directions respectively for a 
fastener in position (xi, yi), fi is the total force for a fastener i and h is the height of the 
wall-panel unit (see Figure 5-14). The most loaded fasteners will be those ones 
located at the corners (xi,max, yi,max).  

                                                 
10 Alsmarker, T. Lund University. Step Lecture B13.  
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Figure 5-14 Model 1. Linear-elastic behavior of fasteners. 

 
For the test specimen used in the experimental tests (Figure 5-11a), the lateral 
capacity FH is calculated as follows: 
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It has been calculated that fi,max = 0.86 kN (section C.1.1 of appendix C). Therefore, 
FH = 5.2 kN. 
 
MODEL 2 
The second model is that one adopted by Eurocode 5 [11] which gives the following 
formula (based on equation 5.4.3a in Eurocode 5) to calculate the lateral capacity of 
timber framed walls: 

bfsbfF piH == /max,                                                                        (5-31) 

Where b is the sheet width, s is the spacing of the fasteners and fp is the maximum 
capacity of fastener per length. In this model the applied force is uniformly distributed 
over the fasteners connecting the sheathing to the top plate and does not account for 
concentrated forces at the corners of the panel [7]10. When using equation (5-31) it 
must be provided that (based on equation 5.4.3d in Eurocode 5): 

bhFR HT /≥                                                                                      (5-32) 

Where RT is the tensile reaction in the leading stud11 (see Figure 5-14). 
For the test specimen used in the experimental tests max,max, 32.6190/1200 iiH ffF == . 
Thus, FH = RT = 5.4 kN. This is the maximum theoretical capacity of the test 
specimen. 
 
 

                                                 
11 The stud that is closer to the applied load. 
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MODEL 3 
Model 3 is based on a plastic design method developed by Kallsner et al [37]. In this 
method, a force distribution that fulfills with force and moment equilibrium for each 
timber member and sheet is chosen (plastic lower bound theory). The basic 
assumptions are that the load-displacement relationships in the sheet-to-frame 
connections are completely plastic, the displacements are small compared with the 
width and height of the sheet, the connections between individual elements are hinged 
and the sheet and the beam elements and sheathing are considered to be completely 
stiff against bending and elongation in the loading plane. Furthermore, the sheet to 
timber joints in the top plate are assumed to transfer forces only parallel to the top 
plate and the sheet to studs joints are assumed to transfer forces only parallel to the 
studs. For the bottom plate, both perpendicular and parallel forces may be transmitted.   
Figure 5-15 shows the assumed force distribution in the test specimen when the 
leading stud is not connected to the foundation (Test M1).  
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Figure 5-15 Model 3. Plastic model when leading stud is not connected to the bottom plate. 

 
From Figure 5-15 it can be obtained that: 

efpH bfF =                                                                                           (5-33) 

And from sum of moments at the bottom right corner: 

22 bhhbef ++−=                                                                          (5-34) 

For the test specimen used in the experimental tests, b = h and hence,  
bbbef 414.0)12( =−=  and 2.2190/1200414.086.0 =××=HF kN.  

 
MODEL 4 
In model 4, the leading stud is assumed to be connected to the bottom plate as was the 
case for the test series. With the same assumptions taken in model 3, the force 
distribution is taken as the one shown in Figure 5-16. 
Equation (5-33) remains the same for model 4 but the effective width is now: 

p

T
ef f

bR
bhhb

222 +++−=                                                          (5-35) 
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It has been calculated that RT = 4.2 kN (see section C.2 of appendix C). Consequently, 
bef = 1060 mm and FH = 4.8 kN.  
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                Figure 5-16 Model 4. Plastic model when leading stud is connected to the bottom plate. 

 
THEORY VERSUS EXPERIMENTS 
From the obtained results one may say that the test series with bamboo mat boards 
were slightly stronger than the ones with strip boards. According to the theoretical 
analyses, both M- and S-series should have the same lateral capacity since this one is 
dictated by the values fi,max and RT which are the same for both materials. Equation (5-
30) of model 1 gives an optimistic value (5.2 kN) of the lateral capacity because the 
leading stud is assumed to be completely anchored to the bottom. Equation (5-31) of 
model 2 gives even a more optimistic value (5.4 kN) since it is assumed that all the 
nails yield in the horizontal direction. That is why, equation (5-31) can be only used 
when equation (5-32) is fulfilled. Equations (5-33) and (5-34) of model 3 predicts a 
failure load of 2.2 kN which is higher than the experimental one (1.8 kN). However, 
this test is of little importance. Finally, equations (5-33) and (5-35) give a value of 4.8 
kN considering that the anchoring capacity of the screws that join the bottom and top 
plate is 4.2 kN. This value reasonably agrees with the experimental results (the 
average of the six tests from M-2 to S-3 is 4.8 kN).  
 
DESIGN LOADS 
From the example of section D.1.1 of appendix D, a wind design load for shear-walls 
was estimated as 1.31 kN/m and a seismic design load as 0.9 kN/m. These design 
loads depend on the shear-wall arrangement. In the example, it is assumed that 12.2 
meters of shear-walls are contributing to transfer the wind and seismic loads.  The 
experimental values can be compared to the design load (i.e. 1.31 kN/m) dividing 
them by 1.2 m which is the test specimen width (see Table 5-7). 
 

Table 5-7 Comparison between experimental results and design load. Values in kN/m. 

Design load M1 M2 M3 M4 S1 S2 S3 
1.31 1.52 4.47 3.63 4.51 3.94 3.42 3.86 
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5.4 Concluding remarks 
 
The capacity of the corner connection shown in Figure 3-17a needs certain 
withdrawal strength that cannot be provided if nails are used instead of screws.  
The required load showed in Table 5-3 is higher than the experimental capacity 
obtained for the nailed corner connection. This implies that it would be necessary to 
test the full-scale corner connection with roof and foundation in order to find whether 
the withdrawal of the nails occurs.  
The use of glue (in addition to nails) or screws increases more than five times the 
capacity of the corner connection according to the experimental results. The screwed 
connection is able to deform more than the glued one. Both the glued and screwed 
connections seem to be able to withstand the required load for high wind pressure 
with a safety factor higher than two (see Table 5-3).  
From the corner connection test series it was found that the specimen with bamboo 
strip boards is stronger and stiffer but less ductile than that one with bamboo mat 
boards due to the higher thickness of the first one. 
The corner connection tests lead to the decision of using screws for the prefabricated 
wall-panel (sheet-to-stud connections) and nails for the on-site joints (sheet-to-plate 
connections) which results in higher pull-out resistance of the sheet-to-frame 
connections.  
The theoretical model presented in section 5.1.4 predicts failure loads close to the 
experimental ones. However, the model is quite sensitive to certain assumed 
parameters as well as to theoretical capacities.  
 
The lowest experimental capacity obtained from the T-connection series (26.7 kN/m) 
is about 6 times higher than the required capacity for high wind load (4.6 kN/m) 
according to the example of section D.1.2 of appendix D (see Table 5-5).  
The T-connection made of strip boards is stronger than that one made of mat boards 
because of the higher thickness of the first ones.  
 
The lowest experimental capacity obtained from the sheet-to-frame connection tests 
series (3.42 kN/m, from M2 to S3) is 2.6 times higher than the required capacity for 
high wind load (1.31 kN/m) according to the example of section D.1.1 of appendix D 
(see Table 5-7).  
A strong connection between the leading stud and the bottom plate should be 
employed in order to avoid excessive uplifting of the wall-panel when laterally 
loaded. If the leading stud is not anchored to the bottom plate (Test M1) the capacity 
could decrease down to four times the maximum shear capacity of the wall-panel.  
All the theoretical models of section 5.3.4 give values close to the experimental ones, 
especially model 4 (plastic model for partially anchored shear-walls).  
 
In general, all the obtained results showed that all the investigated connections present 
ductile behavior adequate for wind and seismic loads. Both mat boards and strip 
boards could be implemented in HDM 1-a.  
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6 Wall-Panel Structural Properties 
 
This chapter deals with the experimental and theoretical structural behavior of the 
plybamboo wall-panel units (as elements) against lateral, out-of-plane, axial 
compression and impact loading (Figure 6-1). After having analyzed the connections 
of the wall-panels in the previous chapter, this one continues with the structural 
behavior of the elements when submitted to the most important load cases as 
mentioned before. Thus, the purpose of this part of the research is to determine the 
structural response of plybamboo wall-panels when submitted to lateral loading, out-
of-plane bending, axial compression and impact; to obtain their resistance capacity 
and to compare the results with theoretical analyses and design loads. The remaining 
part of this research (elements and structure) concentrates on bamboo mat boards 
since the bamboo strip boards (P1-b in Table 4-2) showed similar or better quality 
than the mat boards in the previous experimental tests.  
The chapter is divided in four sections: lateral strength (section 6.1), out-of-plane 
bending strength (section 6.2), axial compression strength (section 6.3) and impact 
strength (section 6.4). In order to be consisting with the previous chapter, each of the 
sections is subdivided in four sub-sections: methodology, experimental setup, 
experimental results and theoretical approach. The methodology describes how the 
wall-panel unit was modeled in order to be submitted to experimental tests. The 
experimental setup shows how the test specimen and setup were assembled and how 
the loads and displacements were measured. The experimental results are presented 
with a table, Load-Displacement curves and failure photographs with their respective 
explanations. The theoretical approach consists of analytical methods to estimate the 
capacity of the test specimen when submitted to the respective load case. Comparison 
between theoretical, experimental and design loads are presented as well. Finally, the 
chapter ends in section 6.5 with some concluding remarks. 
 

Lateral strength Out-of-plane bending ImpactAxial compression
 

Figure 6-1 Load cases treated in this chapter. 
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6.1 Lateral strength (shear-walls) 

6.1.1 Methodology 
One of the main objectives of the wall-panels (with regard to this research) is to 
withstand strong winds and earthquakes without suffering collapse. In other words, 
the wall-panels will act as shear walls, which means they will be in charge of 
transmitting the horizontal loads (transverse or lateral loads) caused by winds and 
earthquakes to the foundation. The lateral strength of the plybamboo wall-panel as an 
element was obtained by submitting a full-scaled wall-panel to racking load based on 
ASTM E 564-95 [4], ASTM  E 72-98 [6] and EN 594 [13]. The dimensions of the 
wall-panel subjected to experimental tests were approximately 2.44×2.44 m. Hence, 
two wall-panel units were connected together to complete the test specimen. Wall-
panels having a width b lower than their height h are not considered to resist lateral 
loads. In Figure 3-16 it can be noticed that in none of the walls that is the case. In all 
the wall-panels tested, b = h. The effect of the window and door openings is 
considered in the next chapter.  
 

6.1.2 Experimental setup  
 
TEST SPECIMEN 
Two different test specimens were used during the experimental tests according to the 
type of panel to be utilized (see Figure 3-13 and Figure 3-14): panel type C and panel 
type A. The specimens built with panel type C consisted of two wall-panel units 
joined together as shown in Figure 6-2a. The top and bottom plates represent the 
elements placed on-site whereas the studs and the plybamboo sheets represent two 
prefabricated wall-panel units. The specimens built with panel type A have a top and 
bottom sill besides the top and bottom plates that are part of the prefabricated panel as 
explained in chapter 3. The bottom sill is screwed to the bottom plate in order to avoid 
uplifting of the panel (see Figure 6-2b for details). The plybamboo sheet was joined to 
the bottom sill with 4×35 mm screws in order to avoid splitting.  
 
TEST SETUP 
The test setup consisted of a steel frame composed by two HE-columns and two HE-
beams on which the test specimen was fixed and loaded in its own plane by a 
hydraulic jack at one of the upper corners (see Figure 6-3 and Figure 6-4a). The test 
specimen type C is joined to the bottom HE-beam using four bolts1 as shown in 
Figure 6-3. For specimen type A (Figure 6-2b), two bolts at each end of the bottom 
plate were employed to fix the specimen to the bottom HE-beam. At the top, the 
specimen is restricted to move sideways (out of its own plane) by steel rollers (see top 
detail of Figure 6-3 and Figure 6-4c).  
 
  
 

                                                 
1 This represents the wall-to-foundation connection.  
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Figure 6-2 Test specimens used for the experimental tests. 

 
MEASUREMENT OF LOAD AND DISPLACEMENT 
A hydraulic jack is fixed to one HE-column and connected to a compression machine 
so that the loading speed can be automatically controlled. A 30 kN load cell is 
attached to the hydraulic jack followed by a steel plate, a wood piece and a piece of 
soft material in order to transmit the load via the top plate (see Figure 6-4b). The 
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displacements of the specimen were measured at four different points and are defined 
as follows (see Figure 6-3): 
∆0: Top plate horizontal displacement (Figure 6-4f). 
∆1: End-stud vertical displacement2 (Figure 6-4d). 
∆2: Leading stud vertical displacement3 (Figure 6-4e). 
∆3: Bottom plate horizontal displacement (Figure 6-4d). 
 
 
 

5. 30 kN load cell.
6. Steel apparatus with  
    movable roller.
7. Bolts.

Front view

1. Test specimen.
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Figure 6-3 Lateral strength test setup. 

 

     
   (a)                                  (b)                               (c) 

     
                                         (d)                  (e)                         (f) 
Figure 6-4 Lateral strength test setup details. (a) General overview. (b) Loading detail. (c) 

Lateral support detail. (d) Measurement of ∆1 and ∆3. (e) Measurement of ∆2. (f) 
Measurement of ∆0.  

                                                 
2 Farthest stud from the loading point. 
3 Closest stud from the loading point. 
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6.1.3 Experimental results 
Six experimental tests were carried out in total. Three were performed on specimen 
type C (LSC-1, LSC-2 and LSC-3) and three on specimen type A (LSA-1, LSA-2 and 
LSA-3) according to the experimental procedure presented in section 6.1.2. The most 
relevant results are given in Table 6-1. A reference load4 (Fs = 0.33Fu) has been taken 
in order to estimate the global shear stiffness (ks) of the specimens.  
 

Table 6-1 Lateral strength experimental results. 

Test Fu [kN] Fs [kN] ∆0,s [mm] ks [kN/mm] 
LSC-1 13.2 4.4 6.8 0.64 
LSC-2 12.1 4.0 3.5 1.14 
LSC-3 13.0 4.3 9.7 0.44 
LSA-1 9.3 3.0 5.0 0.60 
LSA-2 6.7 2.2 3.1 0.71 
LSA-3 7.9 2.6 6.7 0.39 

Fu:  Ultimate load or maximum load registered by the load cell. 
Fs:  Reference load = 0.33Fu. 
∆0,s:  Top plate displacement at Fs. 
ks =  Fs / ∆0,s. 
 
Figure B-5 and Figure B-6 (section B.2.1, appendix B) shows all the Load-
Displacement curves obtained from all the experimental tests. Figure 6-5 shows the 
Load-Displacement curves of all the tests according to the displacement ∆0. In Figure 
6-6, some of the typical failure modes presented during the experiments are shown.  
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Figure 6-5 Load-Displacement curves obtained from the experimental tests. 

 

                                                 
4 Since the behavior of the wall-panels against lateral load is non-linear, this reference load is taken to 

calculate the global shear stiffness. The corresponding displacement is used for the calculation.  
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                 (a)                              (b)                              (c)                               (d) 

    
                         (e)                                  (f)                        (g)                         (h) 
Figure 6-6 Failure modes presented during the experimental tests (a to d: LSC-series, e to h: 

LSA-series). (a) Bending of the bottom plate. (b) Uplifting of central studs. (c) 
Yielding of nails and bending of sheet. (d) Uplifting of bottom plate and leading stud. 
(e) Bending of bottom plate (f) Uplifting of leading stud. (g) Broken screw. (h) Failure 
of bottom sill.  

 
The observed behavior of the specimens type C according to the Load-Displacement 
curves can be summarized in four phases: 

1. Gap accommodation between individual members: this phase was present in 
test LSC-1 and LSC-3. It was up to a lateral displacement ∆0 of more than 5 
mm. It can be seen in Figure B-5 (appendix B) that there is a change of 
stiffness in tests LSC-1 and LSC-3 after the gap accommodation at 
approximately the same load ( ≈ 3 kN).  

2. Full stiffness: after the gaps are closed, the specimen behaves with its full 
stiffness, which is given mostly by the screwed and nailed connections 
between the sheet and frame. In test LSC-3, the full-stiffness was lower than 
in LSC-1 and LSC-2. Test LSC-2 showed a typical behavior of timber framed 
walls.  

3. Low stiffness: this phase begins when the full stiffness is lost due to yielding 
of the steel angles connecting the studs and the bottom plates, yielding of nails 
and bending of the bottom plate and sheet. This phase was present and similar 
in all tests.  

4. Failure: the complete failure5 was not reached due to excessive deformation. 
The tests were stopped after reaching approximately 45 mm of lateral 
displacement (see Figure 6-5). All tests gave similar failure loads Fu (see 
Table 6-1).  

The observed behavior of specimens type A was not as clear as the specimens type C 
due to bending of the bottom plate and the screwed connection between the sheet and 
the bottom sill. More of this behavior is explained in the following section.    
 

6.1.4 Theoretical approach 
In section 5.3.4 of chapter 5, some existing models were applied in order to estimate 
the lateral capacity of the test specimen submitted to lateral load. The same models 
are adopted in this section in order to determine the theoretical capacity of the tested 
specimens. 
 
                                                 
5 Complete failure meaning collapse. 
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TEST SPECIMENS TYPE C (LSC-SERIES) 
1. Model 1.  

If the two sheets are considered to rotate independently, model 1 is applied for 
each of them and the final result is multiplied by two (the center of rotation is 
assumed to be at the centroid of the sheet). Thus, 

∑ ×=+++××= 622222 106.10)600400200(45.590212ix mm2. 

∑ ×=+++++××= 6222222 106.31)1100900...300100(45.120027iy mm2
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FH = 12.0fi,max, with fi,max = 0.86 kN, FH = 10.3 kN. 
It was observed during the experimental tests that the sheets rotated as one 
single unit. The center of rotation would be then at the centroid of the test 
specimen. Hence, 
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FH = 11.4 kN.  
2. Model 2. 

From equation (5-31), FH = fi,max × 2450 / 200 = 12.25fi,max,  FH = 10.5 kN. 
This result is similar to that one obtained with model 1 when the sheet is 
considered to rotate independently. However, the spacing of 200 mm is not 
constant at the connection of the two wall-panel units (see Figure 6-2a). An 
effective spacing can be calculated as b / (n-1) where n is the number of nails 
along the width b. With this approach, s = 2450 / (14-1) = 188.5 mm and FH = 
fi,max × 2450 / 188.5 = 13.0fi,max,  FH = 11.2 kN. This would be the maximum 
theoretical capacity of the test specimen against lateral load. This value is also 
similar to that one obtained with model 1 when the sheets are considered to 
rotate as one single unit.  

3. Model 3. 
The plastic method described in section 5.3.4 can be applied to the test 
specimens. From experimental observation, the model shown in Figure 6-7a is 
adopted. In this model, equation (5-33) gives the lateral capacity and bef = b-l, 
where b is the specimen width and l is the distance at which the plastic 
capacity of the nails is developed vertically (see Figure 6-7a). The distance l is 
assumed to be between the two bolts that are on the left side of the specimen. 
With b = 2450 mm and l = 400 mm (distance between bolts), bef = 2050 mm, 
FH = 0.86×2050 / 188.5 = 9.35 kN.  
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Figure 6-7 (a) Model 3. Plastic model for specimens type C according to experimental 

observation.  (b) Model for specimen type A according to experimental observation 
(the behavior is linear-elastic and not plastic). 

 
TEST SPECIMENS TYPE A (LSA-SERIES) 
According to the experimental observation, the test specimens type A could not reach 
their full capacity due to brittle behavior of the screws connecting the sheet to the 
bottom sill as well as the bending of the bottom plate. A model that explains the 
preceding behavior is shown in Figure 6-7b. The two sheets rotate as one single unit 
and the tensile forces in the screws are linearly distributed along the length l. The 
maximum loaded screw (fp) is in the corner where a tension reaction RT transmitted by 
the bottom sill-to-stud connection is created. From Figure 6-7b (sum of moments at 
the bottom-right corner), 







 −+=

3
2

2
l

b
lf

bRhF p
TH                                                                 (6-1) 

Where, fp = fi,max / s, fi,max is the maximum shear capacity of the screwed connection 
and s is the spacing of the screws. Assuming that RT = 4.2 kN (section C.2 of 
appendix C), b = 2450 mm, h = 2445 mm, fi,max = 1.36 kN (6), l = b / 2 = 1225 mm and 
s = 188.5 mm, FH = 7.2 kN.  
 
THEORY VERSUS EXPERIMENTS 
All the experimental capacities for the specimens type C (13.2, 12.1 and 13.0 kN) 
were higher than the maximum theoretical capacity (11.2 kN), which means that the 
theory is on the safe side. The expected theoretical capacity (9.4 kN) is 16% less than 
the maximum theoretical capacity due to the fact that the test specimen is partially 
anchored to the ground. In the case of specimens type A, the experimental capacities 
(9.3 and 7.9 kN) were also higher than the theoretical capacity (7.2 kN). The low 

                                                 
6 Same procedure as section C.1.2 of appendix C with t2 = 23 mm, fh,2 = 36.1 N/mm2, d = 4 mm and My 

= 3704 Nmm.  
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capacity of test LSA-2 was due to the sudden shear failure of the bottom sill (see 
Figure 6-6h). Hence, it cannot be compared to the theoretical capacity.  
 
DESIGN LOADS 
Table 6-2 shows a comparison of experimental capacities and several design loads in 
kN per meter wall. It appears that wind effects could be more dangerous than seismic 
effects due to the low weight of the structure. Wall-panels made with panel type C 
seem to be more effective than those ones made with panel type A due to their higher 
strength and stiffness. For one-story houses, the experimental results are higher than 
the required values according to the examples presented in appendix D for both 
ultimate and serviceability limit states. For two-story houses, the required values are 
closer to the experimental ones for specimens type C and higher for specimens type A 
for both ultimate and serviceability limit states.  
 

Table 6-2 Comparison between experimental capacities and design loads. Values in kN/m. 

