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INTRODUCTION

The subject of my diploma project «Optimization the cross-sections of the pre-
stressed roof structures of industrial buildings» is actual because tendency of erection of
industrial buildings with working sites where is necessity of materials storage and repair of

technological equipment.

Pre-stressing and regulation of forces are mean of improvement of building

structures, decreasing of their cost, economy of materials.

The purpose is an analysis of the strained-deformed state of the trusses of the

industrial sites of industrial buildings, taking into account the optimization of the section.

The object of research is stress strain state of one-storeyed industrial building
load-bearing roof structures.

The subject of research is optimization the cross-sections of the pre-stressed roof
structures of industrial buildings.

Research methods:

= numerical methods (finite element method (1TU))

= numerical method, using the software program "LIRA-SAPR".




CHAPTER 1
ANALITICAL REVIEW




1. Analytical review

Modern conditions of construction of buildings and structures, which are
characterized by the introduction of new and efficient structures, are inextricably linked
with the problems of developing methods of research and design of these structures. Such
structures include combined reinforced concrete sprung systems. Historical experience in
the application of combined reinforced concrete structures in the practice of construction
has shown their effectiveness, which was to reduce the cost of concrete and steel
compared to similar reinforced concrete or metal structures and, consequently, the total
weight. Taking into account the above advantages, as well as rational spatial work and
high technical and economic efficiency of steel sprung structures of the floor or roofing,
combining them on the stiffening beam with reinforced concrete for joint work is a
promising area of development of building structures.

In the combined reinforced concrete sprung pre-stressed structures, steel beam and
sprung elements and a reinforced concrete slab work together. The use of such structures
In construction requires more detailed research and improvement. The peculiarity of the
proposed designs is that the upper reinforced concrete elements perceive the compressive
and bending forces, and the suspension elements perceive the tensile or compressive
forces. For effective operation of such structures it is necessary to determine their rational
geometric characteristics, strength and deformability of the elements.

Solving the issue of developing research methods and designing combined
reinforced concrete sprung pre-stressed structures under the condition of ensuring a high

level of bearing capacity at low mass is an actual problem.

Pre-stressing of reinforced concrete structures in the form of sprung tendons makes
it possible to significantly improve the parameters of strength and deformability of both
individual elements and the structure as a whole. It allows designers to create structures
that have better strength and durability, including in conjunction with a reinforced
concrete slab.




In construction practice, pre-stressing in the form of sprung tendons is effectively
used in the installation of reinforced concrete structures of floors and ceilings of buildings
and structures span structures of bridges of various spans, as well as their reconstruction or
reinforcement. The use of sprung ties has advantages that allow: by rational search to find
the optimal physical and mechanical parameters of the structural elements, its topology, to
reduce the height of the cross sections of the elements; to regulate the forces in the
structural elements; to carry out strengthening under the influence of external loading; to
control and regulate the pre-voltage; simplify construction and repair work without
interruption of the technological process. However, combined reinforced concrete pre-
stressed sprung structures (PSSS) are not widely used in construction due to the lack of a

generalized method of their calculation and the lack of experimental studies.

The methods of calculation of combined pre-stressed reinforced concrete sprung
structures lag far behind the methods of calculation of reinforced concrete, metal or
reinforced concrete elements. In order to increase the efficiency and wider dissemination

of PSSS, it is necessary to further improve the theory and methods of their calculation.

In the dissertation of lvanyk Y.l. on the topic: "Strength and deformability of
combined reinforced concrete pre-stressed structures” is proposed a new structural
principle of combination of functions for reinforced concrete floors or coatings, in which
the joint work of reinforced concrete slab and beams is carried out using a sprung system:
pre-stressing pre-stressed in the initial stage of manufacture by means of puffs steel beams

of rigidity of the metal combined sprung structure.

Inclusion of a reinforced concrete plate in joint work with metal beams of rigidity of
the combined sprung design provides economy of steel in comparison with a similar
design which has no inclusion in work with a reinforced concrete plate. Some pre-stressed
reinforced concrete structures, in which high-strength reinforcement is used as the third

structural material, may approach the cost of steel to reinforced concrete structures.

