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“Almost two miles away across the green Virginia countryside the great building comes 
into view with its classic lucidity, massed in white splendor on its monumental base, 
its giant columns rising like muscular arms to hold aloft the long brow of the roof, and 
RQH�NQRZV�LPPHGLDWHO\�WKDW�WKLV�LV�WKH�IXOÀOOPHQW�RI�WKH�VHDUFK�µ1



Structural Descripton/Aspects
������������������������������������������ơ������������������������������������Ǥ�Ȉ 

This created compression at the base of the piers with an angled resultant that passes Ȉ 
�����������������������������������Ǥ�

The load on the concrete slab at the base of the system would be from all the piers transfer-Ȉ 
��������������������������������������������������������������������Ǥ�

Live Loads:

	�������������ǡ�������������������������������������������������������������Ǥ����������������Ȉ 
�������������������������������ơ���Ǥ��������������������������������ơ������������������
��������������������������������������������������������Ǥ

Dead Loads:

Roof consists of steel suspension cables spanning between the concrete piers which are Ȉ 
��������������������������������������������������������������Ǥ�

The lower ground level is simply slab on grade, with no supports running vertically to the Ȉ 
roof it acts as a compression piece between the two concrete piers holding them apart from 
��������������������������������������������������������������������Ǥ

Standing in the center of the roof, the load would be transferred in tension to the ends of Ȉ 
���������������������������������Ǥ�

Then it would transfer downward to the ground through the massive reinforced concrete Ȉ 
�������ǡ�Ƥ������������������������������������������������������������������������������
��������������Ǥ

�������������������������ǡ������ǡ�����ƪ����������������������������ǡ���������������������ơ����Ȉ 
���������������������ƪ����������ǡ�����������������������������Ǥ
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Lateral Loading:

Lateral loads are taken care of in the transverse section by the contrast-Ȉ 
ing cantilever of the concrete piers and the suspension cables acting in the 
other direction. 

This provides support in two directions with the dead load of the pillars Ȉ 
causing a bending moment in one direction and the tension forces of the 
cables in the opposite direction

In the other section longitudinally, the concrete piers are spaced apart by a Ȉ 
horizontal concrete beam which runs along the tops of the piers spaced 12 
meters apart.

 This beam not only helps resist lateral loads, but also provides a place for Ȉ 
the roof to bear in between the piers. With them all anchored deep into the 
ground, along with a concrete roof structure providing added stability, the 
lateral loads are compensated for adequately in all four directions. 

������������������Ƥ��ǡ�������������������������������������������ǡ����������-Ȉ 
����������������Ƥ���������ơ���������������������������������������Ǥ

The concrete piers are also tapered in all four directions, giving them each 
stability in all four directions from lateral loading. This individual stability 
contributes to the overall strength of the system. This is perhaps the primary 
resistance to lateral loads for the entire system. Each pier is independently 
supported in all four directions giving them each individual stability as in the 
����������ƪ������Ǥ�����ǡ��������������������������������������������������������
structural independence. The foundations for these piers are also important 
because they are poured very deep into the ground for added lateral stability, 
and also are connected to the concrete slab which runs transversely between 
each pair of piers. This slab provides compression resistance for the whole sys-
tem while also further stabilizing each individual support.

If you were to load the side of the structure laterally, visually, it would seem 
like the leaning piers could possibly tilt inward, especially since the cables are 
��������������������������������Ǥ��������ǡ�����������������������������������������
are of extremely high mass buried deep into the ground tapering to a much 
smaller cross-section towards the top. It would take an extreme force acting 
laterally to cause the massive foundations to rotate at the bottom.



�����������������������������������������������������������������������ơ�������������-
ing’s stability, except that these two glass walls are structurally independent of the 
main system. The most that would happen would be the glass collapsing, but having 
����ơ���������������Ǥ
Scale is also a factor in the overall stability of the entire system due to the massive 
size of the members, and the great spans created by them, it also would take sizeable 
���������������������Ƥ������ơ�����������������ǡ���������������������������������������
(unless a hurricane rolled through).

�����������������������������������������������������������������������������
������ǡ���������������������������������������������������������������Ǥ�When there 
is expansion or contraction, the cater nary shape of the spanning cables will become 
ƪ�����������������������������Ǥ���������������������������������������������������
of elasticity, they tend to expand and contract at the same rate giving the system a 
�������������������������Ǥ�
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Building Structure: Section
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Material Properties



Material Properties:2



This suspended cable system is a funicular structure that forms a catenary 
shape. This catenary shape is characterized by its formation due to the precast 
concrete slab that follows the curve of the cables that is suspended to the site 
concrete beam. The concrete beam is curved and resting in the structure of 
concrete columns.