Experimental values (3) 

Condition 
Design 
wind 

load (1) 

Design 
seismic 
load (2) 

LSC-
1 

LSC-
2 

LSC-
3 

LSA-
1 

LSA-
2 

LSA-
3 

Ultimate load 
for one-story 

house 
1.31 0.90 5.4 4.9 5.3 3.8 2.7 3.2 

Ultimate load 
for two-story 

house 
3.94 2.42 5.4 4.9 5.3 3.8 2.7 3.2 

Serviceability 
load for one-
story house (4) 

0.22 0.2 0.49 1.1 0.51 0.46 0.64 0.38 

Serviceability 
load for two-
story house (4) 

0.66 0.55 0.49 1.1 0.51 0.46 0.64 0.38 

(1) See example of section D.1.1 of appendix D. 
(2) See example of section D.2.1 of appendix D. 
(3) Values of Fu in Table 6-1 divided by 2.45 m. 
(4) The serviceability values are calculated as follows: for seismic load, a coefficient Cs = 0.1 is used 

(see Table D-5 of appendix D); for wind load, a speed of 50 km/h is assumed (see Table D-3 of 
appendix D); and for the experimental values a load resulting in a displacement ∆0 = L / 1200 ≈  2 
mm is taken [36]. 
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6.2 Out-of-plane bending strength  

6.2.1 Methodology 
In the previous section (6.1), the lateral capacity of the wall-panels acting as shear-
walls was analyzed. Horizontal loading caused by wind and earthquakes will also act 
perpendicular to the walls making them bend out-of-plane. In addition to these 
actions, the dead load7 may cause out-of-plane bending of the walls due to eccentric 
axial compression but this case will be analyzed in the following section (6.3).  
In order to investigate the behavior of a wall-panel unit against out-of-plane bending, 
a wall-panel unit was submitted to uniformly distributed load perpendicular to it by 
means of an air bag simulating the wind load. More of the test setup is discussed in 
the following sub-section (6.2.2). The bottom plate is modeled as anchored to the 
foundation having the same size of the wall-panel unit and the top plate is simply 
supported at its extremes assuming that those supports are shear-walls. The length of 
the top plate is around two times the width of the wall-panel unit. By doing this, the 
wall-panel unit is modeled as simply supported at the bottom and supported by a 
spring at the top in order to consider the worst case. That is, top plates with a free 
span of 2.5 m with no direct support from the roof. The lateral strength tests were 
performed on two different test specimens (panel type A and C) whereas for out-of-
plane bending, only one test specimen (panel type C) was submitted to experimental 
tests. The reason is that in panel type C, the perpendicular load is transmitted through 
concentrated locations such as the connections between the studs and the top plates 
while in panel type A, the load is uniformly distributed through the fasteners that join 
the horizontal members to the top plate. Consequently, in the first case the top plate 
would be submitted to higher stresses.  
 

6.2.2 Experimental setup 
 
TEST SPECIMEN 
The test specimen consisted of a wall-panel unit as the one shown in Figure 6-8. The 
studs and the plybamboo sheet represent the prefabricated wall-panel while the top 
and bottom plates represent the elements placed on-site.  
 
TEST SETUP 
The test setup consisted of a steel frame formed by two HE-beams, three HE-columns 
and a steel angle (Figure 6-9). The test specimen is bolted to the bottom HE-beam and 
the top plate is clamped at its extremes to two of the HE-columns.  
 
MEASUREMENT OF LOAD AND DISPLACEMENT 
An air bag is put between the specimen and a supporting frame which consists of a 
plybamboo sheet supported by four HE-beams and one extra HE-beam at the top. A 
transducer measures the pressure inside the bag when loading. The bag is gradually 
filled with air with an approximate rate of 0.4 kN/m2/min.  
Displacements out-of-plane were measured in nine different positions of the specimen 
during the tests and are defined as follows (see Figure 6-10): 
 

                                                 
7 Defined as the load caused by the weight of all the materials that compose the building or structure in 

consideration. 
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∆1,1:  Top plate’s center point. 
∆1,2 and ∆1,3:  591 mm horizontally from the top plate’s center point8. 
∆2,1:  Geometrical center of plybamboo sheet. 
∆2,2 and ∆2,3:  Studs center point9. 
∆3,1:  50 mm up from the center of the upper side of the bottom plate. 
∆3,2 and ∆3,3:  50 mm up from the connection between bottom plate and studs10. 
The measurement of displacement setup consisted of a steel frame (composed by two 
HE- columns and three HE-beams) placed in front of the specimen and loading frame 
(Figure 6-10). The displacements ∆3,j were recorded by three digital dial gages, which 
were supported by small HE-beams placed directly on the floor. The displacements 
∆1,j and ∆2,j were recorded by deformation transducers attached to the two HE-
columns and the HE-beam located at the center of the frame. Thin wires connected to 
the transducers were attached to the specimen on the previously specified points 
utilizing small steel hooks.  
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Figure 6-8 Out-of-plane bending test specimen. 

 

                                                 
8 These are also the locations at which the studs are joined to the top plate. 
9 These points are at the same height as ∆2,1. 
10 These points are at the same height as ∆3,1.  
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Figure 6-9 Out-of-plane bending test setup. 
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Figure 6-10 Measurement of displacement setup. 
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6.2.3 Experimental results 
Three experimental tests were carried out in total (OPB-1, OPB-2 and OPB-3). The 
ultimate loads were 3.5, 2.8 and 3.6 kN/m2 (see Table 6-3). Figure 6-11 shows the 
Load-Displacement curves obtained for each of the tests according to the deflection at 
the geometrical center of the plybamboo sheet ∆2,1. The Load-Displacement curves 
for all the measured deflections can also be seen in Figure B-7 of appendix B. 
Displacements of the plybamboo sheet, studs and top plate at failure are presented in 
Table 6-3 as well as their stiffness according to a displacement ∆i,j. The latter values 
are the slope of the Load-Displacement curves in Figure B-7 from 10% of wu to 40 % 
of wu. Figure 6-12 shows several photographs of the failure modes observed during 
the tests. The behavior of the wall-panel unit is linear-elastic until failure occurs. 
Bending of either the top plate or one of the studs causes the failure. In test OPB-1, 
the top plate broke at the connection with a stud (Figure 6-12a). In test OPB-2, the top 
plate broke at the center (Figure 6-12b) and in test OPB-3, one of the studs failed by 
bending at the center (Figure 6-12c). The failure will always occur at either the top 
plate or one of the studs but never in the plybamboo sheet or its connections with the 
studs. From Table 6-3 and Figure B-7 of appendix B it can be noticed that in the 
weakest specimen (OPB-2) the stiffness of the top plate k1,1 is lower than the stiffness 
of both studs (k2,3 and k2,2).  
 

Table 6-3 Out-of-plane bending experimental results 

Test OPB-1 OPB-2 OPB-3 
Element 

wu 3.52 2.80 3.61 
k2,1 0.0257 0.0321 0.0282 

∆2,1(max) 129 85.2 119 Plybamboo 
sheet 

k3,1 0.235 0.452 0.344 
k1,3 0.0556 0.0523 0.0697 
k1,2 0.0567 0.0529 0.0693 
k1,1 0.0404 0.0375 0.0492 

Top plate 

∆1,1(max) 94.8 74.6 75.2 
k2,3 0.0343 0.0459 0.0415 
k2,2 0.0350 0.0446 0.0369 
k3,3 0.231 0.566 0.370 – 0.191 
k3,2 0.217 0.466 0.335 – 0.160 

∆2,3(max) 105 63.2 89.6 

Studs 

∆2,2(max) 107 64.7 104 
wu:  Ultimate load registered by the pressure transducer [kN/m2]. 
ki,j:  Stiffness according to the displacements ∆i,j [kN/m2/mm]. 
∆i,j(max):   Maximum displacement at wu [mm]. 
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Figure 6-11 Load-Displacement curves obtained from the out-of-plane bending tests. 

 

     
                             (a)                                          (b)                                      (c) 
Figure 6-12 Out-of-plane bending failure modes. (a) Test OPB-1: The top plate broke at the 

connection  with a stud. (b) Test OPB-2: The top plate broke at the center. (c) Test 
OPB-3: A stud broke at the center.  

 

6.2.4 Theoretical approach 
 
TRANSMISSION OF FORCES 
Figure 6-13 shows the transmission of forces mechanism in the specimen through the 
different members composing it. The plybamboo sheet will be directly submitted to a 
uniformly distributed load w via the airbags simulating wind load. A horizontal 
reaction p1 is transmitted to the top and bottom plates and a horizontal reaction p2 to 
the studs. The second ones transmit a reaction force p2Ls / 2 to the top and bottom 
plates via the steel angles. At last, the top plate transmits the loads to the steel frame 
and the bottom plate to the bolts. From Figure 6-13 the reactions11 taken by the frame 
and bolts are: 

2
12

21

bpLp
RR s +

==                                                                        (6-2) 

                                                 
11 The reactions R1 and R2 are equal because the structure is statically determined. 
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Figure 6-13 Transmission of forces in the specimen members. 

 
Where, Ls is the stud length, b is the sheet width and, 

sL
p

b
p

w 12 22
+=                                                                                    (6-3) 

The shape of the specimen before and after loading is shown in the right part of 
Figure 6-13. The dotted and continuous lines represent the specimen before and after 
loading respectively. ∆max is the maximum displacement of the studs.  
 
PLYBAMBOO SHEET 
The plybamboo sheet could be considered as a plate submitted to uniformly 
distributed load w and supported as shown in Figure 6-14. k1 is the stiffness of the 
studs, which is a function of the length Ls and depends on the modulus of elasticity E 
and moment of inertia I. k2 is the stiffness of the top plate. The shape of the sheet 
before and after loading can be seen in Figure 6-14. 
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Figure 6-14 Structural model of plybamboo sheet. 

 
In order to simplify the calculations the following assumptions are made: k1 = k2 = ∞  
and ν = 0.3. From theory of elasticity of plates [44]: 

2222 /64.16/1017.0 btwtwbM mm σσ =⇒==                       (6-4) 

34
1,2 /1106.0 Etwb=∆                                                                       (6-5) 

Where M is the applied bending moment, σm is the maximum bending stress and t is 
the sheet thickness. Taking σm = fm = 60 N/mm2, t = 12 mm, b = 1225 mm and E = 
5700 N/mm 2 (Table 4-2), w ≈  0.0094 N/mm2 = 9.4 kN/m2 and, 

1,20395.0 ∆=w                                                                                      (6-6) 

With w in kN/m2 and ∆2,1 in mm. 
 
TOP PLATE  
The top plate could be considered as a simply supported beam with two concentrated 
loads as shown in Figure 6-15 (the effects of p1 are neglected). From beam theory, 

)3/(46/8/ 2
2

2
2 psmppmppps LLbhpbhLLpM σσ =⇒==   (6-7) 

With Lp = 2310 mm (top plate length or free span in the test), Ls = 2359 mm (actual 
span in the test), hp = 69 mm (top plate height), bp = 43 mm (top plate width), σm = fm 
= 27 N/mm2 (Table 4-2), p2 = 1.35 N/mm, R1 = 1590 N and w = 2.20 kN/m2 (equation 
6-2 and 6-3 neglecting the effects of p1). From section C.3.2 of appendix C, 

EI

LR p

384

11 3
1

1,1 =∆                                                                                      (6-8) 

This equation neglects the load p1 on the top plate. With E = 10000 N/mm2 and I = 
693×43 / 12 = 1.18×106 mm2 (Table 4-2) and combining equations (6-2) and (6-3), the 
theoretical Load-Displacement relationship would be: 
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1,10446.0 ∆=w                                                                                      (6-9) 

With w in kN/m2 and ∆1,1 in mm. 
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p 2Ls/2
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p 2Ls/2

p1

 
Figure 6-15 Structural model of top plate. 

 
STUDS  
The studs could be considered as beams simply supported at the bottom and supported 
by a spring of stiffness k at the top (see Figure 6-16). The stiffness k represents equal 
values of k1 and k2 at the joint between the studs and the top plate (see Figure 6-14). 
From beam theory, 

)3/(46/125.0 22
2

22
2 smssmsss LbhpbhLpM σσ =⇒==    (6-10) 

Taking hs = 69 mm (stud height), bs = 43 mm (stud width), σm = fm = 27 N/mm2 and 
Ls = 2359 mm, p2 = 1.32 N/mm, which is very close to the obtained value for the top 
plate. From equation (6-2) and (6-3) and p1 = 0, w = 2.16 kN/m2. From section C.3.2 
of appendix C: 

k
Lp

EI
Lp ss

4384
5 2

2
2

2,2 +=∆                                                               (6-11) 

From Figure 6-15, k = R1 / ∆1,3 = 48EI / Lp
3 = 48×10000×1.18x106 / 23593,  k = 43.1 

N/mm (see appendix C, section C.3.2). From equation (6-11) and (6-3), it can be 
found that: 

2,20341.0 ∆=w                                                                                   (6-12) 

With w in kN/m2 and ∆2,2 in mm. 
 
TOP AND BOTTOM CONNECTION 
It has been calculated in appendix C (section C.2) that the shear capacity of this 
connection is 1140 N per screw. Therefore, R1 = 2280 N. From equations (6-2) and 
(6-3), a value w = 3.2 kN/m2 is obtained.  
 



PLYBAMBOO WALL-PANELS FOR HOUSING 

 99 

Deformed shape
after loading

Ls EI

k

x

p 2Ls / ( 2k)

∆max

∆2,2
p2

Stud

 
Figure 6-16 Structural model of the studs. 

 
 
THEORY VERSUS EXPERIMENTS 
In all cases, the obtained experimental ultimate load was higher than the theoretical 
one (see Table 6-5). The theoretical stiffness values for the top plate and the studs 
were in the same range as the experimental ones considering natural variation of the 
modulus of elasticity of the timber. The theoretical stiffness value for the plybamboo 
sheet is higher than the experimental ones probably due to the simplification made 
when calculating the sheet stiffness (k1 = k2 = ∞ , ν = 0.3). In the real situation, k1 and 
k2 are finite values and will affect the behavior of the plybamboo sheet. The top plate 
and studs are the members that finally limit the strength of the wall-panel unit when 
loaded perpendicular to its plane.  
 

Table 6-4 Comparison between theoretical and experimental stiffness. Values in kN/m2/mm. 

Experimental values(2) 

Member Stiffness Theoretical 
value(1) 

OPB-1 OPB-2 OPB-3 
Sheet k2,1 0.0395 0.0257 0.0321 0.0282 

Top plate k1,1 0.0466 0.0404 0.0375 0.0492 
Studs (k2,2 + k2,3) / 2 0.0341 0.0346 0.0452 0.0392 

(1) From equations (6-6), (6-9) and (6-12). 
(2) From Table 6-3.  
 
DESIGN LOADS 
The lowest experimental ultimate load obtained is 1.5 times higher than the required 
wind load calculated in section D.1.2 of appendix D. The seismic loads are not of 
concern in this loading case as can be seen in Table 6-5. For the serviceability limit 
state, all the values are in the same range (around 0.30 kN/m2).  
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Table 6-5 Comparison between design, theoretical and experimental loads. Values in kN/m2. 

Experimental load (5) 

Condition Design 
wind load (1) 

Design seismic 
load (2) 

Theoretical 
load OPB-1 OPB-2 OPB-3 

Ultimate 
state 1.87 0.067 2.20  3.52 2.80 3.61 

Serviceability 
state 0.32 (3) 0.015  0.27 (4) 0.24 0.31 0.30 

(1) Values obtained from section D.1.2 of appendix D. 
(2) Values obtained from D.2.2 of appendix D. For ultimate state, Cs = 0.44 and for serviceability state, 

Cs = 0.10. The values are divided by the wall-panel unit area of 3 m2. 
(3) From Table D-4 of appendix D for a wind speed of 50 km/h. This value is taken as a usual wind 

speed which is conservative. 
(4) Obtained from equation (6-12) for a displacement of 8 mm. 
(5) From Table 6-3. The values for serviceability correspond to a displacement of 8 mm according to 

Figure 6-11. 
 
 

6.3 Axial compression strength 

6.3.1 Methodology 
Usually, the bearing walls of a structure are submitted to compression loads in their 
own plane. In a house, for instance, the walls must transmit the weight of the roof in 
one-story houses and the weight of the second floor and roof in two-story houses. 
This load could be variable depending upon the materials of which the roof and the 
floor are made of (see section D.3 of appendix D). In order to obtain the axial 
compression capacity of the wall-panels, a wall-panel unit was tested in accordance to 
ASTM E 72-98 [6]. The wall-panel unit was submitted to axial compression loads as 
it will be explained in the following section.  
 

6.3.2 Experimental setup 
 
TEST SPECIMEN 
The test specimen consisted of a wall-panel unit as the one shown in Figure 6-17. The 
studs and the plybamboo sheet represent the prefabricated wall-panel whereas the top 
and bottom plates represent the elements placed on-site.  
 
TEST SETUP 
The test setup consisted of a steel frame composed by four HE-beams and two HE-
columns on which the specimen was mounted and fixed (Figure 6-18 and Figure 
6-19a). The test specimen was put between the bottom HE-beam and the loading 
beam (5 in Figure 6-18). The detail of the specimen-to-bottom HE-beam connection is 
shown in Figure 6-19d. After being leveled and centered, a strip of soft material of 
about 10 mm thick was put on top of the specimen and the loading beam was moved 
downwards until it made contact with the soft material. In order to avoid rotation of 
the loading beam, two HE-beams were bolted to the HE-columns at the height of the 
loading beam. Steel plates and rollers were placed between these HE-beams and the 
loading beam as shown in the detail of Figure 6-18 and Figure 6-19b.  
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MEASUREMENT OF LOAD AND DISPLACEMENT 
A hydraulic jack was fixed at the top of the frame. An 80 kN load cell was attached to 
the hydraulic jack. The load cell was then connected at the bottom to an HE-beam 
(loading beam). The specimen was loaded with certain eccentricity as shown in 
Figure 6-18. The center of the loading beam is put at the center of the top plate 
creating an eccentricity e which is equal to the distance between the center of the top 
plate and the center of gravity of the specimen (20-30 mm). The load was applied 
manually by a pneumatic pump at an approximate rate of 10 kN/min.  
Several deformations were measured during the tests. These ones are schematically 
shown in Figure 6-20a and are as follows: 
 
∆0:  Horizontal displacement at the centroid of the plybamboo sheet. 
∆1, ∆2:  Horizontal displacement at the center of the two studs (Figure 6-19c). 
 
The other ones measure the shortening of the following gage lengths: 
 
l3 and l4:  Distance between two points along the length of both studs (2245 mm). 
l5 and l6:  Distance between two points along the length of the plybamboo sheet near   

both studs (2200 mm). 
l7:  Distance between a point in the stud and the bottom HE-beam (100 mm). 
l8:  Distance between a point in the stud and the upper part of the top plate 

(100 mm). 
 
The shortening of l3, l4, l5 and l6 was measured as shown in Figure 6-20b. A steel hook 
was screwed to either the near top of the sheet or stud. A copper wire was attached to 
the hook at the top and to a steel cylinder at the bottom. The LVDT core was attached 
to this cylinder at the top and inserted into the LVDT body which was in turn fixed to 
an aluminum hollow cylinder. This cylinder was screwed to either the near bottom of 
the sheet or stud. On the other hand, the shortening of l7 and l8 was measured as 
shown in Figure 6-20c. At the top, a digital dial gage was fixed to an aluminum 
hollow cylinder which was screwed to the stud at the required length from a bracket 
fixed to the top plate. At the bottom (Figure 6-19e), the same procedure was used but 
the displacement is measured directly from the bottom HE-beam instead of the 
bracket at the top.  
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Figure 6-17 Axial compression test specimen. 
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Figure 6-18 Axial compression test setup. 
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             (a)                    (b)                    (c)                         (d)                        (e) 
Figure 6-19 Test setup details. (a) General overview. (b) Top detail. (c) Measurement of out-of-

plane displacements. (d) Detail of LVDT and bottom connection. (e) Measurement of 
bottom displacement. 
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Figure 6-20 Measurement of displacements in different parts of the specimen. 

 

6.3.3 Experimental results 
Three specimens were tested according to the previous section (AC-1, AC-2 and AC-
3). The most important results are summarized in Table 6-6. Figure 6-21 shows the 
Load-Displacement curves obtained from all the tests regarding the out-of-plane 
deformation of the plybamboo sheet ∆0. Additional curves are shown in Figures B-8 
and B-9 of appendix B. In Figure B-9, six curves are drawn for each of the tests. 
Sheet-a and sheet-b correspond to the shortening of the sheets in two different 
locations; stud-1 and stud-2 correspond to the shortening of the studs and; bottom and 
top correspond to the shortening of l7 and l8 respectively (see Figure 6-20a). The 
curves for sheet-a, sheet-b, stud-1 and stud-2 were obtained by modifying the 
shortening of the gage lengths by the factor L / l where, L is either the sheet or stud 
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length and l its correspondent gage length. Figure 6-22 shows several photographs of 
the observed failures.  
 

Table 6-6 Axial compression experimental results. 
 Test AC-1 AC-2 AC-3 

Fu 68.9 77.1 72.9 
Fs 39.5 53.7 68.5 

L
oa

d 
[k

N
] 

FTR 42 40 56 
km 5.5 8.6 33.0 

k'a,b 31.0 33.2 30.2 
k'a,s 57.6 106 113 

St
if

fn
es

s 
[K

N
/m

m
] 

k'a,p 22.0 20.2 12.7 
Fu:  Ultimate load registered by load cell. 
Fs:  Load when ∆0 = 8 mm. 
FTR:  Load at which the behavior changes from elastic to plastic12. 
km:  Bending stiffness. Slope of Load-Displacement curves shown in Figure 6-21 from 10% of Fu 

to 40% of Fu. 
k'a,b:  Axial stiffness of plybamboo sheet calculated as the average slopes of the Load-Displacement 

curves sheet-a and sheet-b (see appendix B, Figure B-9).  
k'a,s:  Axial stiffness of the studs calculated as the average slopes of the Load-Displacement curves 

stud-1 and stud-2 (see appendix B, Figure B-9). 
k'a,p:  Axial stiffness of top and bottom plates calculated as the average slopes of the Load-

Displacement curves bottom and top (see appendix B, Figure B-9). 
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Figure 6-21 Load-Displacement curves obtained from the axial compression tests. 

 

                                                 
12 This load is obtained with the same procedure used to estimate Fs in Table 5-1. 
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                                          (a)                       (b)                       (c) 
Figure 6-22 Failure modes in the axial compression tests. (a) Test AC-1: bending failure in both 

studs. (b) Test AC-2: bending failure in one of the studs. (c) Test AC-3: same as (b).  

 

6.3.4 Theoretical approach 
 
CRITICAL LOAD 
In order to estimate the axial compression capacity of the wall-panel unit, the 
structural model shown in Figure 6-23 is adopted. This model assumes that the wall is 
simply supported at the bottom and the top as shown in Figure 6-23. The structure is 
axially loaded with an eccentricity e and acts as a mechanically jointed beam with an 
effective bending stiffness EIef. In reality, the horizontal movement at the top is 
restricted by either the roof or floor structure in case of one or two-story houses 
respectively. That is why, the connections roof-to-wall and floor-to-wall must be 
sufficiently stiff to avoid horizontal movement. The hinge at the bottom represents the 
anchoring of the wall-panel to the foundation. Lb is the distance between the top and 
bottom supports, which is equal to the length of the plybamboo sheet. The possible 
deformed shape after loading is shown in the right part of Figure 6-23 where ∆a and 
∆m represent the wall axial and out-of-plane deformations respectively.  
 