Special works [63], [64], are devoted to the review of structural solutions of

reinforced concrete structures. The main aspects of the development of reinforced concrete




structures are considered in the scientific works of Z. Blikharsky [67], F.Ye. Klimenko
[65], L.M. Kostikova [66], O.V. Semka, O.P. Voskobiynyk, L.l. Storozhenka, M.M.
Streletsky, Y.M. Fabryka, E.R. Hilo, B.S. Popovych and others. In many works [66]
reinforced concrete structures include structures with sheet external reinforcement, which

can be combined with rod internal reinforcement.

The strong growth of industry in Western Europe in the nineteenth century created
new challenges in the construction industry: increasing the span and dimensions of
bridges, the number of storeys of buildings and structures, strength, fire resistance and
durability. The first structural elements, which proposed the joint work of concrete and
steel, were developed by English engineers Watt and Boulton (factory closure in
Manchester, 1801), Fox (1829), William Ferburn (1845), French inventor Monnet 1867),
American T. Giatt (1877). A powerful contribution to the study of the joint work of

concrete and steel was made by the American researcher William E. Ward [24].

In Ukraine, the first reinforced concrete structures began to be used as floors in the
late nineteenth century. In a significant number of buildings in the central part of Lviv and
other cities of Western Ukraine, designed by Zakharievych's architectural studio and built
by engineer M. Levitsky (for example, the building of the legal building of Ivan Franko

National University), reinforced concrete was already used at that time.

In 1939, “Alpha” beams were patented in Switzerland, which were distinguished by
welding to the upper belt of reinforcing spirals to combine reinforced concrete and steel.
The first reinforced concrete structures with beams of the "Alpha" system were built in
New York and Switzerland [25].

Fig.1.1. Combination of reinforced concrete and steel of the "Alpha" system [22], [23],
[50].




E.l. Belenya, G.L. Vatulya, V.M. Vakhurkin, A.A. Voevodin, Y.V. Gaidarov, M.V.
Gogol, Ye.O. Grinevich, M.P. Zabrodin, A.V. Mazurak, V.V. Mikhailov, V.O. Permyakov
and others. Among foreign researchers it is necessary to note P. Aliawdin, S.Chen, T,

Hyatt and others.

The use of combined metal structures of the sprung type in various fields of
technology convincingly shows their advantages over other structural forms, in particular,
reduced steel consumption, which is due to the rational contour of ties made of high-

strength steels, effective profiles used as beams.

Pre-stressed beams have increased rigidity, which allows to significantly reducing
their height and, accordingly, the volume of the building. Pre-stressing is one of the
effective ways to reduce the deformability and material consumption of beams of rigidity
of the sprung structure. Metal savings are 10 ... 20%, the cost is reduced by 5 ... 12% [40],
[49], [57].

In the world practice of construction already in the twentieth century there were a
number of examples of constructive application of pre-stress. Among the first publications
on the study of pre-stressing can be called the scientific works of Vakhurkin VM,
Gaidarova Yu.V., R. Buchwalter (USA), F. Dichinger (Germany) and others. Due to cost
savings in metal and ease of manufacture, pre-stressed combined sprung structures are

actively used by foreign engineers.

Belenya E.I. in the 60s of the last century in his works summarized the results of

research methods of calculation and development of pre-stressed structures [4], [17], [18].

In the works of Streletsky M.M. noted that the economy of steel as a result of pre-

stressing and regulation is provided in reinforced concrete span structures in three ways:

= favorable distribution of forces (bending moments, axial forces, transverse
forces, torques) between sections and elements of statically indeterminate
structures due to the artificial creation of a mutually balancing system in the

structure of the forces opposite to the forces from external loads;




= favorable distribution of forces and stresses inside the cross-sections of
reinforced concrete elements due to the artificial creation of mutually
balancing within each cross-section of the diagrams of stresses, mainly
compressing the reinforced concrete slab and unloading the steel part of the
section;

= effective use of high-strength materials — high-strength reinforcement, which
for its full use must be pre-stressed with compression of the main structures,
or high-strength concrete, which for full operation must be pre-compressed

with tensile steel.