In order to make sure an equal loading, precast concrete cladding 
is applied on the cable roof to sustain the uniform loading. An 
optimum amount of thickness of 200mm slab and its rigid prop-
erty that locks each other gives a self-weight to the whole span of 
the cable therefore forms a smooth catenary structure.

In achieving an elegant catenary shape for the Dulles airport, it is 
predicted that the form of the overall roof structure is attained by 
distributing load on smaller intervals on the suspended cable. This is 
achieved by applying steel reinforcement connecting the cables  on 
each bay.

It is found that the cable  shaped according to the force that is 
applied on its body. This is due to the fact that the horizontal 
component of force is found constant throughout the length of 
any hanging cable that carries only vertical load and thus the form 
shaped due to reaction to vertical forces.

Steel Cables

Steel reinforcement

Concrete Cladding

Suspended Cable Roof System as Funicular structure



Calculating Roof Weight

/RDG�RQ�WKH�0RGHO��������.J�� ������.1�:HLJKW�RI�WKH�5RRI����������.1 /RDG�3HU�0HWHU�6TXDUH��������.1



7HVWLQJ���%D\��FRQVLVWLQJ�RI�IRXU�FROXPQV��

0RGHO�6FDOHG�DW��������

7KH�ZLGWK�RI� WKH�ED\� LQFOXGLQJ�FROXPQV� LV���FP�E\���FP�
LQWHULRU�GLVWDQFH��+HLJKW�KDV�EHHQ�H[DJJHUDWHG�EXW�LV�LQ�SUR-
SRUWLRQ��WR�JLYH�H[WUD�VSDFH�WR�WHVW�PRGHO�

/RDG�GLVWULEXWHG�YLD����HOHFWULF�FDEOHV�

Model Construction 

Using cotton cloth to both give natural curvature 
DQG�VSUHDG�WKH�ZLUHV�DW�WKH�VSHFLÀF�GLVWDQFHV�DSDUW�
from one another, using electrical wire to hold and 
GLVWULEXWH�PDLQ�ZHLJKW�IURP�ORDG�WR�URRI�

6WDSOLQJ�FORWK�WRJHWKHU�ZLWK�SUH�WHQVLRQHG�ZLUH�KHOG�GRZQ�XVLQJ�HOHFWULF�ZLUH�FRQQHFWLRQV�



8VLQJ�SODVWHU�DQG�3ODVWHU�+DUGHQHU�DSSOLHG�RYHU���OD\HUV��PDNLQJ�VXUH�WR�
FRYHU�WKH�ZLUH�DQG�FORWK�HTXDOO\�IURP�ERWK�GLUHFWLRQV�

&XWWLQJ�KROHV�IRU�VXVSHQGHG�ORDG�WR�FRQQHFW�WR�ORDGLQJ�ZLUHV�

Model Construction 



Model Construction 

8VLQJ�D� ODUJH�SLHFH�RI�FDUG� WR� UHFRUG� WKH�GHÁHFWLRQ�
DW�LQFUHPHQWV�RI����OLWHUV�SHU�ERWWOH���OLWHUV�WRWDO�ORDG�
SHU�LQFULPLQDWH��UHFRUGHG�XVLQJ�GLIIHUHQW�FRORUV

:H�XVHG�VROLG�QDLOV�WR�VSUHDG�WKH�ORDG�

8VLQJ� �� [� �OLWHU� ERWWOHV� RI�ZDWHU� IRU� WKH� ��NJ�
required testing load 
,QLWLDOO\�ZDWHU�ZDV�UHPRYHG�



Model Construction 
8VLQJ�D�ODUJH�SLHFH�RI�FDUG�WR�UHFRUG�WKH�GHÁHF-
WLRQ�DW� LQFUHPHQWV�RI����OLWHUV�SHU�ERWWOH���OLWHUV�
WRWDO�ORDG�SHU�LQFULPLQDWH��UHFRUGHG�XVLQJ�GLIIHU-
ent colors

5HVXOW���/LWHUV� ���.*�� ���������.1��UHTXLUH�
ORDG� KHOG� ZLWK� D� GHÁHFWLRQ� RI� �PP����PP�  �
�����WK��



5RRI�'HÁHFWLRQ�'XULQJ�)LUVW�7HVWLQJ
Initial curve of roof

Test 1 - 6 liters(1.5 litersx4)

Test 2 - 8 liters(2.0 litersx4)

Test 3 - 10 liters(2.5 litersx4)

Test 4 - 12 liters(3.0 litersx4)

Test 5 - 14 liters(3.5 litersx4)

Test 6 - 16 liters(4.0 litersx4)

Test 7 - 18 liters(4.5 litersx4)

Test 8 - 20 liters(5.0 litersx4)

/RDG�RQ�WKH�0RGHO��a��.*�� ���������.1�
�8VLQJ�WKH�HODVWLFLW\�RI�SODVWHU��



5RRI�'HÁHFWLRQ�RI�0RGHO�YV��'HÁHFWLRQ�RI�3URWRW\SH
DEFLECTION DURING TESTING

INITIAL CURVE

CURVE DURING 20 LITER TEST

360 is the span of the roof.