Mechanically 
jointed beam

L EIef

P

∆m

Structural model Deformed shape

b

∆a

e

 
Figure 6-23 Structural model and possible deformed shape of the wall-panel under axial load P. 

 
 
 
 



CHAPTER 6. WALL-PANEL STRUCTURAL PROPERTIES 

106 

With the previous model, the critical load can be calculated with Euler’s equation: 

2

2

b

ef
cr

L

EI
P

π
=                                                                                       (6-13) 

In order to determine the effective bending stiffness EIef of the wall-panel, the 
procedure recommended by Eurocode 5-Appendix B is adopted [11]. The details of 
this procedure are presented in section C.3.3 of appendix C. With Lb = 2445 mm, 
several values of Pcr were calculated using different effective widths. This 
relationship is shown in Figure 6-24 where it can be seen that the value Pcr varies 
from 50 to 80 kN depending on the effective width of the sheet. Thus, the maximum 
expected load would be in that range.  
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Figure 6-24 Relationship between critical load Pcr and effective width bef. 

 
The influence of the plybamboo sheet can be estimated by computing the critical 
loads for each of the elements separately. For the studs, Pcr,s = π2×10000×43×693 / 
(23592×12) = 20877 N ≈  20.9 kN per stud and for the sheet, Pcr,b = 
π2×5700×1225×123 / (23592×12) = 1783 N ≈  1.8 kN. The sum of these loads gives: 
Pcr,s+b = 2×20.9+1.8 ≈  44 kN. Assuming an effective width of 375 mm, a critical load 
of 67 kN is obtained and an increment of 34% is attained.  
 
DISTRIBUTION OF FORCES 
In order to have an idea of the initial distribution of forces and displacements in the 
specimen, the idealized model of Figure 6-25 is assumed. With this model, the forces 
and displacements in the plybamboo sheet, studs and plates can be calculated. First, 
the specimen is submitted to a load Pi and the length of the plybamboo sheet, studs 
and plates is Lb, Ls and Lp respectively (see left side of Figure 6-25). Afterwards, the 
load has incremented to P and the length of the plybamboo sheet, studs and plates is 
reduced to Lb – ∆a,b , Ls – ∆a,s and Lp– ∆a,p respectively. Considering that the specimen 
is perfectly straight, the joints between the elements are infinitely stiff and only small 
deformations occur (ignoring bending moments), ∆a,b, ∆a,s and ∆a,p can be calculated 
as follows: 
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Introducing the following numerical values and determining that ∆a,b = ∆a,p + ∆a,s, 
 
Lp = 86 mm (2×43)    Ep = 330 N/mm2  Ap = 69×43×2 = 5934 mm2 
Ls = 2359 mm     Es = 10000 N/mm2  As = 69×43×2 = 5934 mm2 
Lb = 2445 mm     Eb = 3000 N/mm2  Ab = 12×1225 = 14700 mm2 
 
It can be found that, 5.54×10-5Pb = 3.98×10-5Ps + 4.39×10-5Pp and with Ps = Pp, Pb = 
1.51Ps. Since P = Pb + Ps (or Pp), 

PPb 602.0= ,  PPs 398.0=                                                            (6-15) 

P
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Lp / 2

Ls

Lp / 2

Lb-∆a,b
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i

i

P

 
Figure 6-25 Idealized model of the specimen where only axial compression is considered. 

 
This equation means that 60% of the total load P is transmitted by the plybamboo 
sheet whereas 40% is taken by the plates and studs. From the analysis above, the 
following compression stiffness values can be obtained: 
ka,b = AbEb / Lb = 18.0 kN/mm, ka,s = AsEs / Ls = 25.2 kN/mm and ka,p = ApEp / Lp = 
22.8 kN/mm.  
 
THEORY VERSUS EXPERIMENTS 
The ultimate loads obtained from the experimental tests (69, 77 and 73 kN) are in the 
theoretical range of the critical load (50-80 kN). However, it is difficult to determine 
the effective width since many parameters such as modulus of rigidity and Poisson’s 
ratio among others must be known [7]13. Several equations to estimate the effective 
width of simply supported wide flange beams submitted to uniformly distributed load 
are given in section 5.3.2 of Eurocode 5 for different flange materials [11]. The 
equations are as follows: 
                                                 
13 J.G.M. Raadschelders, H.J. Blass; Step lecture B10. 
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wwfef bLCbhCb +≤+= 21                                                             (6-16) 

Where hf is the flange thickness (12 mm in the case of the plybamboo sheet), bw is the 
web width (86 mm in the case of the studs), L is the beam length (2445 mm in the 
case of the specimen in consideration), C1 varies from 20 to 30 and C2 varies from 0.1 
to 0.2 depending on the flange material. With equation (6-16) it can be found that 326 
≤  bef ≤  446 mm. In both cases the condition is fulfilled. With bef = 446 mm, a value 
of Pcr = 70 kN is obtained (see Figure 6-24). This value is lower than the average 
value of the experimental results (73 kN).  
Table 6-7 shows a comparison between theoretical and experimental values of axial 
compression stiffness. The experimental values were calculated multiplying k’a,b, k’a,s 
and k’a,p (see Table 6-6) by 0.602, 0.398 and 0.398 respectively.  
 

Table 6-7 Comparison between theoretical and experimental axial compression stiffness. 

Compression 
stiffness ka,b [kN/mm] ka,s [kN/mm] ka,p [kN/mm] 

Theoretical value  18.0 25.2 22.8 
AC-1 18.7 22.9 8.8 
AC-2 20.0 42.2 8.0 
AC-3 18.2 45.0 5.0 

 
DESIGN LOADS 
Table 6-8 shows a comparison of experimental capacities and design values according 
to section D-3 of appendix D. In all cases, the experimental capacities are higher than 
the corresponding design loads.  
 

Table 6-8 Comparison of serviceability limit state and experimental values. 

Experimental load (3) 

Type of structure 
Limit 

deformation (1) 
[mm] 

Design load (2) 
[kN] AC-1 AC-2 AC-3 

12 3.3 52 63 70 One-story house with 
light roof 8 1.0 40 54 68 

12 14.3 52 63 70 One-story house with 
heavy roof 8 1.0 40 54 68 

12 19.6 52 63 70 Two-story house with 
light roof and floor 8 8.1 40 54 68 

(1) 12 mm is taking into account the effects of dead and live load, creep and moisture (L / 200) whereas 
8 mm takes into account the instantaneous load only (L / 300).  

(2) These values are determined multiplying the results of sections D.3.1, D.3.2 and D.3.3 by 1.225. 
(3) These values are derived from Figure 6-21 (loads at 12 and 8 mm of deformation). 
 
 
 
 
 
 
 
 



PLYBAMBOO WALL-PANELS FOR HOUSING 

 109 

6.4 Impact strength 

6.4.1 Methodology 
The main function of the wall-panels is to provide shelter and security to the 
inhabitants. So far, the performance of the wall-panel unit against lateral loading, out-
of-plane bending and axial compression has been investigated. The first two loading 
cases are important in case of horizontal loading caused by wind and earthquakes. The 
axial compression strength is more related to the option of building a second floor. 
This section concentrates on impact loading perpendicular to the plane of the wall-
panel unit, caused by heavy objects such as stones, rocks and the like and also 
burglary or impact caused by people. For this purpose, standard tests for these kinds 
of load were studied and applied to the wall-panel unit [5, 14].  
 

6.4.2 Experimental setup 
 
TEST SPECIMEN 
The test specimen used for the impact tests is the same as the one previously 
described in section 6.2.2 for out-of-plane bending (see Figure 6-8). 
 
TEST SETUP 
The test setup is based on the following references: ASTM E 695-79 [5] and EN 596 
[14] and is shown in Figure 6-26. The test specimen is fixed as explained in section 
6.2.2. Moreover, an extra HE-section is fixed above the HE-beam at the top. A steel 
chain is fixed to a bolt at the top as shown in Figure 6-27a and holds a sand bag at the 
bottom (Figure 6-27b). A rope is tightened to the sand bag and fixed at the other 
extreme. In order to hoist the sand bag, the hook of a roof crane lifts the rope (Figure 
6-27c).  
 
MEASUREMENT OF LOAD AND DISPLACEMENT 
When the bag is hoisted to a certain drop height h, the rope is released and the bag 
falls as a pendulum hitting the wall-panel unit at its center point perpendicular to the 
plane of the panel. During the tests, the bag was hoisted in increments of 150 mm 
until a height h of 1050 mm. The energy released during the impact is calculated 
using the following formula [14]: 

1000
mgh

E = [J]                                                                         (6-17) 

And the impulse or momentum can be calculated as [48]: 

1000
2gh

mmvI == [kgm/s]                                                             (6-18) 

Where m is the mass of the sand bag in kg (in this particular case 50 kg), g is the 
gravity acceleration (taken as 9.8 m/s2), h is the drop height in mm (Figure 6-26) and 
v is the velocity of the sand bag at the moment of impact. 
No displacements were measured during these tests.  
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1. Test specimen.
2. HE 300.
3. Bolt and plates.
4. Chain attached to 3 and 5.
5. 50 kg Sand bag.
6. Crane hook hoisting 7.
7. Rope attached to 5 and fixed
    at the other extreme.

 
Figure 6-26 Impact strength test setup. 

 

       
                              (a)                        (b)                               (c) 
Figure 6-27 Impact strength test setup details. (a) Top connection. (b) Sand bag. (c) Crane’s hook 

and rope.  

 

6.4.3 Experimental results 
Table 6-9 shows the experimental results obtained from the three performed impact 
tests. Test I-3 failed at the top plate when the last drop was released (see Figure 6-28). 
The energy and impulse values are calculated with equations (6-17) and (6-18). No 
damage was observed in tests I-1 and I-2.  
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Table 6-9 Impact strength experimental results. 

Result Height [mm] Energy [J] Impulse 
[kgm/s]  I-1 I-2 I-3 

150 73.5 85.7 X X X 
300 147 121 X X X 
450 220 148 X X X 
600 294 171 X X X 
750 368 192 X X X 
900 441 210 X X X 
1050 514 227 X X F 

X- No damage at all. 
F- Failure. 
 

 
Figure 6-28 Failure on test I-3 caused by the impact of the sand bag with a drop height of 1050 

mm. 

 
 

6.5 Concluding remarks 
The behavior of the wall-panels against lateral load is of great importance when 
horizontal loads caused by wind or earthquakes act on the house structure since they 
will be in charge of transmitting these forces to the foundation.  
During the lateral strength tests, the bottom plate bent because it was not completely 
anchored to the bottom HE-beam. This phenomenon could have negatively affected 
the experimental results, especially in the case of the specimens with panel type A 
(see Figure 6-2b).  
According to the lateral strength experimental results, the test specimens showed 
better ductile behavior when using panel type C (plybamboo sheet is nailed to the 
bottom plate, see Figure 6-2a) than when using panel type A (plybamboo sheet is 
screwed to the bottom plate). In both cases there was ductile behavior although one 
was more ductile than the other. 
All theoretical models seem to be suitable for predicting the lateral capacity of the 
specimens with panel type C. However, models 1 and 2 require the leading stud to be 
completely anchored to the bottom whereas model 3 takes into account the anchoring 
capacity of the leading stud. In the case of specimens with panel type A, the failure 
load is more difficult to predict because the full capacity is not developed. 
Nevertheless, equation (6-1) gives a reasonable result when compared to the 
experimental values.   
The plybamboo wall-panels (acting as shear-walls) to be utilized in one-story houses 
according to HDM 1-a seem to be able to withstand high wind and seismic loads and 
to deform at adequate levels when usual winds or tremors occur. Wall-panels made 
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with panel type C are more reliable than those ones made with panel type A regarding 
lateral capacity due to the higher strength and ductility of the first ones.  
Plybamboo wall-panels with panel type C and submitted to lateral load might be able 
to withstand high seismic load with a second floor on top of them (safety factor of 2, 
Table 6-2) but the gap accommodation effect must be avoided in order to comply with 
serviceability. On the other hand, it is not recommended to build a two-story house 
with these wall-panels in areas prone to high wind velocities.  
The behavior of the plybamboo wall-panels under cyclic loading has not been 
investigated and needs further research. In that case, stiffness degradation could be 
expected after the fasteners have plastically deformed.  
More experimental tests are needed to confirm the applicability of the plybamboo 
wall-panels as shear walls in order to obtain design values derived from statistical 
analyses, especially if two-story houses are to be implemented.  
The transfer of loads from the walls and roof perpendicular to the shear-walls by 
means of roof structure or bracing members (i.e. the ceiling) will be considered in the 
following chapter.  
 
When considering out-of-plane loading on the wall-panels, wind load effects are the 
critical ones since the equivalent seismic load effects are very low when compared to 
the first ones (see Table D-4 and D-6 of appendix D).  
The behavior of the wall-panels against out-of-plane bending is linear elastic until 
failure occurs. Either the studs or the top plate are the members that limit the strength 
of the wall-panels whereas the plybamboo sheet is stressed at levels lower than its 
capacity. This means that neither post-elastic strength nor deformation is achieved 
which is unfavorable since no ductility is accomplished. Therefore, the design 
strength should be taken at lower levels than the ultimate capacity.  
Beam theory seems to predict well the behavior of the top plate and studs when 
analyzing the wall-panel against out-of-plane bending. On the other hand, the 
plybamboo sheet behavior is more difficult to predict. The theoretical capacity was 
lower than the experimental capacities. The theoretical stiffness of the top plate and 
studs fairly agreed with the experimental results whereas the stiffness of the 
plybamboo sheet was higher than the experimental ones due to some of the 
suppositions (see section 6.2.4).  
The plybamboo wall-panels of HDM 1-a have to be improved to be implemented in 
areas prone to high wind loads such as the one presented in the example of section 
D.1.2 of appendix D. In that case, the estimated design wind load was 1.87 kN/m2. 
The lowest experimental capacity (2.8 kN/m2) is 1.5 higher than that load. It would be 
risky to design with such a security factor, especially knowing the brittle behavior of 
the wall-panels against out-of-plane bending. One of the improvements could be to 
brace the wall-panel units by placing wooden beams horizontally between the studs. 
 
In one or two-story houses, the design of the bearing walls against axial compression 
load is governed by serviceability limit states rather than ultimate state. That is, the 
wall must be designed to deform less than a certain limit when the expected load is 
applied.  
The behavior of the wall-panels against axial compression is elastic at the beginning 
until reaching a transition load from elastic to plastic behavior. The latter one is not as 
important for this kind of load as it is for lateral strength or out-of-plane bending 
because for axial compression, the wall-panels are not designed to reach the ultimate 
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state. The wall-panels also showed a composite action against axial compression (the 
plybamboo sheets and the studs had similar out-of-plane bending stiffness).  
Using beam theory for composite elements and Euler’s equation for critical load, a 
range of 50 to 80 kN (depending on the effective width) for the axial compression 
capacity of the wall-panels was estimated. This calculation takes into account the 
effect of the connection between the plybamboo sheet and the studs. All the 
experimental capacities were in that range.  
For the given dimensions of sheet and studs, a theoretical distribution of the 
compression load on these specimens in the linear-elastic range seems to be around 
60% in the plybamboo sheets and 40% in the plates or studs assuming that the 
specimen is perfectly straight and the joints between the individual elements are 
infinitely stiff.  
The plybamboo wall-panels of HDM 1-a seem to be suitable against compression 
loads in one and two-story houses with light roof and floor (see Table 6-7). However, 
more experimental research must be carried out.  
 
The plybamboo wall-panels of HDM 1-a seem to be capable of withstanding an 
impulse of 225 kgm/s. 
A person weighing 80 kg and running at 10 km/h (2.8 m/s) will produce an impulse of 
approximately 225 kgm/s on the wall-panel. Nevertheless, the nature of the impact is 
different from the one caused by the sand bag because the impact time is higher and 
produces lower stresses in the wall-panel unit. 
Impulse values higher than 225 kgm/s might cause failure of the top plate if this one 
has a free span of 2.5 m and is not braced by the roof structure.  
The wall-panel showed a damped free vibration after an impact and returned to its 
original position.  
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7 House structure performance under horizontal load 
This chapter concludes with the second part of this research and it deals with the 
structural behavior of the plybamboo wall-panels with window and door openings 
submitted to lateral load (section 7.1) and a full-scale test of part of the house 
structure according to HDM 1-a (section 7.2). The purpose of the first part is to obtain 
the structural response of the plybamboo wall-panels with window and door openings 
under lateral load and compare it to the behavior of the wall-panels without openings. 
The goal of the second part is to obtain the structural response of part of the house 
structure submitted to simulated wind loads and compare the behavior of the elements 
and connections within the structure to the ones obtained in chapters 5, 6 and section 
7.1. Sections 7.1 and 7.2 are divided in the following four sub-sections in the same 
way as in chapter 5 and 6: methodology, experimental setup, experimental results and 
theoretical approach. Section 7.3 finishes the chapter with some concluding remarks.  
 

7.1 Lateral strength of wall-panels with openings 

7.1.1 Methodology 
The method presented in section D.1.1 of appendix D for estimating the shear design 
loads per meter-wall considers that wall-panel units with window or door openings do 
not contribute to transfer these loads. Therefore, several wall-panels with window and 
door openings were submitted to lateral loads in order to obtain their structural 
behavior. Four different configurations of wall-panels were tested in accordance to 
section 6.1 with a couple of variations and b = h in all cases (see Figure 7-6). In one 
test of each configuration, the plybamboo sheathing was replaced with plywood in 
order to compare both results. Additionally, one test on a full-specimen (no openings) 
was carried out with plywood sheathing in order to compare it with the results of 
section 6.1.  
 

7.1.2 Experimental setup  
 
TEST SPECIMEN 
HDM 1-a would be composed by three different types of prefabricated panels: full-
panel, window-panel and door-panel. The specimens built for the experimental test-
series were composed by two wall-panel units as follows: 

1. Full-specimen (F): two full-panels (see Figure 7-1a and Figure 6-2a). 
2. Window-specimen (W): one full-panel and one window-panel (Figure 7-1b). 
3. Door-specimen (D): one full-panel and one door-panel (Figure 7-1c).  

Besides the plybamboo sheets used as sheathing material, some of the specimens were 
also sheathed with plywood. The dimensions of the elements composing the test 
specimens are shown in Table 7-1 (see also Figure 7-1). The plybamboo, plywood, 
sawn timber and window frame employed to build the test specimens correspond to 
samples P3, P4, T3 and T4 respectively (Table 4-1). For more details about the test 
specimens, see Figures E-1 to E-3 of appendix E.  
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Figure 7-1 Test specimens utilized for the experimental test-series.  

 

Table 7-1 Dimensions (in mm) of elements composing the different specimens (see Figure 7-1). 

Element Test series with plywood Test series with plybamboo 
1 2500×1220×12 2400×1200×12 
2 69×44×2412 69×44×2312 
3 69×44×2440 69×44×2400 
4 640×1220×12 600×1200×12 
5 1220×185×12 1200×180×12 
6 44×44×1176 44×44×1156 
7 44×44×1132 44×44×1112 
8 500×1220×12 400×1200×12 
9 2000×220×12 2000×200×12 
10 69×44×1956 69×44×1956 
11 69×44×1132 69×44×1112 
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TEST SETUP 
The test setup utilized for the experimental tests was the same as the one described in 
section 6.1.2 but this time, six bolts were used to fix the bottom plate to the bottom 
HE-beam and three top supports instead of two (see Figure 7-2 as an example).  
 

5. 30 kN load cell.
6. Steel apparatus with  
    movable roller.
7. Bolts.

7∆2

2

654

Top detail 
(lateral support-side view)

Front view 2

∆3

∆1

1

3
3

2

∆0 2

2

1. Test specimen.
2. HE 300.
3. Steel angle 
    (150×150 mm).
4. Hydraulic jack .

1

6

 
Figure 7-2 Experimental setup with a door-panel specimen (DB). 

 
MEASUREMENT OF LOAD AND DISPLACEMENT 
In each test, the load was manually applied by a pneumatic pump at an approximate 
rate of 1 kN/min. After the first minute, the load was sustained for five minutes and 
afterwards released for another five minutes. Finally, the load was applied until 
failure.  
Figure 7-3 shows the displacement measurement setup for each type of test (WA, 
WB, DA and DB). For the full-panel specimen (F), only four displacements are 
measured as shown in Figure 6-3.  
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Figure 7-3 Displacement measurement system for the different specimens and test series. 

 

7.1.3 Experimental results 
Sixteen tests were performed in total including the three tests that were performed on 
the full-specimen of Figure 6-2a. Three tests were carried out on each variation (WA, 
WB, DA and DB, see Figure 7-3) and four on the full-specimen (F). Five specimens 
made of plywood were tested on each of the five variations. Table 7-2 shows the most 
relevant results obtained from each test. The Load-Displacement curves of all tests are 
shown in Figure 7-4. For more details, see Figures B-10 to B-15 of appendix B. 
Figure 7-5 shows typical failure modes of all test variations observed during the 
experimental tests.  
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Table 7-2 Experimental result for the test series of lateral strength with openings. 

Test ∆0 
[mm] 

∆2 
[mm] 

∆1 
[mm] 

∆3 
[mm] 

F [kN] ∆2/∆0 
Fmax 
[kN] 

ki 

[kN/mm] 
25.2 13.3 -2.2 0.11 11.8 0.53 12.2 1.06 
25.1 18.3 -4.3 0.16 11.6 0.73 13.2 0.64 
25.0 20.7 -2.3 0.32 10.5 0.83 12.0 1.75 

 

25.1 17.4 -5.0 0.18 10.6 0.69 13.0 0.71 
25.3 7.0 -2.4 -0.09 12.7 0.28 14.4 1.01 
24.8 7.6 -2.9 0.48 13.0 0.31 13.1 1.18 

 

24.6 11.1 -2.7 0.07 11.9 0.45 12.3 1.07 
25.2 12.2 -0.97 -0.02 8.6 0.48 8.7 0.71 
25.2 13.0 -2.77 -0.15 7.6 0.52 7.8 0.66 

 

25.1 11.9 -2.13 1.59 8.4 0.47 11.0 0.75 
24.9 3.61 -1.68 -0.02 6.9 0.14 7.8 0.57 
25.0 3.31 -1.95 0.01 7.2 0.13 7.4 1.10 

 

25.2 3.25 -1.77 0.12 7.1 0.13 7.3 0.75 
25.7 11.0 -1.24 -0.01 4.2 0.43 4.8 0.54 
25.0 11.5 -2.17 0.03 4.0 0.46 5.2 0.48 

 

25.6 11.4 -2.57 -0.05 4.3 0.44 5.6 0.52 
The first six columns are the data corresponding to the value of ∆0 given in the first column.   
ki: Stiffness when F = 1 kN. 
Values in italic are those tests performed with plywood instead of plybamboo.  
 