The main purpose of pre-stressing is that the structure is pre-created stress-strain
state, which is inverse in sign to what will take place during operation of the structure.
Therefore, when the load is applied, the forces that were created in the process of pre-
stressing are first overcome, and only then at the subsequent load (at 25 operations) there
are inverse signs of force, in the process of growth of which comes one of the limit states

of the structure.

Pre-stressing allows to apply concretes of the increased durability and accordingly

to reduce own weight of designs.

Babich E.M. made a great contribution to the creation and development of
prestressed reinforced concrete, Bambura A.M., Bogdanov O.M., Hitman E.M., Gnidets
B.G., Grinevich Ye.O., Dorofeev V.S., Klimov Y.A., Pelmutter A.W., Pichugin S.V. and

others.

By increasing the crack resistance and reducing deflections, the pre-stressing has
almost no effect on the strength of reinforced concrete structures in normal sections,

although to some extent increases the strength in inclined sections.

The method of calculation of pre-stressed reinforced concrete structures is included

in the current regulations [16, 36, 38]. Since crimping does not affect the strength of




normal sections, the selection of working longitudinal reinforcement is the same method

as the structures without pre-stress.

One of the simplest methods of pre-stressing metal beams is the introduction of
tendons. A number of works are devoted to this problem, in particular, Yu.G. Ametova,
V.V. Asanova, E.O. Hrynevych, M.Yu. lIzbash, 28 Yu.O. Kushnir, V.F. Penza, O.L.
Shagin and others. High-strength tendons are installed in areas where the highest stresses
are applied. When the tension is tightened, a bending moment acts on the beam, which
causes normal stresses in the cross-sections of the beam, opposite to the stresses from the
external load. In this way, not only the unloading of the beam is achieved, but also the
reduction of normal stresses in its sections. The beam has an extra connection (tendon) and
Is therefore statically indeterminate. One of the simplest ways to solve such a statically
indeterminate structure is the force method, in which, when calculating the beam, the
tightening force is taken as unknown. When calculating the deflections take into account

the bending of the beam from the previous tension of the tendon.
PARTICULARITIES OF BEAM BEHAVIOUR

Introduction of a tendon converts a beam to a statically indeterminate system. Under
the service loads the bearing capacity of the beam increases, first, because the pre-stresses
are cancelled initially, a fact which extends the elastic service range of the material, and,
second, because a beam with a tendon behaves as a statically indeterminate system
(trussed beam)[54], [55].

The tendon is located on the side of beam fibres in tension, and the tensile stresses
in the tendon, balanced by compressive stresses in the beam, provide an additional

moment of internal forces which partly counteracts the external bending moment [30].

The behaviour of the beam over the elastic range in the cross section of maximum

bending moment may be subdivided into two stages (Fig. 1.1):

Stage One, or pre-stressing the beam. The pre-stressing force X creates stresses

o, = X/F and o, = X, /lacross the beam.




Stage Two, or behaviour of the beam under load until the stress in one of the outer
fibres attains the yield point. At this stage the tendon is the site of an additional self-

stressing force X, which induces, across the beam, stresses o,, = X,/F and o, = X, /1 of

the opposite sign to stresses due to external load o, =M /1.