&DXVH�RI�$GGLWLRQDO�'HÁHFWLRQ�LQ�WKH�0RGHO��&RQFOXVLRQV�DIWHU�LQLWLDO�WHVWLQJ�

- The materials used in building: We used plaster, wich 
is 3 to 4 times less stiff than concrete (used in the Dullles 
Airport roof)

-
wood base of the model:

- We used nails to distribute the load locally

slightly during testing

- But the load is still localised in 4 main areas, not uni-
form across the model roof

- The materials used in building: We used plaster, wich 
is 3 to 4 times less stiff than concrete (used in the Dullles 
Airport roof)

-
wood base of the model:

- We used nails to distribute the load locally

slightly during testing

- But the load is still localised in 4 main areas, not uni-
form across the model roof

- The materials used in building: We used plaster, wich 
is 3 to 4 times less stiff than concrete (used in the Dullles 
Airport roof)

-
wood base of the model:

- We used nails to distribute the load locally

slightly during testing

- But the load is still localised in 4 main areas, not uni-
form across the model roof

7KH�(ODVWLFLW\�RI�SODVWHU�LV���������(�RI�&RQFUHWH��EXW�WKH�
Elasticity of steel is the same for both our model and the 
Airport



)XUWKHU�7HVWLQJ�DQG�)DLOXUH�RI�WKH�0RGHO�

%HFDXVH�ZH�LQLWDOO\�EHOLHYHG�WKH�ORDG�EHDULQJ�FDSDELOLWLHV�RI�WKH�SODVWHU�XVHG�LQ�RXU�PRGHO�ZRXOG�DIIHFW�WKH�GHÁHFWLRQ�DQG�XOWLPDWH�IDOLXUH�RI�WKH�PRGHO��ZH�
FDOFXODWHG�WKH�ORDG�XVLQJ�WKH�(ODVWLFLW\�RI�SODVWHU���ZKLFK�OHDG�XV�WR�WKH�FRQFOXVLRQ�WKDW�WKH�PD[LPXP�ORDG�ZH�VKRXOG�WHVW�RXU�PRGHO�ZLWK�LV����.*�����.1�
 
+RZHYHU��XSRQ�IXUWKHU�LQYHVWLJDWLRQ�RQ�KRZ�RXU�PRGHO�DQG�WKH�VWUXFWXUH�RI�WKH�DLUSRUW�EHKDYH�XQGHU�ORDG��ZH�QRWLFHG�WKDW�VLQFH�WKLV�LV�D�IXQLFXODU�VWUXFWXUH��
D�WHQVLRQ�VWUXFWXUH�WKH�GRPLQDQW�ORDG�ZH�VKRXOG�EH�PRGHOOLQJ�LV�LQ�WKH�VWHHO�FDEOHV��ZKLFK�DUH�XVHG�LQ�ERWK�RXU�PRGHO�DQG�WKH�DLUSRUW�VWUXFWXUH��:H�FDOFXODWHG�
RXU�ORDG�IRU�WKH�VHFRQG�WHVW�DFFRUGLQJ�WR�WKH�(ODVWLFLW\�RI�VWHHO��ZKLFK�LV�WKH�VDPH�LQ�ERWK�VWUXFWXUHV�

/RDG�RQ�WKH�0RGHO��������.J�� ������.1�
�8VLQJ�WKH�(ODVWLFLW\�RI�VWHHO�

/RDG�RQ�WKH�0RGHO����.*�� ���������.1�
�8VLQJ�WKH�HODVWLFLW\�RI�SODVWHU��



)XUWKHU�7HVWLQJ�DQG�)DLOXUH�RI�WKH�0RGHO�
/RDG�RQ�WKH�0RGHO��������.J�� ������.1�
�8VLQJ�WKH�(ODVWLFLW\�RI�VWHHO�



5HDVRQV�IRU�WKH�)DLOXUH�RI�RXU�0RGHO��

Allthough we used steel clamps to prevent de-
ÁHFWLRQ�EXFNOLQJ�� WKH� PRGHO� XOWLPDWHO\� IDLOHG�

our loading test

The structure failed at the level of the columns and load distribution points and the main resons 
for the failure of the structure are:

The base reinforcement of col-
umns was not rigid enough, so 
WKH� FROXPQV� GHÁHFWHG� DQG� XOWL-
mately failed 

The load was not uniformly dis-
tributed, which combined with the 
buckling of the cloumns led to the 
complete failure of the structure







FORCE

Legend:
FORCE DIAGRAM

BENDING MOMENT  POINT

FORCE ACTION POINT

The resulting bending moment caused by tension forces of the cable and the self weight acting on 
the clolumn  are pulling the columns to bend inwards, therefore the upper concrete !oor in 
compression is pushing the columns outward, creating a bending moment counter to the bending 
moment of the tension forces in order to keep the whole structure in equilibrium.

Predicting Structural Behaviour of the Overall Structure



&DOFXODWLQJ�7HQVLRQ�IRUFH�DQG�%HQGLQJ�0RPHQW

The inclined angle of the column decreased the distrance between
the tension force and the bending moment point, it enables the roof
to carry more load in this case.



Compression Force A: 22,066.020 KN

&DOFXODWLQJ�7HQVLRQ�IRUFH�DQG�%HQGLQJ�0RPHQW



Compression Force B: 39,437.9 KN

&DOFXODWLQJ�7HQVLRQ�)RUFH�DQG�%HQGLQJ�0RPHQW



6XPPDU\

7KH�UHVXOW�RI�GHÁHFWLRQ�LQ�WKH�PRGHO�LV�KLJKHU�WKDQ�WKH�SURWRW\SH�LV�GXH�WR�

3ODVWHU�XVHG�IRU�WKH�URRI�VWUXFWXUH�LV���WLPHV�PRUH�HODVWLF�DQG�OHVV�VWLII��FRPSDUHG�WR�FRQFUHWH�

6WHHO�SXUOLQV�ZHUH�QRW�DSSOLHG�RQ�WKH�URRI���

7KH�%HQGLQJ�RI�WKH�FROXPQ�DUH�FRXQWHUHG�E\�

$SSO\LQJ�D�QDUURZHG�DQJOH�WR�WKH�&ROXPQ�VWUXFWXUH�

3URYLGLQJ�D�ZLGH�EDVH�WKXV�DGG�PRUH�ZHLJKW�RQ�WKH�EDVH���

7KH�XSSHU�ÁRRU�RI�UHLQIRUFHG�FRQFUHWH�VODE�SXVKHV�WKH�FROXPQV�DSDUW�DQG�SXOO�WKHP�WRJHWKHU�DW�
WKH�ERWWRP�WR�DFKLHYH�RYHUDOO�VWUXFWXUDO�HTXLOLEULXP�

,Q�WKLV�EXLOGLQJ�6DDULQHQ�PDQLSXODWHV�DQ�H[SUHVVLRQ�RI�WHQVLRQ�DQG�FRPSUHVVLRQ�WR�JLYH�D�
G\QDPLF�HQHUJ\�WR�WKH�VWUXFWXUH�LQ�LWV�ZDOOV�DQG�URRI��7KH�VWUXFWXUH�LV�FOHDU�WR�WKH�YLHZHU�LQ�
KRZ�LW�ZRUNV�

Conclusion



%LEOLRJUDSK\

Internet sources and articles:

������KWWS���ZZZ�XVF�HGX�GHSW�DUFKLWHFWXUH�PEV�VWUXFW�$UFK����SURMHFWV�GXOOHVBDLUSRUWB���SGI-
6WHHO�SXUOLQV�ZHUH�QRW�DSSOLHG�RQ�WKH�URRI���

%RRNV�0DJDVLQHV�

6KDSLQJ�6WUXFWXUHV��6WDWLFV��6LPSOLÀHG�'HVLJQ�*XLGHV��>+DUGFRYHU@��$XWKRUV��:DFODZ�=DOHZVNL��
(GZDUG�$OOHQ��3XEOLVKHU��:LOH\�������

Scans:

������)LJXUH���������6KDSLQJ�6WUXFWXUHV��6WDWLFV��6LPSOLÀHG�'HVLJQ�*XLGHV��>+DUGFRYHU@��$XWKRUV��
:DFODZ�=DOHZVNL��(GZDUG�$OOHQ��3XEOLVKHU��:LOH\�������

127(�
Please see attached DVD for Sub-
PLVVLRQ�3')��9LGHR�IRRWDJH�DQG�

pictures of testing