From the experimental tests it was observed that: 

1. The behavior of the full-specimen (F) sheathed with plywood was similar to 
that one sheathed with plybamboo. The gap accommodation effect was not 
present.  

2. The behavior of the window specimen with the window on the windward side 
(WA-series) was similar to the full-specimen in stiffness and strength. 
However, there is a more accentuated failure at the central studs (Figure 7-5a).  

3. The behavior of the window specimen with the window on the leeward side 
(WB-series) was less stiff and strong than the two previous ones. The failure 
only occurred at the connection between the leading stud and the bottom plate 
(Figure 7-5b).  

4. The behavior of the door specimen with the door on the windward side (DA-
series) was similar to the WB-series in stiffness. The strength did not vary too 
much between the WB- and DA-series with the exception of one test (see 
Figure 7-4). In this case, the failure was produced at the central studs (Figure 
7-5c).  

5. The behavior of the door-specimen with the door on the leeward side (DB-
series) was the weakest in both stiffness and strength (see Figure 7-4). The 
failure only occurred at the connection between the leading stud and the 
bottom plate (Figure 7-5d).  

6. There was no significant difference between the specimens sheathed with 
plywood and plybamboo.  
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Figure 7-4 Load-Displacement curves obtained from all the lateral strength tests performed 

during this research.  The bold number is the average of the ultimate load for each 
test series in kN and the number in brackets is the capacity per meter wall for each 
test series.  

 

    
                     (a)                                 (b)                             (c)                          (d) 
Figure 7-5 Typical failure modes for the lateral strength tests with openings. (a) Test series WA: 

failure at the connection between the central studs and the bottom plate. (b) Test 
series WB: failure at the connection between the leading stud and the bottom plate 
and the sheet-to-bottom plate connection. (c) Test series DA: same as (a). Notice the 
opening between the central studs. (d) Test series DB: same as (b). Notice the splitting 
of the bottom plate.  

 

7.1.4 Theoretical approach 
 
F-SERIES 
The F-series were analyzed in section 6.1 (LSC-series). However, an extra test was 
carried out using plywood (sample P4, Table 4-1) instead of plybamboo and the test 
setup shown in Figure 7-2. For this particular test, fi,max is slightly reduced due to the 
lower density of the plywood. Applying the same procedure of section C.1.1 of 
appendix C, it can be found that fi,max = 0.73 kN (1). The maximum theoretical capacity 
is estimated with model 2 (section 6.1) where FH = 13 fi,max. Hence, FH = 13×0.73 = 
9.5 kN. Model 3 is adopted as the one shown in Figure 6-7a but the location of the 
nails yielding vertically are at the left corner because the bottom plate did not bend 
due to better anchoring.  
 

                                                 
1 fh,1 is calculated with equation (4-5) with d = 2.8 mm and ρ = 467 kg/m3.  
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WA-SERIES 
The WA-series (window-panel with window on the windward side) behaved as stiff 
and strong as the full-panels, which is a surprising fact. It was observed during the 
experimental tests that both the leading and central studs (Figure 7-5a) were uplifted 
from the bottom plate. The distribution of forces at failure can be modeled as shown 
in Figure 7-6a, which yields a failure load FH similar to that one for the full-panel.  
 
WB-SERIES 
The WB-series (window-panel with window on the leeward side) behaved less stiff 
and weaker than the WA-series. In this case, only the leading stud was uplifted from 
the bottom plate (Figure 7-5b). The distribution of forces at failure can be modeled as 
shown in Figure 7-6b. The effective width can be estimated using equation (5-35). 
Taking h = 2.4 m, b = 2.4 m, RT = 4.2 kN and fp = 4.53 kN/m (2), a value of bef = 1.6 m 
is obtained. Hence, FH = 1.60×4.53 = 7.2 kN.  
There is an empirical formula developed by Sugiyama, 1993 [46] for perforated 
timber-framed walls under cyclic loading which consists of calculating the following 
factor: 

r
r
23 −

=α                                                                                             (7-1) 

Where, 

o

oT

A
AA

r
−

=                                                                                           (7-2) 

AT is the total wall area and Ao is the perforated sheathing area. The perforated shear-
wall capacity is determined multiplying the factor α by the capacity of a shear-wall 
without openings. In the case of the WA- and WB-series: AT = 2.4×2.4 = 5.76 m2, Ao 
= 1.2×0.84 = 1.01 m2, r = 0.825 and α = 0.611. Taking the mean capacity of the F-
series as the capacity of the shear-wall without openings, FH = 0.611×12.6 = 7.7 kN. 
 
DA-SERIES 
The DA-series (door-panel with door on the windward side) behaved as stiff and 
strong as the WB-series which is considered as a coincidental fact. The distribution of 
forces at failure are modeled as shown in Figure 7-6c where the full-panel unit is 
taking all the forces. Equation (5-35) can be utilized in this case as well and with h = 
2.4 m, b = 1.2 m, RT = 8.4 kN and fp = 4.53 kN/m (2), a value of bef = 1.01 m is 
obtained. Hence, FH = 1.01×4.53 = 4.6 kN.  
 
DB-SERIES 
The DB-series (door-panel with door on the leeward side) were the least stiff and 
weakest of all the test series. The distribution of forces at failure are modeled as 
shown in Figure 7-6d. From this force configuration, the effective width can be 
determined as: 
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2 fp = fi,max / s = 0.86 / 0.19 = 4.53 kN/m. 
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With h = 2.4 m, b = 2.4 m, RT = 4.2 kN and fp = 4.53 kN/m (3), a value of bef = 1.02 m 
is obtained. Hence, FH = 1.02×4.53 = 4.6 kN. Equation (7-1) could be also applied 
and in this case, AT = 5.76 m2, Ao = 2×1 = 2 m2, r = 0.653 and α = 0.385. Thus,  FH = 
0.385×12.6 = 4.8 kN. 
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Figure 7-6 Theoretical failure modes according to plastic models (based on visual observation at 

failure during the experiments).  (a) WA-series: RT1 develops all of its capacity and 
vertical yielding of the nails is produced in two zones. RT2 does not develop all of its 
capacity. (b) WB-series: the tension at the central studs is not developed. (c) DA-
series: the tension at the central studs develops all of its capacity. (d) DB-series: RT 
develops all of its capacity. 

 
 

                                                 
3 fp = fi,max / s = 0.86 / 0.19 = 4.53 kN/m. 



CHAPTER 7. HOUSE STRUCTURE PERFORMANCE UNDER HORIZONTAL LOAD 

 124 

THEORY VERSUS EXPERIMENTS 
All the experimental capacities were higher than the theoretical ones (see Table 7-3). 
Once more, the theory seems to be on the safe side. It is remarkable how the empirical 
equation (7-1) predicts the capacity which in both cases is close to the experimental 
values. Since equation (7-1) is for cyclic loads, it can only be used for the WB- and 
DB-series. The plastic model for the DA-series seems to underestimate its capacity.  
 

Table 7-3 Comparison between experimental and theoretical capacities in kN. 

Test series Experimental 
value 

Model 2 
(section 6.1.4) 

Model 3 
(plastic model) 

Empirical 
formula (7-1) 

F 12.6 11.2   9.4 - 
WA 13.3 - 9.4 - 
WB 9.2 - 7.2 7.7 
DA 7.5 - 4.6 - 
DB 5.2 - 4.6 4.8 

Note: The theoretical values are calculated for the specimens sheathed with plybamboo. 
 
DESIGN LOADS 
The procedure applied in section D.1.1 of appendix D can be conservatively applied 
for all the wall-panel configurations except for the door specimen with the door on the 
leeward side because its capacity (2.2 kN/m) is less than half the capacity of a full-
panel (5.2 kN/m). Consequently, wall-panels with a door opening and with b = h 
should be neglected as a shear-wall. 
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7.2 Full-scale test of house structure under horizontal load 

7.2.1 Methodology 
The final verification of the structural performance of HDM 1-a was made by testing 
part of the house structure of Figure 3-16 (see Figure 7-7). The tested part consisted of 
the living room and the bedroom at the front of the house because that is the worst 
case against wind loading. The load direction is parallel to the short dimension 
(width) of the house which will usually have less shear-walls than the long direction 
(Case A in Figure D-1). Moreover, the living room has three wall-panel units without 
direct support from a shear-wall. The wind load simulation was carried out with air 
bags and represents the total wind load acting on the main force resisting system 
(shear-walls) as explained in section D.1.1 of appendix D.   
   

7.2.2 Experimental setup 
 
TEST SPECIMEN 
The test specimen consisted of sixteen wall-panel units joined together forming part 
of the house structure described in chapter 3 for HDM 1-a. From these sixteen panels, 
three were door-panels, two were window-panels and the other eleven were full-
panels. Figure 7-7 and Figure 7-8c show the test specimen. The sixteen wall-panel 
units were first prefabricated as it would be made in reality (Figure 7-8a). The details 
of the panel fabrication are explained in Figures E-1 to E-3 of appendix E. The bottom 
plate was composed by six 75×50 mm timber beams bolted to the foundation. These 
beams were predrilled with holes of 10 mm diameter spaced at 400 mm on center. 
The distances from the ends were 270, 130 and 199 mm depending on the position of 
each beam. The wall-panel units were then mounted on the bottom plate (already 
fixed to the foundation) and fixed to it via the steel angles already screwed to the 
studs (Figure 7-8b). Afterwards, the top plate was fixed with the steel angles at the top 
of the wall-panel units. The top plate is the same as the bottom plate without 
predrilled holes and is horizontally connected by steel plates as can be seen in Figure 
7-8d. The next step was to make the structure steady. For this purpose, three lower 
chords, two diagonal and six horizontal bracing members were employed (Figure 
7-7). The lower chords were 100×50 mm timber beams (sample T6, Table 4-1) 
connected to the top plate by steel angles (Figure 7-8e). The diagonal bracing 
members were 50×50 mm timber beams (sample T4, Table 4-1) joined to the top 
plates and lower chord with steel plates and angles respectively (Figure 7-8f). The 
horizontal bracing members were connected to the bottom of the top plate, lower 
chords and diagonal bracing members using screws (Figure 7-8g).  
The specimen was finished when the plybamboo sheets were nailed to the top and 
bottom plates and the wall-panel units were connected together by nailing or screwing 
two adjacent studs. For two corner connections, an additional 75×75 mm stud (sample 
T5, Table 4-1) was connected to the end studs of the wall-panel units forming the 
corner. 
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1. Full-panel unit.
2. Window-panel unit.
3. Door-panel unit.
4. Bottom plate (75×50 mm).

5. Top plate (75×50 mm).
6. Lower chord (100×50 mm).
7. Diagonal bracing (50×50 mm).
8. Horizontal bracing (50×25 mm).
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Figure 7-7 Test specimen representing part of the house structure. 

 

 
Figure 7-8 Building the test specimen.  (a) Wall-panel fabrication. (b) Mounting wall-panels on 

bottom plate. (c) Test specimen overview. (d) Top plate horizontal connection. (e) 
Lower chord-to-top plate connection (f) Diagonal bracing member-to-lower chord 
connection. (g) Horizontal bracing connection.  

 

(a) (b) (c) 

(d) (e) (f) (g) 
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TEST SETUP 
The test setup consisted of a steel frame foundation (representing for instance a 
concrete foundation) made with HE-sections as shown in Figure 7-8b and Figure 7-9. 
Since the joints of the bottom plate do not coincide with the holes of the HE-sections, 
the latter ones were connected with steel plates and bolts underneath (Figure 7-10a). 
This allowed some millimeters needed to make the connections as exact as possible. 
The millimeters needed were filled with fiberboard plates. The closing part was made 
as shown in Figure 7-10b (detail in Figure 7-9). The whole steel frame foundation was 
resting on 75×50 mm wooden pieces placed on the floor (see Figure 7-10a).  
After the test specimen was fixed to the bottom plate, a loading frame was built 
around the wall to be loaded. The frame consisted of four HE-columns and three HE-
beams on which six bamboo strip boards (1200×1200×18 mm, sample P1-b) were 
attached (see Figure 7-9 and Figure 7-10c). Two air bags (2800×1800 mm) were fixed 
to the edges of the strip boards and were placed between the test specimen and 
loading frame as shown in Figure 7-9. Two HE-columns connected to the bottom HE-
sections were joined to the loading frame and were braced by two diagonal HE-
sections as can be seen in Figure 7-9 and Figure 7-10c.  
 

1

Detail
(see Figure 7-10b)

2

3

45 6

1

7

8

9

8

1. Bottom HE-beam (foundation).
2. Bottom plate (75×75 mm).
3. HE 160 (three beams).
4. HE 160 (four columns).
5. BSB (1200×1200×18 mm).

6. Two air bags (2800×1800 mm).
7. HE 300 (Two columns).
8. Steel angle (300×300 mm).
9. HE 160 (two diagonal bracing).

 
 

Figure 7-9 House structure test setup (top view without the walls). 
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Figure 7-10 House structure test setup details. (a) Connection between HE-sections of the steel 

frame foundation.  (b) Steel frame foundation closing detail.  (c) Loading frame. 

 
MEASUREMENT OF LOAD AND DISPLACEMENTS 
The pressure inside the air bag was measured by two different transducers and 
corroborated by a barometer in cm-H2O (water pressure). The loading process was 
carried out in three phases. In the first phase, the specimen was loaded until 0.4 kN/m2 
and unloaded again. In the second phase, the pressure in the air bag reached 1.6 
kN/m2 and afterward it was unloaded as well. Finally, in the third and last phase, the 
specimen was loaded close to failure load which could not be achieved due to the 
uplifting of the bottom steel frame (more details are described in the following 
section).  
The measurement of deformation setup is shown in Figure 7-11. Twenty five 
deformations were measured in total and are defined as follows: 
∆b1, ∆b2:  Out-of-plane displacement at the centroid of the loaded plybamboo 

sheets (full-panels). 
∆s1: Out-of-plane displacement at the center of the stud belonging to a 

loaded full-panel. 
∆s2:  Out-of-plane displacement at the center of the stud belonging to the 

loaded window panel. 
∆p1, ∆p2, ∆p3:       Out-of-plane displacement of the loaded top plate at the center of 

each free span (1200 mm). 
∆H1, ∆H2, ∆H4:  Horizontal displacements of shear walls 1, 2 and 4 respectively.  
∆v1, ∆v2, ∆v3:         Uplifting of leading stud for shear walls 1, 2 and 3 respectively.  
∆d, ∆w: Horizontal displacement at the top of the door- or window-sill in 

shear wall 3 and 4 respectively. 
∆1, ∆2: Displacements of the loaded corner stud to obtain its rotation. The 

distance between these two points was 200 mm.  
ε1 to ε8: Strains of top plates, lower chords and diagonal bracing members at 

the places shown in Figure 7-11 (the gage length was 30 mm). 
 
 

(c) 

(a) 

(b) 
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Figure 7-11 Measurement of deformation scheme. 

 

7.2.3 Experimental results 
 
OUT-OF-PLANE BENDING OF LOADED WALLS 
Table 7-4 shows the out-of-plane displacements and stiffness of the individual 
elements composing the loaded wall (see Figure 7-11). The given values correspond 
to different loads and phases. The behavior of all the elements was linear-elastic 
(Figure 7-12). The stiffness of the plybamboo sheets and studs varied from 53 to 60 
kN/m2/m and from 75 to 93 kN/m2/m respectively.  
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Table 7-4 Experimental results concerning out-of-plane bending of the loaded wall. 

  Phase 1 Phase 2 Phase 3 
 Load w 0.4 0.4 1.0 0.4 1.0 2.0 

∆b1 6.65 5.95 17.4 6.56 17.8 33.4 
∆b2 6.11 4.52 15.6 5.98 16.4 32.6 Sheets 
kb 55.2 58.2 53.8 54.1 (1) 53.1 (1) 59.8 
∆s1 4.50 3.26 11.7 3.79 12.1 26.0 
∆s2 3.81 2.13 10.4 3.41 11.0 24.7 Studs 
ks 80.4 93.0 75.9 83.8 (2) 74.8 (2) 76.1 

∆p1 1.06 0.80 2.62 0.89 2.52 5.30 
∆p2 1.02 0.78 2.77 0.94 2.64 5.66 Top 

plate 
∆p3 0.76 0.62 2.38 0.77 2.27 5.34 

∆ij in mm and ki in kN/m2/m.  
kb and ks are based on ∆b1, ∆b2 and ∆s1, ∆s2 respectively.  
(1) Based on ∆b1. (2) Based on ∆s1.  

Final Test, phase 3
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Figure 7-12 Load-Displacement curves obtained from the experimental test during phase 3. 

 
DISTRIBUTION OF FORCES AT THE TOP 
The strain gages placed at the locations shown in Figure 7-11 were used in order to 
approximate the internal force at that place. The forces were calculated multiplying 
the measured strain in m/m by the factor EA where, E is the modulus of elasticity of 
the timber used (11000 N/mm2) and A is the area of the cross-section in consideration 
(44×44 mm2). Table 7-5 shows the magnitude of these forces at different levels of the 
distributed load w. During the first phase, the force distribution could not be obtained 
due to the limited sensibility of the strain gages. The strain gages ε7 and ε8 were only 
used during the third phase.  
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Table 7-5 Experimental results concerning the distribution of forces through the top plates, 
chords and bracing members. 

 Load w F1 F2 F3 F4 F5 F6 F7 F8 
Phase 2 1.0 0.14 1.13 0.46 0.44 0.47 0.33 - - 

1.0 0.04 1.10 0.60 0.36 0.41 0.16 0.16 0.28 
Phase 3 

2.0 0.08 2.73 1.52 0.78 0.78 0.41 0.16 0.73 
w in kN/m2 and Fi (internal forces at the top corresponding to the strains of Figure 7-11) in kN.  
 
SHEAR-WALLS 
The test specimen was composed by three shear-walls according to the direction of 
the applied load. Nevertheless, four shear-walls were distinguished as shown in 
Figure 7-11. The shear-walls 1 and 2 are both full-panels whereas 3 and 4 are door- 
and window-panels respectively. In all cases b = h but the shear-walls 3 and 4 can be 
considered as one shear-wall with b = 2h. Table 7-6 shows the forces at the top plate 
of each shear-wall according to the measured strain gages and, their horizontal and 
vertical displacements at the places shown in Figure 7-11. Each of the loads were 
estimated as follows according to Table 7-5 (see also Figure 7-11): FH1 = F7, FH2 = F2 

+ F3sinθ + F4 / 2 (θ = 63.4º), FH3 = F8 and FH4 = F6 + F5sinθ + F4 / 2. Figure 7-13 
shows the Load-Displacement curves for shear-walls 2, 3 and 4 and their initial 
stiffness.  
 

Table 7-6 Experimental results concerning the forces and displacements in the shear-walls. 

  Phase 2 Phase 3 
 Load w 1.0 1.0 2.0 

FH1 - 0.16 0.16 
∆H1 0.19 - - Shear-wall 1 
∆v1 0.20 -0.01 0.03 
FH2 1.54 1.74 4.28 
∆H2 0.86 0.82 2.65 Shear-wall 2 
∆v2 0.33 0.31 0.98 
FH3 - 0.28 0.73 
∆d 0.51 0.70 1.66 Shear-wall 3 
∆v3 0.24 0.24 0.60 
FH4 0.75 0.66 1.40 
∆H4 0.65 0.58 1.41 Shear-wall 4 
∆w 0.60 0.56 1.37 

w [kN/m2], FHi [kN], ∆Hi [mm], ∆i [mm]. 
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Figure 7-13 Load-Displacement curves obtained from the experimental test for shear-walls 2, 3 

and 4 (phase 3).  

 
CORNER-STUD ROTATION 
The rotation of the loaded corner-stud was calculated with equation (5-1) with l = 200 
mm. The rotation stiffness obtained from phases 1, 2 and 3 were 1.8, 1.9 and 4.8 kN/º. 
The load applied to the corner-stud was determined as (bh / 2)w = 1.44w (assuming a 
tributary area of half a wall-panel unit). The stiffness obtained from the experimental 
tests carried out on the corner connection was 0.5 kN/º for the bamboo mat board 
series (Table 5-1).  
 
UNEXPECTED UPLIFTING 
When the applied load w had reached 2.5 kN/m2, part of the steel frame foundation 
was uplifted from the floor. That is why, all the data presented in this section are until 
a load of 2 kN/m2 (this load is higher than the design load of 1.54 kN/m2 estimated in 
the example of section D.1.1). The test continued until the test setup became unstable 
and though large deformations were observed, the failure of the structure could not be 
achieved. At that moment, the pressure transducer registered 4.7 kN/m2.  
Figure 7-14 shows a schematization of two phenomena observed during phase 3. The 
one on the left explains the uplifting of the steel frame foundation. There is an 
overturning moment (Fz1) that is equalized by a moment produced by the weight of 
the steel frame foundation and structure (W1y1). When Fz1 is higher than W1y1, the 
equilibrium is lost.  
The right part of Figure 7-14 shows the top view of the tested specimen where only 
the full-panels are depicted. The distance between the total applied load (F = wAT) and 
the total reaction force (R) is the eccentricity e and causes a torsion moment Mzz. The 
behavior of shear-wall 1 was quite complex due to the preceding phenomena and 
therefore it was not analyzed. At the beginning, it moved away from the loaded wall 
(-y) and afterward towards it (+y).  
 
 
 
 
 

ki = 2.1 kN/m 

ki = 5.4 kN/m 

ki = 0.4 kN/m 

ki = 1.0 kN/m 
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Figure 7-14 Two kind of moments created during the experimental tests. 

 

7.2.4 Theoretical approach 
 
OUT-OF-PLANE BENDING OF LOADED WALLS 
The plybamboo sheets are first loaded and can be modeled as shown in Figure 6-14. 
Using equation (6-5) with b = 1200 mm, a stiffness of 42.9 kN/m2/m is obtained. This 
stiffness is lower than the experimental values which ranged from 53 to 60 kN/m2/m 
(Table 7-4) meaning that the theory is on the safe side. It has to be noted that the 
stiffness of the plybamboo sheet increased 1.6 times (53/32) when compared to the 
maximum obtained stiffness of the out-of-plane bending tests (see Table 6-4). 
The studs can be modeled as shown in Figure 6-16 with k = ∞  and thus, the second 
term of equation (6-11) becomes zero. With p2 = 0.6w, a stiffness of 59 kN/m2/m is 
obtained. Once more, the theoretical value is lower than the experimental one (75-93 
kN/m2/m, Table 7-4). Part of the previous result could be due to the fact that some of 
the load is directly taken by the top plate (p1 in Figure 6-13). The stiffness of the studs 
also increased 1.6 times (75/45.2) when compared to the maximum obtained stiffness 
of the out-of-plane bending tests (see Table 6-4).  
 