Stage | —from pre-stressing; Stage 11— from an external load

If a beam is stressed over the elastic range only, the formulas for determining the

beam strength are as follows:
(a) for a compressed (by a load) fibre

_X+Xl+(X+Xl)c
F W,

<R (1.1)

g
==z

(b) for a fibre in tension

JZM_X+X1+(X+X1)C<R(1.2)
A F w,

X + X
= "E <Ry (13)

where X = pre-stressing force
X, = self-stressing force in the tendon
M = bending moment due to external load

W, = moment of resistance of the beam for a compressed (due to action of load)

fibre of the section
w, = moment of resistance of the beam for a tensioned fibre of the section

F = cross-sectional area of the beam

F, = cross-sectional area of the tendon




¢ = distance between the centre of tendon and the centre of gravity of the beam

Cross section
R = design resistance of beam material

Ry = design resistance of tendon material

1-st stage 2.nd sage

Zo=R X+Xi

Fig.1.1. Stresses in a beam in the elastic range

Stage 1- from prestressing; Stage 2 — from an external load

In multi-span inseparable beams, given that there is also significant bending
moments near the supports, tendons are installed not only in the spans, but also over the

supports in accordance with the nature of the plot of bending moments.

Today we know the most common methods of controlling the pre-tensioning of
reinforcement and ties with a dynamometer, manometer, elongation measurement,
transverse extensions and others. The dynamometer is used in mechanical tensioning
methods, including continuous reinforcement. The method is based on the readings of the
deformation of the tie associated with the tensile strength of the valve. Tension force
measurements are used for single and group tension of all types of reinforcement: rod,

wire and rope.

Controlling the tension of the reinforcement to measure its elongation is one of the
simplest methods. Elongation of the reinforcement in the process of its tension is measured

using a special device. This method can be used in many ways of tensioning the




reinforcement, but most often it is used for mechanical tension of the reinforcement with

jacks.

It is recommended to perform mechanical tensioning of fittings in two stages. First,
the effort is transmitted, which is 45 - 50% of the design value. At such tension the
correctness of an arrangement and fixing of rods and anchor devices is checked. Then the
tension of the valve is brought to a force exceeding the design by 10%, the voltage is

maintained for 3-10 minutes, after which the force in the valve is reduced to the design.

In the process of research, different authors have proposed different classifications
of pre-stressing techniques and constructive forms [67, 68]. Despite the wide variety of
structural forms of combined systems, today only a few methods of their pre-stressing are
used. Having studied the previously mentioned features, the methods of pre-stressing in

structures can be classified according to the following features:

1. In order to: create in the structural elements of the initial stresses that reduce the
stress from operating loads; ensuring the efficiency of flexible elements of the system for
compressive forces; reduction of structural movements from operating loads; increasing
the endurance of structural elements; increasing the strength of the system when
calculating the yield strength due to the effect of increasing the cross section; inclusion in

work of additional elements at strengthening of existing designs under loading.

2. According to the method of pre-stressing: tightening of individual elements to
create the initial stress: in individual rods and the structure as a whole; elastic

deformations of structural elements.

3. By type of equipment that creates pre-stressing forces: with the use of stationary
equipment (couplings, screw anchors, etc.); using reusable equipment (jacks, clamps,
stationary stands, cargo, etc.); transformation of the scheme of work of a design or its
elements in the course of assembly or installation for the purpose of creation of necessary
initial pressure of the corresponding character (change of conditions of slinging, temporary
loading); electrothermal method.




4. At the place of creation: completely at the factory; partly at the factory and partly
at the assembly site; completely on the assembly site; partly on the assembly site, partly
during installation in the design position; completely during installation in the design

position.
5. By the number of stages: one-stage (single-stage); multistage.

One of the promising ways to develop systems with artificial force regulation is to

combine in one constructive form different methods of pre-stressing, [68].

The work is one of the areas of research work of the National University "Lviv
Polytechnic”, which was conducted at the Faculty of Civil Engineering from 1950 to 1976.
The beginning of research was the branch scientific and technical program of the USSR
for 1986-1990 "To develop and implement progressive methods of construction support of
reconstruction and technical re-equipment of industrial enterprises, reducing terms of input
of capacities, cost of construction and assembly works due to the maximum use of
constructions is especially relevant in this. During the independence of Ukraine, the work
was performed in accordance with: "The main directions of social policy for 1997-2000",
according to the Decree of the President of Ukraine of 18.10.1977, Ne 1166; Order of the
State Construction Committee of Ukraine "A set of short and long-term measures aimed at
increasing the production of competitive products, structural changes in the construction
and housing sector, creating new jobs, increasing profitable government activities,
ensuring timely payments to the budget and wages" from 28.12 .1999, Ne 313; Order of
the State Construction Committee "On priority measures to implement the Address of the
President of Ukraine to the Verkhovna Rada of Ukraine” Ukraine: entry into the XXI
century. Strategy of economic and social development for 2000-2004 from 1.3.2000, Ne
39.