DISTRIBUTION OF FORCES AT THE TOP 
The behavior of the top plate and the distribution of forces at the top of the structure is 
modeled as a two-dimensional structure as shown in Figure 7-15. The loaded top plate 
is modeled as a beam with bending stiffness EI supported by two springs (shear-
walls) at both ends and by the lower-chords and diagonal bracings hinged at their 
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ends. The unloaded top plate is modeled in the same manner as the first one. The 
applied loads correspond to the reactions produced at the connections between the 
studs and the top and bottom plates. The reactions are named after the horizontal 
loads acting on each shear-wall (see Table 7-6). With the following numerical values, 
the structure was analyzed with the program ESA Prima-Win [42]: E = 11000 N/mm2, 
I = 1.20×106 mm4, A = 1936 mm2, k1 = 1.0 kN/mm, k2 = 0.5 kN/mm and k3 = 0.7 
kN/mm (the last three values were taken from Table 7-2). The obtained results were: 
FH1 = 0.74 kN, FH2 = 2.12 kN, FH3 = 0.712 kN, FH4 = 0.74 kN, ∆p1 = 1.67 mm, ∆p2 = 
2.10 mm and ∆p3 = 1.52 mm.  
The obtained displacements at the top plate (Table 7-4) were higher than the 
theoretical ones but the relationship between them (∆p2 > ∆p1 > ∆p3) was the same. 
Assuming that p1 is zero (Figure 6-13) is conservative for the design of the studs but 
not for the top plate and that is why the experimental values are higher than the 
theoretical ones. However, as long as the top plate is braced (as in the test), the 
previous consideration can be ignored.  
The theoretical distribution of forces at the top differed from the experimental ones. In 
the theoretical model, three dimensional effects and the torsion effect (Mzz) mentioned 
in the previous section are not considered. For instance, the theoretical force 
transmitted by the lower chord at the right is approximately zero whereas in the 
experiments was of considerable magnitude (see Table 7-5). The two forces of 0.72 
kN are taken partly by the studs and cannot be measured in the experimental tests. On 
the other hand, the theoretical values of FH2 and FH4 (2.1 and 0.7) were close to the 
experimental ones (1.7 and 0.66).  
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Figure 7-15 Simplified model for loaded top plate and distribution of forces at the top. The 
applied forces correspond to a uniformly distributed load w = 1 kN/m2.  
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ABOUT THE ROLE OF THE SHEAR-WALLS 
The behavior of the shear-walls within the tested structure was stiffer than the ones 
that were tested as individual elements in accordance to sections 6.1 and 7.1 (Table 
7-7). For shear-wall 2 (full-panel), the initial stiffness ki increased two times and the 
ratio ∆v/∆H decreased about 45% when compared to the shear-walls tested 
individually. For shear-wall 3 (door-panel with door on the leeward side) the initial 
stiffness was lower probably due to the fact that not all the load is transmitted via the 
top plate. Despite this, the ratio ∆v/∆H decreased. For shear-wall 4, the initial stiffness 
increased about 30%.   
 
Table 7-7 Comparison between behavior of shear-walls within the house structure and as 

individual elements. 

House 
structure (1) 

ki 

[kN/mm] ∆v/∆H 
Individual 
elements (2) 

ki 

[kN/mm] ∆2/∆0 

Shear-wall 2 2.1 0.39 F-series 1.0 0.70 
Shear-wall 3 0.4 0.40 DB-series 0.5 0.44 
Shear-wall 4 1.0 - WB-series 0.7 0.49 

(1) From Figure 7-13. 
(2) From Table 7-2 (average values). 

 

7.3 Concluding remarks 
 
LATERAL-STRENGTH OF WALL-PANELS WITH OPENINGS 
When submitted to lateral monotonic load, the plybamboo wall-panels with b = h and 
composed by two wall-panel units can be listed according to stiffness and strength in 
the following descending order (see Figure 7-4): 

1. Full-specimen and window-specimen with window on the windward side. 
2. Window-specimen with window on the leeward side and door-specimen with 

door on the windward side. 
3. Door-specimen with door on the leeward side. 

The addition of two more bolts connecting the bottom-plate to the steel frame 
(compare Figure 7-2 with Figure 6-3) avoided the bending of the bottom plate during 
the experimental tests. 
The accommodation of gap effects was not present in any of the experimental tests 
due to panel-fabrication improvement.  
The test specimens sheathed with plywood exhibited the same behavior as the ones 
sheathed with plybamboo. Even though the embedding strength of the utilized 
plybamboo is higher than that one of the plywood used, the lateral capacity of the 
sheet-to-bottom / top plate connection is not considerably reduced from the structural 
point of view. Plybamboo could consequently substitute plywood as sheathing 
material in timber-framed house construction.  
When estimating the shear capacity of a house designed in accordance to HDM 1-a, 
the procedure of section D.1.1 can be applied but the shear-walls with door openings 
in which b = h should be neglected.  
The theoretical models of section 7.1.4 seem to safely predict the lateral capacity of 
the tested specimens.  
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FULL-SCALE TEST 
The full-scale test corroborated that HDM 1-a is stiff and strong enough to resist 
hurricanes that cause pressure loads up to 2 kN/m2. This capacity is governed by the 
strength and stiffness of the walls loaded perpendicular to their plane and the way of 
transmitting them to the shear-walls (i.e. bracing members). 
The strength and stiffness of the individual elements and connections considerably 
increased when tested as part of the whole structure. This means that the design of the 
individual elements and connections are conservative as might be expected.  
Besides the structural information acquired from the full-scale test, it was also useful 
for the “execution” factor. For instance, it was noted that after the bottom plate is 
fixed to the foundation, it will take one day of work to mount the wall-panels and 
build the roof with approximately five people and simple tools.   
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8 Conclusions and recommendations 
 
ABOUT THE SELECTED HOUSE DESIGN METHOD (CHAPTERS 2 AND 3) 
 
The first part of this research dealt with the searching of a house design method using 
plybamboo sheets as part of the structural elements of the walls. During the seeking 
process, a selection criteria model was developed in order to narrow the wide range of 
available possibilities. The model consists of four items (1. Hurricanes/ Earthquakes/ 
Impact 2. Air/ Warmth 3. Moisture 4. Durability/ Execution/ Maintenance/ 
Adaptability) that distinguish the performance of certain house design method 
(chapter 2). The requirements to be fulfilled by the house design method (HDM, 
section 2.4) are directly related to the previous factors and to place conditions as well 
(climate, culture, socio-economic conditions).  
Several design methods based on wall-to-wall connections were proposed. From these 
proposals, one of them was selected as the most promising one (HDM 1-a). The 
selection was carried out with the selection criteria model. It was concluded that the 
items HEI and DEMA were the most influencing regarding the selection process. The 
selected HDM 1-a consists of prefabricated wall-panels made of plybamboo sheets 
and timber studs joined together using screws. Steel angles are fixed to the ends of the 
studs. The wall-panel units are transported to the construction site and mounted on the 
bottom plate (timber). The on-site connections consist of fixing the studs to the 
bottom and top plates via the steel angles, joining the top plates together, nailing the 
sheets to the bottom and top plates and making the wall-to-wall connections by 
nailing or screwing two adjacent studs (for more details about HDM 1-a, see chapter 
3, chapter 7 and appendix E).  
 
The theoretical approach presented in chapter 2 can be used for developing different 
selection criteria in the way that has been carried out during this research. For 
instance, if plybamboo is intended to be used for middle-class housing, a new 
selection criteria model can be developed. It could be then that HDM 4 may happen to 
be the best solution. Hence, the structural performance of other house design methods 
could be a new research topic.  
 
 
ABOUT THE MATERIAL (CHAPTER 4) 
 
Plybamboo has already been brought to the market but mostly as a furniture item or 
for floor finishes. With this research, it was proven that plybamboo can also be used 
for structural walls in housing construction, which is a first step to approach this 
material into more structural applications. The mechanical properties of plybamboo 
are in the same level as those ones of wood-based materials like plywood.    
 
The future of bamboo and bamboo-based materials (i.e. plybamboo) to be used in 
structural applications lies on a rigorous classification (i.e. strength classes). The 
material producer should provide the designer with reliable data based on statistical 
background. Another important issue is the quality control. During this research it was 
experienced that some of the plybamboo samples were not of the same quality based 
on visual inspection. Hence, the quality of the production must be well regulated.  
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As soon as those two issues are implemented in practice, plybamboo could be 
commercialized for structural applications and could become a serious 
competitor for plywood, OSB, fiberboard and so on.   
 
 
ABOUT THE STRUCTURAL PERFORMANCE OF HDM 1-a (CHAPTERS 5 TO 7) 
 
HDM 1-a seems to be strong, stiff and stable enough to withstand hurricanes, 
earthquakes and impact actions. Wind loads are more dangerous than seismic loads 
due to the weight of the house structure, which is quite low if compared to cement-
based structures. The fourth requirement (page 18) has been fulfilled by the selected 
HDM.  
From the connection tests (chapter 5) it was concluded that all the wall-to-wall 
connections (corner-, T- and sheet-to-frame connections) showed ductile behavior 
adequate for wind and seismic loads. With the final test (section 7.2) it was 
corroborated that the corner connection was stiffer within the whole structure 
(approximately 3.5 times stiffer) than when tested without the foundation and roof 
supports. The sheet-to-frame connection tests gave also lower stiffness and strength (4 
kN/m) values than when tested as elements (5 kN/m).  
When tested as elements (chapter 6) the wall-panels were capable of transmitting a 
lateral load of 5 kN/m when acting as shear-walls. The behavior was ductile and apt 
for wind or seismic loads. The window- and door-panel units are not considered to 
transfer lateral loads and a shear-wall composed by a full-panel and a door-panel-unit 
should be neglected as well (chapter 7). When submitted to out-of-plane loading, the 
wall-panel units were capable of transmitting a pressure load of at least 1.8 kN/m2. In 
this case, the behavior was brittle (chapter 6). The stiffness of both behaviors (shear-
wall and out-of-plane bending) considerably increased in the final test when tested 
within the structure (chapter 7). When submitted to wind load, the structure of HDM 
1-a is governed by the strength of the walls perpendicular to the load.  
 
This research has opened plenty of options for further research in the field of 
structural behavior and properties of plybamboo wall-panels. Some of these options 
are given below: 
 

1. Study of structural properties of plybamboo such as bending, compression, 
tension, shear and embedding strength among others. The effects of moisture 
changes on the previous properties might as well be investigated. This type of 
research would help to collect knowledge and start building up for the strength 
classification in a future bamboo code.  

 
2. Study of connections. This item is very important and could start from a nailed 

connection to types of connections like the ones that have been investigated 
during this research.   
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3. Study of plybamboo wall-panels submitted to different kinds of loading such 
as lateral, out-of-plane and axial compression load and so forth. This study has 
been carried out in this research for the plybamboo wall-panels of HDM 1-a. 
Several approaches for these types of investigations may be adopted. One is to 
go very deep into one specific subject (for instance, analysis of plybamboo 
shear-walls against cyclic load) or to cover more general subjects as in this 
research.     

Other kind of research could be focused on material durability. This might include 
resistance to termites and insects, resistance to water, fire and the like.   
 
 
GENERAL REMARKS 
 
When looking back to the goal of this research, it can be said that it was accomplished 
on the structural point of view, which in the end was the most important requirement. 
Therefore, the house design method studied during this research may be 
implemented for social housing in developing countries. However, a feasibility 
study has to be carried out in order to fulfill with all the requirements mentioned in 
chapter 2.  
Hopefully, the contribution of this research into bamboo as an engineering material 
will attract other researchers in order to keep building up the little knowledge that we 
already have.  
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A. Comments on Tables 2-1 to 2-3 and climate definitions 

A.1 Relationship between factors with intention and materiality 
The following text corresponds to the explanation of Table 2-1 and Table 2-2. Each 
factor and its interaction with the four elements of intention and materiality are briefly 
commented. The tables are based on the assumption that the form or structure in 
consideration is a house built with plybamboo sheets and other wooden materials.  

A.1.1 Intention (Table 2-1) 
 
FIRMNESS 
1. Hurricanes (****) 

Hurricanes try to tear structures apart. These structures are intended to stay firm on the 
ground when hurricanes occur. Hence, a great interaction between hurricanes and 
firmness exists.  

2. Earthquakes (****) 
Earthquakes try to shake structures down. There is a great influence of earthquakes on 
firmness since one of the intentions of structures is to stay firm on the ground.  

3. People (impact) (***) 
Impact have  fairly influence on firmness considering burglary as an impact force acting 
directly on the structural elements. Other impact cases as explosions or bullets are out of 
the scope of this research. The effect of impact on firmness as defined above is not as 
severe as the one that might be caused by hurricanes and earthquakes. 

4. Light (**) 
Sunlight or artificial light does not have direct influence on firmness. Nevertheless, 
firmness is affected when openings (windows) required for penetration of natural light are 
made.  

5. Air (**) 
Ventilation air does not have direct influence on firmness. Nonetheless, firmness is 
affected when openings required for air passing are made.  

6. Warmth (**) 
Temperature changes can be able to cause expansion and contraction in structural 
elements affecting their firmness.  

7. Moisture (***) 
Swelling and shrinkage due to moisture changes is a property of every wood-based 
material. Since plybamboo and timber are used as structural elements, moisture changes 
have fairly influence on firmness affecting the original dimensions of the structural 
elements. Fungi can attack structures exposed to moisture, causing deterioration of the 
structure and consequently affecting its firmness. 

8. Sound (-) 
Vibrations caused by sound have nearly no influence on firmness.  

9. Fire (***) 
Wooden materials are inflammable and hence, they are prone to get burned by fire. Fire is 
able to reduce the structural capacity of the walls by reducing its section. Thus, firmness 
might be fairly affected by fire. 

10. Minerals, plants, animals (***) 
The basic influence of this aspect on firmness are the termites or other insects, which can 
affect the plybamboo wall-panels by eating them. Fungi attack is a factor that affects 
firmness because of structure deterioration. 

11. Durability (***) 
Durability can be defined as the ability of materials to withstand the effect of the 
environment through time while maintaining their properties almost unchangeable. In the 
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design, the life time is specified which means that the structure was meant to stay firm 
certain period of time.   

12. Execution (*) 
If the design is adequately transmitted into plans, then there will be no problems with 
respect to firmness in the construction process. This is true if the design is correct. 
However, there are always moments in the execution where the structure needs to be 
braced in order to stay firm. Moreover, there might be some mistakes in the construction 
process (unnoticeable at that time) that may lead to some failure in the future. 

13. Maintenance (**) 
Generally, structural elements are designed to fulfill their requirements without any 
maintenance at all. On the other hand, maintenance of some parts might improve the 
quality of the structural members. 

14. Adaptability (***) 
The new structure might change the structural behavior of the old structure. It has to be 
checked that this change does not affect negatively the strength, stiffness and stability of 
the structure as a whole. 

 
SERVICE 
1. Hurricanes (**) 

Some winds can cause discomfort to people. For example, if regular winds cause parts of 
the house to make noise in excess.   

2. Earthquakes (**) 
Some earthquakes can have some influence on service. For example, if small tremors 
cause the structure to move more than the expected causing objects to fall. 

3. People (impact) (**) 
If the house appears to be secure against burglary, the people who live in it feel safe.  

4. Light (****) 
Sunlight is a natural resource from which we can take advantage. When the rooms and 
other parts of the house have the adequate amount of natural light during the day, lighting 
service is accomplished. Artificial light has to be placed in strategic places so that, the 
rooms and other parts of the house are well illuminated when necessary during the night. 
The location of the windows is important to transmit the light from the outside without 
causing glare. 

5. Air (****) 
In most tropical countries, ventilation is of great importance because most of the houses 
do not have air conditioning or cooling. Therefore, if the house is not well ventilated, the 
environmental air in the house causes discomfort to the inhabitants and the service is not 
accomplished. 

6. Warmth (****) 
Temperatures in tropical countries vary very little between night and day. However, in 
coastal zones, the sun can shine directly on the roof of the house causing increases in 
temperature. Air ventilation is related to warmth. If the ventilation system is not working, 
then the temperature increases. 

7. Moisture (***) 
Nobody wants penetration of water into the house. This might happen via the roof or the 
walls. Nevertheless, houses with roof overhangs avoid penetration of water into the walls 
and protect them as well. Vapor is another kind of contact with water that might affect the 
service if the design is not adequate.    

8. Sound (***) 
Sound of water caused by rain or other type of annoying sounds might cause discomfort 
to people.  

9. Fire (***) 
People do not feel comfortable knowing that plybamboo sheets are prone to fire because 
it is normal to think that wooden construction always has the risk to be burned.    
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10. Minerals, plants, animals (***) 
Passage of dust, insects and other minerals to the house has to be controlled. Otherwise, 
people do not feel comfortable because this means that they would be cleaning the house 
and getting rid of insects. Another important issue is that leaves from near trees can 
accumulate in the gutter being an obstacle for water to flow appropriately.  

11. Durability (**) 
If the house is durable, people will feel satisfied. On the other hand, if after several years 
of use people notice that the walls are deteriorated, they will feel unsatisfied. 

12. Execution (*) 
The construction process can affect in some extent service. For example, if something is 
not built appropriately and causes discomfort after the building is finished.  

13. Maintenance (***) 
People feel good if they know how to repair or maintain the house in good conditions. If 
maintenance is a complicated task then the inhabitants will feel unsatisfied.  

14. Adaptability (**) 
Adaptability will have some influence on service. The easier to build an extension or 
replacement onto the house, the better service it will give to the inhabitants.  
 

DELIGHT 
1. Hurricanes (**) 

There is some influence of hurricanes on delight if it is considered that for instance, a roof 
slope or shape is changed or designed in some way due to the effects caused by the wind 
pressure.  

2. Earthquakes (**) 
There will be also some influence of earthquakes on delight considering the correct wall 
distribution in order to resist the lateral forces caused by the earthquake or the using of 
certain materials suitable for seismic construction due to their strength to weight ratio.  

3. People (impact) (*) 
There could be a little influence of impact on delight. The design of the walls and some 
other parts could be changed to avoid burglary in some extent that the architectural form 
or design could be affected.  

4. Light (****) 
Light is what makes us appreciate structure aesthetics. Sunlight can change color 
properties of certain materials. 

5. Air (**) 
Ventilation openings will be needed to achieve thermal comfort. This requirement will 
affect in some extent the architectural form of the structure. 

6. Warmth (*) 
Same as 5. 

7. Moisture (**) 
Moisture will have some influence on delight in the sense that some parts may be painted 
or protected with some chemical against water. For example in Latin America, a lot of 
countries use corrugated galvanized steel roofs, which has to be painted against water and 
sunlight. This will change the aesthetic properties of the roof.   

8. Sound (*) 
The influence of sound on delight will be little. Some design could be modified because 
of sound. 

9. Fire (*) 
Wall design and distribution could be affected in some way by fire as well as the aesthetic 
properties of the panels themselves due to fire protection. 

10. Minerals, plants, animals (**) 
To avoid penetration of dust, termites or other insects to the house, the design applied for 
these purposes will affect in some way the architectural properties of the structure. 
 
 



PLYBAMBOO WALL-PANELS FOR HOUSING 

149 

11. Durability (***) 
Materials that are durable will conserve their properties and their aesthetic characteristics. 
Decay of such materials will fairly affect delight by making them look worse. 

12. Execution (**) 
There could be some steps in the construction process that cannot be done exactly as they 
are in plans. This could affect the appearance of the some parts of the structure in some 
way.  

13. Maintenance (**) 
There could be some parts of the structure, which need maintenance to look pleasant. 

14. Adaptability (***) 
The new structure will change in some extent the appearance of the old structure. 

  
ECONOMY 
1. Hurricanes (***) 

The economy would be affected fairly by hurricanes because the structure that has to be 
designed to withstand hurricanes will be more expensive than that one which will not be 
affected by hurricanes, e.g. the thickness of the wall will increase. 

2. Earthquakes (***) 
Although light construction is good for earthquakes, it does not mean that seismic-
resistant houses are cheap. The cost will increase somehow when designing for 
earthquakes because the connections between the structural elements must be especially 
designed. Besides, the foundation system is very important when designing for seismic 
forces and usually this foundation will be more expensive for seismic-resistant houses. 

3. People (impact) (**) 
In general, building against burglary will be more expensive because the walls have to be 
strong enough to withstand impact forces and then its thickness will increase.  

4. Light (**) 
Light will have some influence on economy considering window designs and electrical 
cables and bulbs.  

5. Air (**) 
Air will have also some influence on economy considering window types for ventilation 
and openings between roof and wall connection. Mechanical ventilation is another 
possibility, which will not be considered, but it would have fairly influence on the 
economy of the house. 

6. Warmth (*) 
In humid tropical countries, warmth will have little influence on economy regarding that 
tropical countries do not need walls with insulation. Certainly, cooling systems will have 
a lot of influence on the economy but that is not going to be considered in this research.  

7. Moisture (***) 
Wall-panels treated against fungi attack caused by moisture will be fairly more expensive 
than those ones that are not treated. Every water-resistant material is more expensive 
because of the chemicals that have to be provided to the materials. 

8. Sound (**) 
Most of the time, the thicker the wall, the better it is for sound insulation. Hence, a wall 
constructed against sound will be more expensive than a regular one. However, sound 
insulation depends also on the tightness of the connections between the walls and the 
roof. 

9. Fire (***) 
Treatment for fire by means of chemicals is very expensive. However, another alternative 
is to construct the wall thicker or use other materials such as mortar plaster (the latter 
possibility is not treated in this research). 

10. Minerals, plants, animals (***) 
Insects and termites could be really hazardous for plybamboo sheets. That is why they 
should be treated with chemicals. This treatment will increase the cost of the panels. 
 



APPENDIX A.  COMMENTS ON TABLES 2-1 TO 2-3 AND CLIMATE DEFINITIONS 

 150 
 

11. Durability (***) 
Economy is affected fairly by durability in the sense that if durability were increased, the 
cost of the structure would increase as well. For example, a wall treated against the attack 
of insects will be more durable than a regular wall but it will be more expensive as well. 

12. Execution (****) 
Doubtlessly, execution is one of the most important factors affecting economy. Execution 
is to put all parts together. The following elements relate the construction process with 
economy: workmanship, panel production, equipment, tools, materials, construction time, 
transportation and prefabrication. 

13. Maintenance (***) 
Maintenance is related with durability. If the structure is easy to maintain and has parts 
that could be replaced, then it will be more durable. Naturally, this maintenance costs.  

14. Adaptability (***) 
An extension will cost. The adaptability could vary according to the socio-economic 
conditions of the region. The possibility of adaptation does not have to cost much if the 
panels can be demounted and reused.  
 

A.1.2 Materiality (Table 2-2) 
           
MATERIALS 
1. Hurricanes (****) 

The interaction between hurricanes and materials depends on the intrinsic characteristics 
of the materials such as strength and stiffness, and how they are joined together. The 
plybamboo wall-panels are in charge of resisting the loads caused by strong winds.   

2. Earthquakes (****) 
Earthquakes interact with materials in the same way as hurricanes do. However, light 
materials are preferable in case of seismic loading. 

3. People (impact) (***) 
Materials are fairly influenced by people. Resistance to impact is another material 
property. 

4. Light (**) 
Sunlight can cause change of color in some materials. 

5. Air (-) 
Ventilation air does not have influence on materials. 

6. Warmth (**) 
Changes in temperature cause materials to expand or contract. Extreme temperatures can 
change some chemical, physical and mechanical properties of materials. Warmth also 
depends on the thermal insulation properties of the materials.  

7. Moisture (****) 
Water has a lot of influence on materials that are exposed to the environment, especially 
if they are not water-resistant. Water is a path for fungi attack. Material properties are 
related to moisture content. 

8. Sound (**) 
Materials have some influence on sound insulation. Usually, heavier materials allow less 
sound transmission than lighter ones. 

9. Fire (***) 
Fire changes physical and chemical properties of most materials turning them into ashes. 
Fire resistance is a material property.  

10. Minerals, plants, animals (***) 
Insects and termites are able to eat wooden materials if they are not treated. Fungi attack 
may cause material decay.  
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11. Durability (****) 
Durability is an intrinsic property of every material but it could change depending on the 
surroundings in which they are placed. 

12. Execution (***) 
Malleability, weight and size of materials are some aspects of importance when 
considering execution. 

13. Maintenance (***) 
Materials are maintained in order to keep them as they are. If some materials are not 
maintained regularly, some properties such as color and appearance might change. 

14. Adaptability (**) 
Materials used to build an extension or replacement may be the same as those ones used 
for the original structure or might as well be new materials if the method permits it. 
 

SHAPE 
1. Hurricanes (***) 

The effect of wind pressure is directly related with the shape of the surface on which it is 
causing pressure or suction.  

2. Earthquakes (***) 
Structures with different shapes can behave different from each other when considering 
seismic forces. Related to shape is the weight distribution, which is an important issue 
when considering earthquakes. 

3. People (impact) (**) 
Some shapes can withstand higher impact forces than other ones.  

4. Light (****) 
Sunlight or artificial light will illuminate parts of the house in different ways according to 
the shape from which light is penetrating. For example, if the house has big roof 
overhangs, less light will penetrate through the window.  

5. Air (***) 
Ventilation air is regulated by the shape of the roof or window openings. 

6. Warmth (*) 
As it was mentioned before, thermal insulation properties of materials will be an 
important aspect when considering warmth. However, the shape of the structure could 
have little influence on thermal performance and this performance is more related to 
dimensions-details.  

7. Moisture (***) 
The relation between moisture and shape is that with certain shapes, the structure 
manages to keep the water out of the building. Roof shape is very important (roof slope, 
roof cover, gutter, overhangs).  

8. Sound (*) 
Sound has little influence on shape and is more related to the mass that is between the 
places where sound transmission occurs.  

9. Fire (**) 
Fire will have some influence on shape. The ratio of the exposed part to the cross-section 
of the element is important. For instance, a circular column will be better resistant than an 
I-column.  

10. Minerals, plants, animals (*) 
Dust, insects, termites and other kind of plants, animals and minerals will have nearly no 
influence regarding the shape of the structure. 

11. Durability (***) 
Different shapes can be more suitable avoiding environmental conditions that may 
deteriorate the structure.  

12. Execution (**) 
The interaction between shape and execution is related to the fact that usually, complex 
shapes are difficult to put together.  
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13. Maintenance (**) 
Certain shapes can make the maintenance of the structure simple or complicated.  

14.  Adaptability (**) 
The shape of the new structure is adapted to the shape of the existing one. 

 
DIMENSIONS-DETAILS  
1. Hurricanes (****) 

The dimensions and details of each part of the structure show how materials are to be 
constructed so that the structure can resist hurricanes, earthquakes and impact forces.  

2. Earthquakes (****) 
See previous point. 

3. People (impact) (****) 
See previous point. 

4. Light (***) 
Distribution of light is implicitly shown in plans (Dimensions-Details) where windows 
dimensioning and detailing as well as space distribution are specified. 

5. Air (***) 
Ventilation systems are shown in plans (Dimensions-Details).  

6. Warmth (**) 
Dimensions and details show vertical and horizontal sections that indicate wall thickness 
and roof to wall connections. These elements are related to the thermal performance of 
the building. 

7. Moisture (****) 
Detailing of gutters, roof slope, overhangs and foundation-to-wall connections are 
essential when considering moisture. It is shown how water is kept out of the building. 
Parts that are water-resistant (or are not) are also shown. 

8. Sound (**) 
Vertical and horizontal sections indicate wall and roof thickness. The sound transmission 
occurs through these elements. Details of the connections of these elements are also 
related to sound transmission. 

9. Fire (**) 
Dimensions and details show the parts of the structure that are prone to fire as well as the 
safety parts or easier ways to escape when fire occurs. 

10. Minerals, plants, animals (**) 
Dimensions and details indicate how parts of the structure are protected against termites, 
insects, and fungi attack. 

11. Durability (**) 
Dimensions and details specify in some way how durable the structure is. For example, 
showing details about material properties in plans. 

12. Execution (****) 
Execution is a key aspect considering that what is put into plans (Dimensions-Details) 
must be executed or built as close as shown in those plans. Execution becomes easier 
when dimensions and details are clearly presented. 

13. Maintenance (**) 
Dimensions and details implicitly include which parts have to be maintained.  

14. Adaptability (***) 
The adaptability has to be established in plans (Dimensions-Details). 
 

CONSTRUCTIVE TECHNOLOGY  
1. Hurricanes (***) 

Constructive technology interacts with hurricanes, earthquakes and impact according to 
how the design is put into practice. For example, there might be two different ways for 
connecting the roof cover to the roof structure. One of these methods can be better to 
avoid uplifting or falling down of the roof cover. Designs, which cannot be put into 
practice due to lack of technology, must be avoided. 
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2. Earthquakes (***) 
See previous point. 

3. People (impact) (***) 
See previous point. 

4. Light (**) 
Installation of artificial light varies according to the available constructive technology in 
the region. 

5. Air (**) 
New construction technologies can bring about better ways to make ventilation, thermal 
insulation and sound insulation systems that can be adapted to a specific microclimate in 
which the structure is to be made. 

6. Warmth (**) 
See point 5. 

7. Moisture (****) 
During the construction process, water has to be considered as a factor that affects 
materials and parts of the structure. Constructive technology is intended to avoid this by a 
fast assembly of the protective structures.  

8. Sound (**) 
See point 5. 

9. Fire (*) 
Constructive technology has little interaction with fire.  

10. Minerals, plants, animals (**) 
During the construction process, the structure might be exposed to the environment for 
some time and this exposition to minerals, plants and animals is prevented according to 
the construction technology. 

11. Durability (**) 
Following the approach given in moisture, construction technology must be able to avoid 
conditions that might cause deterioration of the structure or parts of it during the 
construction process.  

12. Execution (****) 
Construction technology indicates how each part of the structure is assembled, 
disassembled and reassembled. 

13. Maintenance (**) 
There can be some constructive technologies that make easier the maintenance of the 
house. The structure is to be maintained during the construction process when required.   

14. Adaptability (***) 
Based on innovative constructive technology, adaptability becomes simpler.   
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A.2 Climate definitions and maps1  

A.2.1 Climate definitions [45] 
 

Tropical wet climates 
Tropical wet climates are hot and muggy the year around. They support dense tropical rain 
forests. Rainfall is heavy and occurs in frequent showers and thunderstorms throughout the 
year. Average annual rainfall varies from about 1750 to 2500 millimeters.  
Temperatures are high, and they change little during the year. The coolest month has an 
average temperature no lower than 18 degrees C. The temperature difference between day and 
night is greater than the temperature difference between summer and winter. Frost and 
freezing temperatures do not occur. Plants grow all year. 
 
Tropical wet and dry climates  
Tropical wet and dry climates occur in areas next to regions that have tropical wet climates. 
Temperatures in tropical wet and dry climates are similar to those in tropical wet climates, 
where they remain high throughout the year. 
The main difference between the two climates lies in their rainfall. In tropical wet and dry 
climates, winters are dry, and summers are wet. Generally, the length of the rainy season and 
the average rainfall decrease with increasing latitude. Not enough rain falls in tropical wet and 
dry climates to support rain forests. Instead, they support savannas-grasslands with scattered 
trees. 
 
Semiarid and desert climates 
Semiarid and desert climates occur in regions with little precipitation. Desert climates are drier 
than semiarid climates. Semiarid climates, also called steppe climates, usually border desert 
climates. In both climate groups, the temperature change between day and night is 
considerable. One reason for the wide swings in temperature is that the skies are clear and the 
air is dry. Clouds would reflect much of the sun's intense radiation during the day, slowing the 
rate of heating of the air near the surface. At night, clouds and water vapor would absorb much 
of the earth's radiation-most of which consists of infrared rays-slowing the rate of cooling. 
Semiarid and desert climates occur over a greater land area than any other climate grouping. 
They occur in both tropical and middle latitudes. They cover broad east-west bands near 30 
degrees north and south latitude. 
Middle latitude semiarid and desert climates are in the rain shadows of mountain ranges. 
Winds that descend the leeward slopes of these ranges are warm and dry. Middle latitude 
semiarid areas and deserts differ from their tropical counterparts mainly in their seasonal 
temperature changes. Winters are much colder in middle latitude semiarid areas and deserts. 
 
Subtropical dry summer climates 
Subtropical dry summer climates feature warm to hot, dry summers and mild, rainy winters. 
These climates, sometimes called Mediterranean climates, occur on the west side of continents 
roughly between 30 degrees and 45 degrees latitude. The closer to the coast the area is, the 
more moderate the temperatures and the less the contrast between summer and winter 
temperatures. 
 
Humid subtropical climates 
Humid subtropical climates are characterized by warm to hot summers and cool winters. 
Rainfall is distributed fairly evenly throughout the year. Winter rainfall--and sometimes 
snowfall--is associated with large storm systems that the westerlies steer from west to east. 
Most summer rainfall occurs during thunderstorms and an occasional tropical storm or 
hurricane. Humid subtropical climates lie on the southeast side of continents, roughly between 
25 degrees and 40 degrees latitude.  
 

                                                 
1 “Climate maps of Africa, Asia, North America, South America, and definitions from 

http://www.worldbook.com, October 2002.  Maps by permission of Mapquest.com, Inc.  
Definitions by permission of World Book, Inc.” 
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Humid oceanic climates 
Humid oceanic climates are found only on the western sides of continents where prevailing 
winds blow from sea to land. The moderating influence of the ocean reduces the seasonal 
temperature contrast so that winters are cool to mild and summers are warm. Moderate 
precipitation occurs throughout the year. Low clouds, fog, and drizzle are common.  
Thunderstorms, cold waves, heat waves, and droughts are rare.  
 
Humid continental climates  
Humid continental climates feature mild to warm summers and cold winters. The temperature 
difference between the warmest and coldest months of the year in-creases inland. The 
difference is as great as 45 to 63 Fahrenheit degrees (25 to 35 Celsius degrees). Precipitation is 
distributed fairly evenly throughout the year, though many locations well inland have more 
precipitation in the summer.  
Snow is a major element in humid continental climates. Winter temperatures are so low that 
snowfall can be substantial and snow cover persistent. Snow cover has a chilling effect on 
climate. Snow strongly reflects solar radiation back into space, lowering daytime 
temperatures. Snow also efficiently sends out infrared radiation, lowering nighttime 
temperatures. 
 
Subarctic climates 
Subarctic climates have short, cool summers and long, bitterly cold winters. Freezes can occur 
even in midsummer. Most precipitation falls in the summer. Snow comes early in the fall and 
lasts on the ground into early summer. 
 
Tundra climates 
Tundra climates are dry, with a brief, chilly summer and a bitterly cold winter. Continuous 
permafrost (permanently frozen ground) lies under much of the treeless tundra regions. 
 
Icecap climates 
Icecap climates are the coldest on earth. Summer temperatures rarely rise above the freezing 
point. Temperatures are extremely low during the long, dark winter. Precipitation is meager 
and is almost always in the form of snow.  
 
Highland climates 
Highland climates occur in mountainous regions. A highland climate zone is composed of 
several areas whose climates are like those found in flat terrain. Because air temperature 
decreases with increasing elevation in the mountains, each climate area is restricted to a 
certain range of altitude. 
A mountain climber may encounter the same sequence of climates in several thousand meters 
of elevation as he or she would encounter traveling northward several thousand kilometers. 
For example, the climate at the base of a mountain might be humid subtropical, and the 
climate at the summit might be tundra. 

 

A.2.2 Climate distribution maps [45] 
 
The following figures show climate distribution maps of South America, North 
America, Asia and Africa.  
 

 
 

Figure A-1 Notation to climate distribution maps [45]. 
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Figure A-2 South America’s climate distribution map [45]. 

 

 

 
Figure A-3 North America’s climate distribution map [45]. 
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Figure A-4 Asia’s climate distribution map [45]. 

 

 
 

Figure A-5 Africa’s climate distribution map [45].
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B. Experimental results 

B.1 Experimental results for Ec, fc, Em and fh  

B.1.1 Experimental results obtained from the compression tests 
 

Table B-1 Compression tests results 

Test number Ec [N/mm2] fc [N/mm2] 
1 3656 19.6 
2 2952 20.5 
3 3139 19.4 
4 3116 20.3 
5 3008 19.2 
6 2817 20.1 
7 3302 18.9 
8 2995 17.5 
9 3227 21.4 
10 2990 21.4 

Mean 3120 19.83 
Standard deviation 235 1.18 

Coefficient of variation [%] 7.53 5.97 
 
 

Compression tests on 10 plybamboo specimens
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Figure B-1 Load-Displacement curves obtained from the compression tests. 
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Figure B-2 Failure modes in compression. Left: overall buckling. Right: local buckling. 

 

B.1.2 Experimental results obtained from the bending tests 
 
 

Table B-2 Bending tests results. 

Test number Em [N/mm2] 
1 6390 
2 6251 
3 3969 
4 4158 
5 5571 
6 6928 
7 6236 
8 6667 
9 4157 
10 6592 

Mean 5692 
Standard deviation 1158 

Coefficient of variation [%] 20.35 
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Bending tests on 10 plybamboo specimens
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Figure B-3 Load-Displacement curves obtained from the bending tests. 

 
Table B-3 Several values of Ec and Em for different wood-based panel boards and bamboo mat 

board. 

Material Ec [N/mm2] Em [N/mm2] Thickness [mm] 
6000-8500 (=) 9200-10300 (=) 

Plywood (1) 

4400-7500 ( ⊥ ) 2000-6200 ( ⊥ ) 
12 

Particleboard (1) 1700-2500 2900-4200 13-20 
Fiberboard (1) 2900-4600 3900-4600 >5.5 

OSB (2) na 4800-8300 na 
Bamboo mat board 3100 5700 12 

 
= Parallel to the outer faces, ⊥  Perpendicular to the outer faces. 

1. Taken from reference [7].  
2. OSB: Oriented strand board. Taken from reference [19]. 

The values for particleboard and fiberboard are characteristic ones.  
na: not available. 
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B.1.3 Experimental results obtained from the embedding strength tests 
 

Table B-4 Embedding strength results (continues on next page). 

Test number Embedding Strength [N/mm2] Direction (2) Hole [mm] Material (1) 

1 102 1 4 1 
2 95 1 4 1 
3 80 1 4 1 
4 100 1 4 1 
5 88 1 4 1 
6 103.3 1 4.5 1 
7 96.7 1 4.5 1 
8 93.3 1 4.5 1 
9 93.3 1 4.5 1 

10 86.7 1 4.5 1 
11 91.7 1 5 1 
12 105 1 5 1 
13 86.7 1 5 1 
14 88.3 1 5 1 
15 88.3 1 5 1 
16 96.7 2 4 1 
17 90 2 4 1 
18 107.7 2 4 1 
19 96.7 2 4 1 
20 80 2 4 1 
21 107.7 2 4.5 1 
22 95 2 4.5 1 
23 97 2 4.5 1 
24 88.3 2 4.5 1 
25 85 2 4.5 1 
26 75 2 5 1 
27 87 2 5 1 
28 85 2 5 1 
29 97 2 5 1 
30 88 2 5 1 
31 89.2 3 4 2 
32 89.2 3 4 2 
33 89.2 3 4 2 
34 79.6 3 4 2 
35 75.3 3 4 2 
36 83.9 3 4.5 2 
37 80.6 3 4.5 2 
38 84.9 3 4.5 2 
39 74.2 3 4.5 2 
40 91.4 3 4.5 2 
41 91.4 3 5 2 
42 92.5 3 5 2 
43 91.4 3 5 2 
44 98.9 3 5 2 
45 90.3 3 5 2 
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46 80.6 4 4 2 
47 76.3 4 4 2 
48 84.9 4 4 2 
49 86 4 4 2 
50 83.9 4 4 2 
51 89.2 4 4.5 2 
52 98.9 4 4.5 2 
53 84.9 4 4.5 2 
54 93.5 4 4.5 2 
55 95.7 4 4.5 2 
56 103.2 4 5 2 
57 75.3 4 5 2 
58 80.6 4 5 2 
59 77.4 4 5 2 
60 75.3 4 5 2 

(1) 1: BMB, 2: BSB.  
(2) 1: BMB cut in the direction of the fibers, 2: BMB cut as it is, 3: BSB with center ply        

perpendicular to the load, 4: BSB with center ply parallel to the load. 
  

Embedding Strength Tests
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Figure B-4 Load-Displacement curves obtained from the embedding strength tests. 

 

B.2 Additional experimental results for the wall-panel structural properties 
 
The following five figures show additional Load-Displacement curves obtained from 
the lateral strength, out-of-plane bending strength and axial compression strength tests 
described in chapter 6.  
 
 
 
 
 

              Bamboo mat boards 
    
   Bamboo strip boards 
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B.2.1 Additional experimental results of the lateral strength tests 

Lateral Strength (LSC-01)
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Lateral Strength (LSC-02)
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Lateral Strength (LSC-03)
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Figure B-5 Load-Displacement curves of the three tests performed on specimen type C. 
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Lateral Strength (LSA-01)
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Lateral Strength (LSA-02)
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Lateral Strength (LSA-03)

0

2

4

6

8

10

12

14

-5 5 15 25 35 45

Displacement [mm]

L
o

ad
 [

kN
]

∆0
∆1
∆2
∆3

 
Figure B-6 Load-Displacement curves of the three tests performed on specimen type A. 
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B.2.2 Additional experimental results of the out-of-plane bending strength tests 

Out-of-plane bending (OPB-01)
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Out-of-plane bending (OPB-02)

0

1

2

3

4

0 20 40 60 80 100 120

Displacement [mm]

L
o

ad
 [k

N
/m

2 ]

∆1,1
∆1,2
∆1,3
∆2,1
∆2,2
∆2,3
∆3,1
∆3,2
∆3,3

 
Out-of-plane bending (OPB-03)
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Figure B-7 Load-Displacement curves obtained from the out-of-plane bending tests. 
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B.2.3 Additional experimental results of the axial compression strength tests 

Axial compression (AC-01)
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Figure B-8 Load-Displacement curves regarding the out-of-plane bending of the specimen. 
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Figure B-9 Load-Displacement curves regarding the shortening of the specimen. 
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B.3 Experimental results of the lateral strength tests with openings 
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Figure B-10 Load-Displacement curves obtained from the test series WA. 
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Figure B-11 Load-Displacement curves obtained from the test series WB. 
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Figure B-12 Load-Displacement curves obtained from the test series DA. 
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Figure B-13 Load-Displacement curves obtained from the test series DB. 
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Figure B-14 Load-Displacement curves obtained from the lateral strength tests sorted by series.  

The bold number is the average value of the ultimate load whereas the number 
under F is the average capacity per meter wall (continues on next page). 
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Figure B-15 Continuation from previous page. 
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C. Numerical and theoretical analyses 

C.1 Joint capacities B1, B2, B3 and B4 of the corner connection in section 5.1.4 
The following calculations correspond to shear, withdrawal and moment capacities of 
each of the joints present in the corner connection of section 5.1.4. They are neither 
design nor characteristic values but average values. The purpose is to compare these 
values with experimental results. Therefore, the equations used are calculated using 
the mean values instead of the design or characteristic values. The terms B1, B2, B3 
and B4 are defined in section 5.1.4. The number of the equations indicated in brackets 
corresponds to the number used in Eurocode 5 [11]. 
 

C.1.1 Nailed connections 
 
SHEAR CAPACITY IN B1 AND B4 
From Figure C-1a (and based on figure 6.2.1 of Eurocode 5) [11]: 

121 =t mm,  
432 =t mm,  

5.921, =hf N/mm2 (1),  

8.268.2446082.0082.0 3.0)1(3.0
2, =××== −−df h ρ N/mm2 (Equation 6.3.1.2a), 

8.2=d mm,  
26178.2180180 6.26.2 =×== dM y Nmm (Equation 6.3.1.2c). 

With these parameters, it can be found that the shear capacity is 860 N per nail 
(Equation 6.2.1f). The failure mode can be seen in Figure C-1a. 
 
WITHDRAWAL CAPACITY IN B1 AND B4 
From Figure C-1a (and based on figure 6.3.2a of Eurocode 5): 

43=l mm, 
8.2=d mm, 

12=h mm, 
58.344610181018 2626

1 =×=×= −− xf ρ N/mm2 (Equation 6.3.2d), 

1877901030010300
)1(2626

2 =××=×= −− ρf N/mm2 (Equation 6.3.2e), 
With these parameters it can be found that the withdrawal capacity is 430 N per nail 
(Equation 6.3.2a). The failure corresponds to the withdrawal of the nail in the member 
receiving the point.  
 
MOMENT CAPACITY IN B1 AND B4 
The bending moment that B1 or B4 could transmit would be given by a tensional force 
in the nail and a compression force produced by the contact between the two studs 
(see Figure C-1c). From Figure C-1c, the following equations can be derived: 

    cT FF =                                                                                                  (C-1)                                                                  

yFyFM Tc ==                                                                                   (C-2) 

                                                 
1 See Table 4-2. 
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The maximum moment would be produced when the only contact point between the 
studs is at the very bottom. In this case y = h/2. Hence, for h = 50 mm, 

TFM 25max =                                                                                        (C-3) 

The maximum tensional force would correspond to the withdrawal capacity of the nail 
calculated on the previous section as 430 N. That means that the maximum bending 
moment that B1 or B4 can transmit is 25×430 = 10750 Nmm per nail. The yielding 
moment would be approximately two thirds of the maximum moment if the 
compression stresses vary linearly.  

75

R
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d 
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t2
Failure mode

(a) Joint B1 or B4

R
75

t1t2

Failure mode

R

h/2

σc

h/2
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M
FT    

d 

(b) Joint B2 or B3

(c) Bending moment transmitted by B1, B2, B3 or B4.  

Figure C-1 Parameters needed to calculate shear, moment and withdrawal capacities of   
connections B1, B2, B3 and B4 of corner connection in section 5.1. 

 
SHEAR CAPACITY IN B2 AND B3 
From Figure C-1b (and based on figure 6.2.1 of Eurocode 5): 

501 =t mm, 
402 =t mm, 

1.35446)401.01(082.0)01.01(082.01, =×−=−= ρdf h N/mm2 (Equation 6.3.1.2b), 

1.244446082.0082.0 3.03.0
2, =××== −−df h ρ N/mm2 (Equation 6.3.1.2a), 

4=d mm, 
66164180180 6.26.2 =×== dM y Nmm (Equation 6.3.1.2c), 

With these parameters, it can be found that the shear capacity is 1350 N per nail 
(Equation 6.2.1f). The failure mode can be seen in Figure C-1b.  
 
WITHDRAWAL CAPACITY IN B2 AND B3 
From Figure C-1b (and based on figure 6.3.2a of Eurocode 5): 

40=l mm, 
4=d mm, 
50=h mm, 
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58.344610181018 2626
1 =××=×= −− ρf N/mm2 (Equation 6.3.2d), 

7.594461030010300 2626
2 =××=×= −− ρf N/mm2 (Equation 6.3.2e), 

With these parameters it can be found that the withdrawal capacity is 575 N per nail 
(Equation 6.3.2a). The failure corresponds to the withdrawal of the nail in the member 
receiving the point.  
 
MOMENT CAPACITY IN B2 AND B3 
The same approach for the moment in B2 and B4 is adopted. In this case h = 75 mm 
and:  

TFM 5.37max =                                                                                     (C-4) 

The maximum tensional force would correspond to the withdrawal capacity of the nail 
calculated on the previous section as 575 N. That means that the maximum bending 
moment that B2 or B3 can transmit is 37.5×575 = 21560 Nmm per nail.  
 

C.1.2 Screwed connections 
 
SHEAR CAPACITY IN B1 AND B4 
According to section 6.7.1 of Eurocode 5, for screws with a diameter less than 8 mm, 
the rules for nails apply. The used screw has a diameter of 5 mm and is 50 mm long. 
The root diameter (the threaded part is not taken into account) is about 3 mm. The 
effective length is 47 mm (the head is not taken into account).  
The parameters would be as follows: 

121 =t mm, 
352 =t mm (= 47-12), 

5.921, =hf N/mm2, 

7.34446)501.01(082.0)01.01(082.02, =×−=−= ρdf h N/mm2 (Equation 6.3.1.2b), 
5=d mm, 

66164180180 6.26.2 =×== dM y Nmm (Equation 6.3.1.2c), 80 % of the diameter is 
used. Eurocode 5 recommends 90% when the root diameter is at least 70% of the 
shank diameter. In this case the root diameter is just 60% and that is why 80% was 
used.  
With these parameters, it can be found that the shear capacity is 2010 N per screw 
(Equation 6.2.1f of Eurocode 5). The failure mode can be seen in Figure C-1a. 
 
WITHDRAWAL CAPACITY IN B1 AND B4 
The parameters needed to obtain the withdrawal capacity of a screw according to 
Eurocode 5 are: 

0.95446)56.05.1()6.05.1(3 =×+=+= ρdf N/mm (Equation 6.7.2b), 
35=efl mm (= 47-12) which is the length of the threaded part in the member 

receiving the point. 
With these parameters it can be found that the withdrawal capacity is 2850 N per 
screw (Equation 6.7.2a). The failure corresponds to withdrawal of the screw in the 
member receiving the point.  
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MOMENT CAPACITY IN B1 AND B4 
With equation (C-3) and the withdrawal capacity previously calculated, a moment 
capacity of 71250 Nmm per screw is obtained. 
 
 

C.2 Capacity of stud-to-plate connection  
 
SHEAR CAPACITY 
The shear capacity of the stud-to-plate connection can be estimated according to 
section 6.2.2 of Eurocode 5, which is based on steel-to-timber joints using thin steel 
plates (t ≤  0.5d). In this particularly case, t = 2 mm and d = 4 mm. The shear 
resistance R is calculated with the following parameters: 

0.36458)401.01(082.0)01.01(082.0 =×−=−= ρdf h N/mm2 (Equation 6.3.1.2b), 
t1 = 30 mm (35 minus the plate thickness minus the screw head), d = 4 mm, 

37042.3180180 6.26.2 =×== dM y Nmm (Equation 6.3.1.2c). The diameter is taken 
as 80% as explained in section C.1.2. With these parameters it can be found that the 
shear capacity is 1140 N per screw (Equation 6.2.2b) and the failure corresponds to 
the bending of the screw inserted in the stud.   
 
 
WITHDRAWAL CAPACITY  
The withdrawal capacity of the stud-to-plate connection can be obtained as explained 
in the prior section. Thus, 5.83458)46.05.1(3 =×+=f N/mm and lef = 30 mm (= 
32-2). With these parameters (see Figure C-2) it can be found that the withdrawal 
capacity is 2170 N per screw and the failure corresponds to the withdrawal of the 
screw in the member receiving the point.  
 

t2
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(a) Front view (b) Side view

d

t1

lef

 
Figure C-2 Parameters needed to calculate the shear and withdrawal capacity of the stud-to-plate 

connection.  
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C.3 Beam cases 

C.3.1 Beam case 1 
The first case consists of a beam subjected to uniformly distributed load p. The beam 
is simply supported at one end and supported by a spring of stiffness k at the other. 
(see Figure C-3). Figure C-3 also shows shear, bending moment and elastic 
deformation diagrams of the beam. From beam theory, 

)(2

2

xM
dx
d

EI =
δ

                                                                                  (C-5) 

Using equation (C-5) it can be found that, 
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Figure C-3 Uniform distributed loaded beam with a simple support at one extreme and a spring 

on the other. 

                                                 
2 These solutions were obtained with the program ‘MathCAD 7 Professional’ [38].  
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C.3.2 Beam case 2 
The second case is a simply supported beam with two concentrated loads located at 
one quarter of the beam span from each end (see Figure C-4). Figure C-4 also shows 
shear, bending moment and elastic deformation diagrams of the beam. Using equation 
(C-5) the following formulas can be obtained: 

x
RL

x
R

x
96

35
6

)(
2

3 +−=δ ,  4/0 Lx ≤≤                                       (C-9) 

38488
)(

32
2 RL

x
RL

x
RL

x −+−=δ , 4/34/ LxL ≤≤                   (C-10) 
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Figure C-4 Simply supported beam with two concentrated loads. 

 

C.3.3 Beam case 3. Mechanically jointed beam 
The last case is a simply supported beam subjected to uniformly distributed load. The 
beam section is composed by two materials joined together with fasteners. The beam 
section and its stress distribution are shown in Figure C-5. The following is a list of 
equations regarding the stresses in the beam and is based on Eurocode 5 [11]3. 
 

                                                 
3 See annex B, page 96 of Eurocode 5.  
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Figure C-5 Stress distribution in a mechanically jointed beam submitted to bending. 
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4 γi is a factor that takes into account the interaction between the sheet and stud. For a well-glued 

connection, γi ≈  1.0 and γi ≈  0 when there is no connection at all.  
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D. Design loads 
This appendix deals with several actions to which a structure (i.e. house) would be 
submitted during its lifetime. The fourth requirement to be fulfilled by the HDM is 
related to these actions. These actions usually depend on time and space and cannot be 
determined accurately. Therefore, they are estimated using probabilistic approaches. 
Design loads are then defined as the equivalent loads (or load) obtained from certain 
actions (or action) by means of theoretical and probabilistic knowledge.  
The most important actions to be considered on the HDM are hurricanes and 
earthquakes or wind and seismic loads. Additionally, dead and live loads causing 
axial compression in the wall-panels are also considered in this appendix. 
 

D.1 Wind loads 
Wind causes pressure and suction loads on a structure (house) and these are 
transmitted by the walls and roof (perpendicular to the load) to the walls parallel to 
the load and finally to the foundation. Wind loads are very difficult to calculate 
accurately. Nonetheless, design codes give tools to calculate statically equivalent 
wind loads on a structure. In a brief description, the wind load acting on a structure 
will basically depend on the following factors: 

1. Wind speed, which depends on the geographical location of the structure, the 
structure height above the ground level and on time. The latter one is due to 
the fact that wind loads occur eventually. Most often, values of wind speed are 
given in maps that are divided in different zones or regions. 

2. Air density, which is most of the time taken as a constant (1.225 kg/m3) at 
standard conditions (i.e. temperature of 15ºC and sea level pressure of 101 
kPa) [2].  

3. The structure geometry affects how the wind acts on each part of the structure 
and whether it is acting toward or away from the surface in consideration.  

4. Exposure, which takes into account the type of location in which the structure 
is built such as urban or suburban areas, large city centers, open terrain, 
coastal areas and so on [2].  

Most codes provide certain procedures for calculating the effect of wind loads on a 
structure. As an example, the procedure recommended for low-rise buildings by the 
International Building Code [29] will be briefly explained. This procedure is based on 
the ASCE 7-98 standard [2] and is as follows: 
A velocity pressure qh is to be calculated as: 

IvKKKq dthh
2613.0= [kN/m2]                                               (D-1) 

Where Kh is the exposure coefficient (four exposure categories are defined in the 
standard as A, B, C and D); Kt is the topographic factor which is not going to be 
considered in this research; Kd is the wind directionally factor which is used for load 
combinations; v is the basic wind speed in km/h (usually given in zone maps) and; I is 
the importance factor which is 1.0 for houses1. After the previous considerations, 
equation (D-1) is reduced to: 

                                                 
1 Category II in table 1-1 of reference [2]. 
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2613.0 vKq hh = [kN/m2]                                                          (D-2) 

Table D-1 gives several values of basic wind pressures qw for different wind speeds 
and exposure categories2. The basic wind pressure qw is obtained multiplying the 
velocity pressure qh by 1.6[3]. The basic wind pressure qw should be modified by the 
external and internal coefficients of Table D-2 according to Figure D-1.  
 
Table D-1 Several values of basic wind pressures qw for different wind speeds and exposure 

categories B, C and D. 

v [km/h] Exposure category qh [kN/m2] qw [kN/m2] 
20 B 0.013 0.021 
50 B 0.083 0.133 

120 B 0.477 0.763 
140 B 0.649 1.04 
200 B 1.32 2.11 
20 C 0.018 0.029 
50 C 0.116 0.186 

120 C 0.667 1.07 
140 C 0.908 1.45 
200 C 1.85 2.96 
20 D 0.022 0.035 
50 D 0.137 0.219 
120 D 0.790 1.26 
140 D 1.08 1.73 
200 D 2.19 3.50 

 
Table D-2 External and internal pressure coefficients Cp according to Figure D-1. 

Cp Case A Case B 
 Critical zone4 Other zones Critical zone4 Other zones 

C1 0.80 0.53 -0.48 -0.45 
C2 1.07 0.69 1.07 0.69 
C3 0.69 0.48 0.53 0.37 
C4 0.64 0.43 0.48 0.45 
C5 55.0±  55.0±  55.0±  55.0±  
C6 - - 0.61 0.40 
C7 - - 0.43 0.29 

 

                                                 
2 Defined in section 6.5.6 of reference [2].  
3 See section 2.3.2 of reference [2].  
4 For details about the critical zones, see figure 6-4 of reference [2]. 
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Figure D-1 Different pressure coefficients considered on low-rise buildings. 

 

D.1.1 Shear-walls 
In order to estimate the wind design loads to which the shear-walls will be submitted, 
the floor plan example for HDM 1-a shown in Figure 3-16 is going to be taken as the 
structure in consideration and the following procedure is applied: 

1. Calculation of shear-walls critical length. 
Figure 3-16 shows that the house has 10 complete wall-panels in the short 
direction of the house and 13 in the long direction. Hence, the critical length 
Lcr would be 12.2 m considering that the wall-panel unit width is 1.22 m. In 
this model, each complete shear-wall is assumed to be equally stiff and to take 
the same reactions. In order to achieve this, the roof trusses must be able to 
transmit the load to the top plates, which in turn transmit it to the shear-walls. 
If necessary, bracing members connecting non-continuous shear-walls via the 
top plate may be used. 

2. Estimation of the total wind force acting on the critical direction. 
a. Calculation of the critical area facing the wind. 

The critical area Acr would be 10.4 m2 considering that the height of 
the wall-panels is 2.44 m and half is taken directly by the foundation 
(7×1.22×2.44/2, where 7 is the number of wall-panels perpendicular to 
the critical direction). The roof area is not considered because the 
horizontal component for a slope of 20 º is canceled by the horizontal 
component of the adjacent roof. If a two story-house were considered, 
the critical area would be 31.2 m2 (10.4 +10.4×2). 

b. Determining the design wind pressure wd. 
Considering a basic wind pressure qw = 1.07 kN/m2 (Table D-1 for v = 
120 km/h and exposure category C), a value wd = 1.07(0.8+0.64) = 
1.54 kN/m2 is obtained5. The internal pressure C5 is canceled in the 
horizontal direction. 
 
 
 

                                                 
5 The used Cp coefficients correspond to the critical zones, which is conservative.  
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c. Estimation of total wind load Fw.  
The total wind load is calculated multiplying the design wind pressure 
wd by the critical area Acr. Therefore, Fw = 1.54×10.4 = 16.0 kN. For 
the two-story house, Fw = 1.54×31.2 = 48.0 kN. 

3. Determining the design wind load per meter-wall.  
The design wind load per meter-wall Fw,d is estimated dividing the total wind 
load Fw by the critical length Lcr. Thus, Fw,d = 16/12.2 = 1.31 kN/m. For the 
two-story house, Fw,d = 48/12.2 = 3.93 kN/m. 

Table D-3 shows different design wind loads calculated with the previous procedure 
but varying the wind speed.  
 
Table D-3 Several design wind loads for different wind speeds according to the previous example. 

v [km/h] qw [kN/m2] Fwd,1 [kN/m] Fwd,2 [kN/m] 
20 0.03 0.037 0.11 
50 0.18 0.22 0.66 
120 1.07 1.31 3.94 
140 1.45 1.78 5.34 
200 2.96 3.63 10.9 

Fwd,1: Design wind load for one-story house. 
Fwd,2: Design wind load for two-story house. 
 

D.1.2 Walls perpendicular to wind load 
According to ASCE 7-98 [2], the pressure qw has to be modified by pressure 
coefficients Cp different from the ones used for the main wind force resisting system 
(shear-walls). These values can be found in table 6-5A of ASCE 7-98 [2]. In order to 
estimate the wind design loads for the walls perpendicular to the wind, the following 
procedure is applied: 

1. Calculation of the effective wind area. 
For the house example of Figure 3-16, the effective wind area corresponds to 
the area of one wall-panel unit. That is, 2.44×1.22 ≈  3 m2.  

2. Determining Cp according to table 6-5A of ASCE 7-98 [2]. 
For pressure acting towards the wall, a Cp value of +0.9 is obtained for both 
critical and other zones whilst for pressure acting away from the wall, a Cp 
value of -1.2 and -1.0 for critical and other zones is obtained. The maximum of 
these values should be used. Hence, Cp = -1.20.  

3. Estimation of the design wind pressure. 
Assuming that qw = 1.07 kN/m2 (see previous section), a design wind pressure 
wd = 1.07(-1.2-0.55) = -1.87 kN/m2 is obtained. The -0.55 corresponds to the 
internal pressure coefficient C5 (see Table D-2 and Figure D-1).  

Table D-4 shows different design pressures wd and equivalent loads per wall-panel 
unit Fw,d (wd multiplied by the effective wind area) for walls perpendicular to the wind 
for different wind speeds. In this case, it does not matter whether the house consists of 
one or two stories. 
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Table D-4 Several wind design pressures and loads per wall-panel unit for walls perpendicular to 
the wind.  

v [km/h] qw [kN/m2] wd [kN/m2] Fw,d [kN] 
20 0.03 -0.052 -0.156 
50 0.18 -0.315 -0.945 

120 1.07 -1.87 -5.61 
140 1.45 -2.54 -7.62 
200 2.96 -5.18 -15.5 

 
 

D.2 Seismic loads 
Earthquakes cause ground accelerations and make the structure (i.e. house) move 
dynamically. Like wind loads, they are difficult to calculate with accuracy and 
therefore, design codes provide tools for calculating statically equivalent loads on a 
structure representing the effect caused by an earthquake. The seismic loads acting on 
a structure will depend upon the following factors: 

1. Type of structure, which refers to the structure’s ductility or its ability to 
undergo large post-elastic deformations while maintaining its strength and its 
ability to dissipate some of the energy imparted to the structure by the 
earthquake [8].  

2. The type of soil on which the structure is built depends on the site and the 
weaker the soil is, the greater the equivalent static forces acting on the 
structure. 

3. The expected ground acceleration depends on the geographical location of the 
structure and is often obtained from maps, which are divided into different 
seismic zones according to the expected acceleration. These values are usually 
given as a percentage of the gravity acceleration [%g].  

4. The fundamental period of vibration depends on the stiffness and geometry of 
the structure and in general terms, the lower the period the higher the 
equivalent static forces. 

5. The weight of the structure is a very important feature and the heavier the 
structure is, the higher the equivalent static forces acting on it when an 
earthquake occurs (Newton’s second law of motion, F = ma).  

Most codes provide certain rules for estimating the effect of seismic events on a 
structure. For one- or two-story buildings, the procedure is simple and the one 
presented by the IBC 2000 [29] will be explained and utilized for the subsequent 
examples: 
The seismic base shear Vs is calculated as: 

W
R
S

WCV DS
ss

2.1
==                                                                       (D-3) 

Where,  
Cs is the seismic coefficient; SDS is the design elastic response acceleration at short 
periods, which depends on the site coefficient Fa and the mapped spectral acceleration 
for short periods Ss; R is the response modification factor, which depends on the type 
of resisting structure and; W is the total weight of the structure. 
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D.2.1 Shear-walls 
Considering the example of section D.1.1, the following procedure is applied in order 
to estimate the design seismic loads for the house in consideration: 

1. Same as step 1 of section D.1.1. Then, Lcr = 12.2 m. 
2. Calculation of total seismic force Vs. 

a. Calculation of Cs according to the regional seismic code. 
Vs is calculated using equation (D-3). First, Cs is calculated. Assuming 
that Ss = 1.0 [6] and Fa = 1.1 [7] a value of SDS = 0.73 is obtained. For 
bearing wall systems composed by light framed walls with shear 
panels a value of R = 2.0 can be used [29]. From equation (D-3), Cs = 
1.2SDS / R = 1.2×0.73/2 = 0.44. A maximum value of 0.35 for Cs is 
obtained according to the Costa Rican Seismic Code [16]. 

b. Calculation of total weight of the structure.  
For one-story houses, the following equation can be used: 

              rrw AwWW +=1                                                                                                 (D-4) 

Where Ww is the total weight of the walls per story, wr is the weight of 
the roof per area and Ar is the total roof area. There are 34 panels 
weighing approximately 44 kg (8) or 0.44 kN each [24]. Hence, Ww = 
0.44×34 = 15.0 kN. Considering a light-weight roof of 0.15 kN/m2 and 
a roof area of 63 m2, W1 = 15 + 0.15×63 ≈  25 kN. For two story 
houses, 

fLffw AwAwWWW α+++= 12                                                                   (D-5) 

Where wf is the floor weight per area, Af is the total floor area, wL is the 
live load and α is a factor that reduces the live load. For this example, 
a wooden floor weighing 0.4 kN/m2 is considered. The live load is 
taken as 1.92 kN/m2 [29] with a reduction factor of 0.15 [16]. The total 
floor area is 39 m2. Thus, W2 = 25 + 15 + 0.4×39 + 0.15×1.92×39 = 67 
kN.  

3. Estimation of design seismic load Fs,d. 
Fsd,1 = 25×0.44/12.2 = 0.90 kN/m for one-story house and, 
Fsd,2 = 67×0.44/12.2 = 2.42 kN/m for the two-story house. 
 

Table D-5 Several design seismic loads for different seismic coefficients according to the previous 
example. 

Cs  W1 [kN] Fsd,1 [kN/m] W2 [kN] Fsd,2 [kN/m] 
0.1 25 0.20 67 0.55 
0.2 25 0.41 67 1.10 
0.3 25 0.61 67 1.65 
0.4 25 0.82 67 2.20 
0.5 25 1.02 67 2.75 
0.6 25 1.23 67 3.30 

                                                 
6 The maximum value in U.S.A is 2.0 [29]. 
7 Maximum value for Ss = 1.0 [29]. 
8 Openings are assumed to weigh as much as the wall-panels. 
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Table D-5 shows several values of design seismic loads for different seismic 
coefficients according to the previous example.  
             

D.2.2 Walls perpendicular to seismic load 
For seismic loads, the equivalent force acting on a wall-panel unit perpendicular to the 
load can be calculated multiplying the seismic coefficient Cs by an effective weight 
Wef corresponding in this case to the weight of the wall panel unit. Therefore, the 
design seismic load per wall-panel unit Fs,d = CsWef = 0.44×0.44 ≈  0.2 kN. Table D-6 
shows different design seismic loads Fs,d for walls perpendicular to the direction of 
the load for different seismic coefficients. In this case, it does not matter whether the 
house consists of one or two stories. 
 

Table D-6 Several design seismic loads per wall-panel unit perpendicular to the load. 

Cs Wef [kN] Fs,d [kN] 
0.1 0.44 0.044 
0.2 0.44 0.088 
0.3 0.44 0.132 
0.4 0.44 0.176 
0.5 0.44 0.220 
0.6 0.44 0.264 

 
When comparing Table D-4 with Table D-6, it can be seen that the design wind loads 
Fw,d are much higher than the equivalent seismic design loads Fs,d when the wall-panel 
unit is loaded perpendicular to its plane.  
 

D.3 Dead and live loads 
In one or two-story houses, different kinds of loads that may cause axial compression 
in a wall member can be found. In Figure D-2, the most common loads are shown 
schematically for one and two-story houses. In one-story houses the weight of the roof 
wr (weight of roof finish and components, roof structure and ceiling) and the live load 
on the roof wL,r will transmit compression loads P1 to the walls (Figure D-2). In case 
of two-story houses, the weight of the second floor walls Ww, the weight of the floor 
wf (weight of floor finish, its components and floor structure) and the weight of the 
live load wL must be added to the weight of the roof structure wr and the live load on 
the roof  WL,r (Figure D-2).   
The load P1 or P2 must be lower than the capacity of the wall to withstand axial 
compression forces in combination with transversal loading. For these loads it can be 
stated however, that the walls of a house should be designed according to a 
serviceability limit state rather than for ultimate limit state. The previous means that 
the wall should deform less than a certain limit ∆w,max when the load P1 or P2 is 
applied (Figure D-2). 
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Figure D-2 (a) One-story house submitted to compression loads P1. (b) Two-story house  
submitted to compression loads P2. 

 
If P1 or P2 is applied and the actual deformation ∆actual is larger than ∆w,max, it will 
mean that the wall has failed. This can be mathematically written as follows: 

max,wactual ∆≤∆                                                                                (D-6) 

P1 or P2 can easily be calculated knowing the weight of all the components mentioned 
before. The live load on floors is usually given by codes. For practical purposes a live 
load of 1.92 kN/m2, given by the International Building Code 2000 [29]; table 1607.1 
is going to be used. The live load on the roof is going to be assumed as 1 kN per 
panel9. The deformation limit ∆w,max is also given by codes and varies from L/120 to 
L/360 where L is the free span of the element in consideration (see Figure D-2). Here, 
chapter 4.3-section 4.3.1 of Eurocode 5, Part 1-1 [11] will be taken for practical 
purposes. In this code, the limit state would be restricted by two deformations: 

300max,
L

w =∆                                                                                   (D-7) 

In which only the instantaneous deformation or the deflection caused by the live loads 
is considered and, 

200max,
L

w =∆                                                                                   (D-8) 

In which the dead and live loads as well as the effect of creep and moisture are 
considered. The effect of the wind is considered separately (see chapter 6, section 
6.2).  
 
 

                                                 
9 The assumption is based on the case that one or two persons are repairing the roof.  
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D.3.1 One-story house 
For one-story houses, the design load could be calculated with the following equation: 

bWLwPPP rLrtrrLD /,,,1 +=+=                                               (D-9) 

Where P1 is the axial compression load per meter wall. PD or the dead load (in this 
case the weight of the roof) added to PL,r or the live load on the roof equals P1. wr is 
the weight of the roof per unit area, WL,r is the weight of the live load on the roof, Lt,r 
is the tributary length of the roof that is considered for each wall and b is the wall-
panel width. In order to calculate P1 the first step is to compute the weight of the roof 
in kN/m2. The simplest case would be a wooden roof structure with corrugated steel 
sheets as a finish nailed to this structure. Taking an average weight of 0.05 kN/m2 for 
the steel sheets and 0.1 kN/m2 for the roof structure, a total roof weight of 0.15 kN/m2 
is obtained. The next step is to determine the direction of the roof structure and the 
maximum tributary area (or length) for one wall-panel unit. Another way is to 
consider that the wall-panels with openings do not contribute to load transmission and 
therefore, the total roof area is divided by the number of full wall-panels 
perpendicular to the direction of the roof obtaining a tributary length. In this example, 
the tributary length for one wall-panel unit is 2.44 m (see Figure 3-16). With the 
second approach, a tributary length of 4.8 m (63/13) is obtained where, 63 m2 is the 
total roof area considering a roof overhang of 0.8 m and 13 is the number of full 
panels perpendicular to the roof direction. The latter value is higher and must be taken 
into account. Thus, P1 = PD + PL,r = 0.15×4.8 + 1/1.22 ≈  1.5 kN/m. The deflection 
limit is given by equations (D-7) and (D-8). The wall panels are 2.44 m high and 

when only the instantaneous deflection is considered, 8
300
2440

300max, ≈==∆
L

w  mm 

and Pc,d = 0.82 kN/m (1/1.225), which means that the wall-panel should not deform 
more than 8 mm when a load of 0.82 kN/m or less is applied. When the combined 

effects of the dead and live loads are considered, 12
200

2440
200max, ≈==∆
L

w mm. 

When creep and moisture effects are considered, the deflection caused by the design 
loads should be incremented by a factor (1 + kdef). Values of kdef are given in table 4.1 
of Eurocode 5 [11]. Since the value of kdef for plybamboo is unknown, an average 
value of 0.8 for the wall-panel is taken for practical purposes in this example. Because 
the analysis is being made in the elastic range, the compression design load Pc,d can be 
calculated as follows: Pc,d = 1.5×1.8 = 2.7 kN/m. The previous result shows that the 
wall-panel should not deform more than 12 mm when a load of 2.7 kN/m or less is 
applied.  
 

D.3.2 Two-story house 
For a two-story house, the following equation can be applied: 

LD PPP +=2                                                                                 (D-10) 

Where, 

ftfwrTrD LwWLwP ,, ++=                                                       (D-11) 
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And, 

bWLwP rLftLL /,, +=                                                                 (D-12) 

Where P2 is the compression load per meter wall. The first part of equation (D-11) has 
been previously calculated as 0.72 kN/m. The weight of one panel is approximately 
0.44 kN, which gives a weight per unit length of Ww = 0.36 kN/m. Considering a 
wood floor weighing wf = 0.4 kN/m2 and a total floor area of 39 m2, PD = 0.72 + 0.36 
+ 0.4×3 ≈  2.3 kN/m, PL = 1/1.22 + 1.92×3 ≈  6.6 kN/m and P2 = 8.9 kN/m. It can be 
noticed that P2 is 5.9 times higher than P1. When only the instantaneous deflection is 
considered, ∆w,max = 8 mm and Pc,d = 6.6 kN/m, which means that the wall-panel 
should not deform more than 8 mm when a load of 6.6 kN/m or less is applied. When 
the combined effects of the dead and live loads are considered, ∆w,max = 12 mm and 
Pc,d = 8.9×1.8 ≈  16 kN/m, which means that the wall-panel should not deform more 
than 12 mm when a load of 16 kN/m or less is applied.  
 

D.3.3 Design loads for different types of floors and roofs 
When different types of roofs or floors are used, the same procedure of section D.3.1 
and D.3.2 can be used to calculate the design loads. Table D-7 [2, 9] gives an idea of 
different types of materials that could be used for roofing and flooring and their 
difference in weight magnitude. The values presented in Table D-7 are common 
values used in practice but for each structure the design value should be accurately 
calculated. 
As an example, let us assume that the house of the example in section D.3.1 will now 
be made with clay tiles for roof covering, wooden roof structure and a light ceiling. 
Then, P1 = PD + PL,r = (1.0 + 0.1 + 0.075)×4.8 + 0.82 ≈  6.5 kN/m, which is 
approximately 4 times higher than the design load of the example in section D.3.1. 
 

Table D-7 Weight of different roof and floor elements. 

Element Weight [kN/m2] 
Corrugated steel sheets  0.02 – 0.05 (1) 

Clay tiles 0.75 – 1.40 (2) 

Wood shingles 0.15 
Light ceilings 0.05 – 0.1 (3) 

Heavy ceilings 0.3 – 0.5 (3) 

Light roof structure 0.1 – 0.2 
Heavy roof structure 0.6 – 1.2 

Wooden floor structure 0.2 – 0.4 
Hardwood floor 0.009/mm 

Concrete floor 0.024/mm 
Ceramic tiles 0.04/mm 
Wood block 0.006/mm – 0.01/mm 

(1) Depends on the sheet thickness and the height of the profile. 
(2) Depends on the thickness and type of clay tile (includes mortar joints) 
(3) Depends on the type of materials used for the ceiling finish and structure. 
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E. Technical Drawings 
 
This appendix is composed by several technical drawings needed for the 
implementation of HDM 1-a. The first three figures (Figure E-1 to Figure E-3) show 
the full-, window- and door- panel units respectively. These units would be 
prefabricated and transported from the factory to the construction site. In the current 
drawings, the height and width of the panel are 2.40 and 1.20 meters respectively. 
However, these measurements can vary from 2.4 to 2.5 m for the height and from 1.2 
to 1.25 m for the width. The remaining drawings are based on 2.44×1.22 m panel 
units.  
Figure E-4 shows the floor plan for a house example which is similar to Figure 3-16 
with more technical details. Figure E-5 shows an example of a possible foundation 
system with the bottom plate, whereas Figure E-6 shows the top plate with its 
respective connections (the roof and roof structure are not included in this drawings 
and they could alter the top plate connections like the lower chords in the 
experimental test of section 7.2). Finally, Figure E-7 and Figure E-8 show the side 
views, the front and back views of the house example respectively.  
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Figure E-1. Full-Panel unit. 
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Figure E-2 Window-panel unit. 
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Figure E-3 Door-panel unit. 
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Figure E-4 Floor plan example for HDM 1-a.  
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Figure E-5 Foundation example with details. 
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Figure E-6 Top plate and its connections. 
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Figure E-7 Side views of house example.  
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West view
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Figure E-8 Front and back views of house example. 
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Summary 
 
This PhD project deals with the development of a house design method using 
plybamboo wall-panels based on wall-to-wall connections.  
The motivation of this research began with the combination of two issues: the lack of 
decent housing in developing countries and the possibility of using bamboo as a panel 
board in walls for prefabricated housing. The bridge from plybamboo to social 
housing is the one attempted to build with this research. Hence, the goal of this 
research is to establish a house design method that fulfills certain specified 
requirements using plybamboo wall-panels as structural elements for prefabricated 
housing in developing countries. In order to achieve the objective, scientific research 
was carried out based on the hypothesis that the established house design method 
would fulfill the specific requirements.  
Due to the ample topic, the scope of the project was restricted to the structural 
performance of plybamboo wall-panels in one-story houses submitted to horizontal 
loading and only one house design method was experimentally tested based on wall-
to-wall connections.  
The methodology employed in order to achieve the goal can be summarized in the 
following phases: finding selection criteria for a house design method, developing and 
selecting a house design method and testing connections, elements and part of the 
structure of the selected house design method. The first two approaches are qualitative 
whilst the last one is quantitative.   
The most relevant results attained during this research are:  

1. The establishment of a house design method consisting of prefabricated 
plybamboo wall-panels. These panels are composed by a plybamboo sheet of 
2440×1220×12 mm joined to (timber) studs of 75×50 mm which are mounted 
and connected on-site to a bottom and a top (timber) plate of 75×50 mm as 
well.  

2. The structural performance against horizontal loading of the house design 
method including strength and stiffness of connections, elements and part of 
the structure obtained through several experimental tests.  

The results show that the selected house design method could be implemented in 
regions prone to earthquakes and winds of considerable magnitude. It has to be added 
that this research may be a point of start for further study regarding plybamboo for 
housing. For instance, a feasibility study of the application of the house design 
method in developing countries may be the following step. 
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Samenvatting1 
 
Het onderwerp van dit promotie onderzoek is het ontwikkelen van een 
ontwerpmethode voor een huis van bamboe-panelen als wanden, met nadruk op de 
verbindingen hiervan. 
De motivering voor dit onderzoek heeft twee uitgangspunten: het tekort aan goede 
huisvesting in ontwikkelingslanden, en de mogelijkheid om bamboe-panelen te 
gebruiken als wanden in geprefabriceerde woningbouw. Het ligt in de bedoeling om 
sociale woningen te bouwen met deze bamboe-panelen. Daarom is het doel van dit 
onderzoek een ontwerpmethode voor huizen te ontwikkelen, waarin voldaan wordt 
aan een programma van eisen, met gebruik maken van bamboe-panelen als 
constructieve delen voor prefab woningen in ontwikkelingslanden. Om dit doel te 
bereiken is wetenschappelijk onderzoek verricht met als hypothese dat de ontwerp 
methode zou voldoen aan de gestelde eisen. 
Omdat dit doel te ruim is,  is dit onderzoeksproject beperkt tot het constructieve 
gedrag van bamboe-panelen als muren in een huis van één verdieping, horizontaal 
belast, en slechts één van de ontworpen huizen is experimenteel getest op de 
verbindingen van de muren. 
De methodologie die gebruikt is om het doel te bereiken kan als volgt worden 
samengevat: ontwikkelen van selectie criteria voor de ontwerp methode, ontwikkelen 
en selecteren van een ontwerp methode, beproeven van verbindingen, van 
constructieve elementen en van een deel van de structuur van het geselecteerde huis. 
De eerste twee benaderingen zijn kwalitatief, de laatste is kwantitatief.  
De meest in het oog springende resultaten zijn als volgt. Ten eerste, een ontwerp voor 
een prefab huis bestaande uit muren van bamboe-panelen, opgebouwd uit een 
bamboeplaat van 2440 bij 1220 bij 12 mm, rondom bevestigd aan een houten frame 
van 75 bij 50 mm. Ten tweede, het constructieve gedrag van het huis onder 
horizontale belasting, met inbegrip van sterkte en stijfheid van de verbindingen, van 
constructieve elementen en van een deel van de structuur is onderzocht in een reeks 
beproevingen. 
Het resultaat toont aan dat het geselecteerde huis kan worden toegepast in gebieden 
die onderhevig zijn aan aardbevingen en stormen van aanzienlijke grootte. De 
aandacht wordt er op gevestigd dat dit onderzoek een vertrekpunt voor vervolg-
onderzoek kan zijn. Een haalbaarheidsstudie zou heel goed een volgende stap kunnen 
zijn. 
 

                                                 
1 Translated by Dr. Jules Janssen.  
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Resumen 
 
Este proyecto de doctorado trata sobre el desarrollo de un método de diseño para 
vivienda usando paredes de paneles de plybambú con base en conexiones entre 
paredes.  
La motivación de esta investigación empezó con la combinación de dos temas: la falta 
de vivienda digna en países en vías de desarrollo y la posibilidad de usar bambú como 
panel en paredes para viviendas prefabricadas. El puente entre plybambú y vivienda 
de interés social es el que se intenta construir con esta investigación. Por lo tanto, el 
objetivo de este proyecto es establecer un método de diseño para vivienda que cumpla 
ciertos requerimientos especificados utilizando paredes de paneles de plybambú como 
elementos estructurales para viviendas prefabricadas en países en vías de desarrollo. 
Para alcanzar esta meta, investigación científica fue llevada a cabo con base en la 
hipótesis de que el método de diseño para vivienda establecido cumpliría con los 
requerimientos específicos.  
Debido a la amplitud del tema, el alcance del proyecto fue restringido al rendimiento 
estructural de las paredes de paneles de plybambú en viviendas de una planta 
sometidas a carga horizontal y sólo un método de diseño fue probado 
experimentalmente con base en conexiones entre paredes. 
La metodología empleada para alcanzar el objetivo puede ser resumida en las 
siguientes fases: encontrar criterios de selección para métodos de diseño para 
vivienda, desarrollar y seleccionar un método de diseño para vivienda y ensayar 
conexiones, elementos y parte de la estructura del método de diseño seleccionado. Los 
primeros dos enfoques son cualitativos mientras que el último es cuantitativo.  
Los resultados más relevantes obtenidos en esta investigación son:  

1. El establecimiento de un método de diseño para vivienda compuesto por 
paredes de paneles de plybambú prefabricados. Estos paneles están formados 
por una lámina de plybambú de 2440×1220×12 mm unida a pie derechos de 
madera de 75×50 mm los cuales se montan y unen en sitio a una solera 
inferior y superior de madera de 75×50 mm.  

2. El rendimiento estructural del método de diseño sometido a carga horizontal 
incluyendo resistencia y rigidez de conexiones, elementos y parte de la 
estructura obtenido a través de varios ensayos experimentales.  

Los resultados muestran que el método de diseño para vivienda seleccionado podría 
ser implementado en regiones propensas a terremotos y vientos de magnitud 
considerable. Esta investigación puede ser un punto de inicio para futuros estudios 
con respecto a plybambú para vivienda. Por ejemplo, un estudio de factibilidad de la 
aplicación del método de diseño en un país en vías de desarrollo podría ser el paso 
siguiente.   

 
 
 



CURRICULUM VITAE 

 210 

Curriculum vitae 
 
Guillermo E. González-Beltrán was born in San José, Costa Rica on July 3rd, 1974. 
He attended secondary school in San José (Colegio de Sion) from 1986 to 1990. He 
started the career of Civil Engineering at the University of Costa Rica (UCR) in 1991 
and graduated in 1997. At the end of his undergraduate studies, he got interested in 
bamboo structures and did his graduation project on ‘bahareque walls’ composed by 
wood, bamboo and cement-mortar under the supervision of Dr. Jorge Gutiérrez. After 
that, he worked four months at a consultant company (DEHC S.A.) specialized in 
urban planning and infrastructure design. In August 1998, he was employed at the 
Eindhoven University of Technology as a PhD student from 1998 to 2003. The first 
year he completed 42 study points taking several courses and carrying out various 
assignments. In August 1999, he started officially with the PhD project concerning 
plybamboo sheets for housing under the supervision of Dr. Jules Janssen. He got 
married to Ana Catalina Solís-Víquez in 2001.  
 
 
 
 
 
 
 
 
 
 
 
 


	Acknowledgements
	Symbols and abbreviations
	Chapter 1. Introduction
	1.1 Background
	1.2 Motivation
	1.3 Objective
	1.4 Methodology, scope and limitations
	1.5 Thesis contents

	Chapter 2. Theoretical approach
	2.1 Certain specified requirements
	2.2 Place conditions and selection of factors
	2.2.1 Climatic conditions
	2.2.2 Cultural conditions
	2.2.3 Socio-economic conditions
	2.2.4 Selection of factors

	2.3 Selection criteria
	2.4 Concluding remarks

	Chapter 3. Selection of House Design Method (HDM)
	3.1 Proposed designs
	3.2 Evaluation of first designs
	3.3 Comparison between selected designs
	3.3.1 Description of HDM 1-a, 2-d and 4
	3.3.2 Analysis of HEI
	3.3.3 Analysis of DEMA
	3.3.4 Evaluation and final selection of HDM

	3.4 Concluding remarks

	Chapter 4. Materials: properties and manufacture
	4.1 Bamboo mat board (BMB)
	4.2 Bamboo strip board (BSB)
	4.3 Bending and compression modulus of elasticity
	4.3.1 Compression modulus of elasticity
	4.3.2 Bending modulus of elasticity

	4.4 Embedding strength
	4.4.1 Test specimen
	4.4.2 Test setup
	4.4.3 Discussion of results

	4.5 Concluding remarks

	Chapter 5. Wall-panel connections
	5.1 Corner connection
	5.1.1 Methodology
	5.1.2 Experimental setup
	5.1.3 Experimental results
	5.1.4 Theoretical approach

	5.2 T-connection
	5.2.1 Methodology
	5.2.2 Experimental setup
	5.2.3 Experimental results
	5.2.4 Theoretical approach

	5.3 Sheet-to-frame connection
	5.3.1 Methodology
	5.3.2 Experimental setup
	5.3.3 Experimental results
	5.3.4 Theoretical approach

	5.4 Concluding remarks

	Chapter 6. Wall-panel structural properties
	6.1 Lateral strength (shear-walls)
	6.1.1 Methodology
	6.1.2 Experimental setup
	6.1.3 Experimental results
	6.1.4 Theoretical approach

	6.2 Out-of-plane bending strength
	6.2.1 Methodology
	6.2.2 Experimental setup
	6.2.3 Experimental results
	6.2.4 Theoretical approach

	6.3 Axial compression strength
	6.3.1 Methodology
	6.3.2 Experimental setup
	6.3.3 Experimental results
	6.3.4 Theoretical approach

	6.4 Imapct strength
	6.4.1 Methodology
	6.4.2 Experimental setup
	6.4.3 Experimental results

	6.5 Concluding remarks

	Chapter 7. House structure performance under horizontal load
	7.1 Lateral strength of wall-panels with openings
	7.1.1 Methodology
	7.1.2 Experimental setup
	7.1.3 Experimental results
	7.1.4 Theoretical approach

	7.2 Full-scale test of house structure under horizontal load
	7.2.1 Methodology
	7.2.2 Experimental setup
	7.2.3 Experimental results
	7.2.4 Theoretical approach

	7.3 Concluding remarks

	Chapter 8. Conclusions and recommendations
	References
	Appendices
	A. Comments on Tables 2-1 to 2-3 and climate definitions
	A.1 Relationship between factors with intention and materiality
	A.1.1 Intention (Table 2-1)
	A.1.2 Materiality (Table 2-2)

	A.2 Climate definitions and maps
	A.2.1 Climate definitions
	A.2.2 Climate distribution maps


	B. Experimental results
	B.1 Experimental results for Ec, fc, Em and fh
	B.1.1 Experimental results obtained from the compression tests
	B.1.2 Experimental results obtained from the bending tests
	B.1.3 Experimental results obtained from the embedding strength tests

	B.2 Additional experimental results for the wall-panel structural properties
	B.2.1 Additional experimental results of the lateral strength tests
	B.2.2 Additional experimental results of the out-of-plane bending strength tests
	B.2.3 Additional experimental results of axial compression strength tests

	B.3 Experimental results of the lateral strength tests with openings

	C. Numerical and theoretical analyses
	C.1 Joint capacities B1, B2, B3 and B4 of the corner connection in section 5.1.4
	C.1.1 Nailed connections
	C.1.2 Screwed connections

	C.2 Capacity of stud-to-plate connection
	C.3 Beam cases
	C.3.1 Beam case 1
	C.3.2 Beam case 2
	C.3.3 Beam case 3. Mechanically jointed beam


	D. Design loads
	D.1 Wind loads
	D.1.1 Shear-walls
	D.1.2 Walls perpendicular to wind load

	D.2 Seismic loads
	D.2.1 Shear-walls
	D.2.2 Walls perpendicular to seismic load

	D.3 Dead and live loads
	D.3.1 One-story house
	D.3.2 Two-story house
	D.3.3 Design loads for different types of floors and roofs


	E. Technical drawings
	Summary
	Samenvatting
	Resumen
	Curriculum vitae