Experimental studies to study the work of reinforced concrete pre-stressed
combined sprung structures [23], [30], [31], as well as further theoretical analysis of these
studies convincingly confirmed their greatest effectiveness in both operational and

technical and economic indicators.




Simultaneously with the experimental design work [69, 70], theoretical
substantiations were developed, as a result of which a new approach to the calculation of
reinforced concrete pre-stressed combined sprung structures and qualitative assessment of
structural elements taking into account various physical and mechanical factors that to
some extent affect the redistribution of forces.




CHAPTER 2
SCIENTIFIC PART




2. Scientific part
Trusses pre-stressed by tendons

2.1. Arrangement and design of trusses pre-stressed by tendons

Truss design and location of tendons. Among the techniques for pre-stressing
trusses, the best developed one, similarly to beams, is by tendons made of high-strength
materials. There are greater possibilities for varying the designs of trusses than those of
beams, and therefore, the effectiveness of pre-stressing depends to a substantial degree
upon judiciously chosen (with due regard for specific conditions) designs of the truss and

of the tendon and upon the sequence of pre-stressing.

By location of tendons and their effect upon the behavior of the structure, pre-
stressed trusses may be divided into two main types: first, trusses wherein tendons are
located within the limits of the most stressed bars (Fig.2.1a) to pre-stress these bars only
and, second, trusses in which tendons are located throughout or part of the span to pre-

stress several or all of the truss bars (Fig.2.1b through g).

Trusses of the second type allow greater diversification of constructional patterns

and are generally more effective.

In trusses of the first type, each bar is stressed in compression by its individual
tendon. Static calculation of trusses is performed without taking into account the pre-stress
[10], [11].

Pre-stressed trusses of this type are effective for large both spans and loads only,
when each of the pre-stressed bars is an individual prefabricated unit. These bars are pre-
stressed in the course of fabrication or during pre-assembly at the erection site. Each of the
pre-stressed bars may provide a saving on metal of about 40 to 45%, but the economy of
metal as regards the whole of the truss is 8 to 10%, and that of the cost, 6 to 10%. The

greater both the span and the load upon the truss, the larger the obtainable economy.




Trusses of this type are more complicated in design, require a greater number of
tendon anchorings, and their bars in tension are more labour-consuming to manufacture,
but this may not be necessarily a prohibitive factor when industrial fabrication is
contemplated [22], [55].

A simplest pattern of trusses of the second type is obtained when one or several
tendons are arranged along the bottom chord in tension (Fig.2.1b through e). A single
tendon pre-stresses several panels of the chord within its length, but the other bars remain
unstressed. In large spans, when the forces active in the panels of the bottom chord are of a
considerable magnitude, it is good practice to provide two tendons (see Fig.2.1.c). The
middle panels, designed to take up a greater proportion of the load, are then pre-stressed in
a manner to obtain a greater relieving effect, — and the material therein is thus used with

greater efficiency [7], [9].
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Fig.2.1. Trusses with tendons within truss dimensions

The pre-stress in a uniform pre-stressing of the whole of the bottom chord by a
single tendon is limited by the compressive resistance of the extreme panels. Such a
location of the tendon is possible in trusses of relatively small spans and constant chord

Cross section.

It is preferable to tension tendons before trusses are lifted in place. Tendons are
connected throughout their lengths to the chord by diaphragms spaced at intervals of 40 to

50 of least radii of inertia of the chord cross section to ensure stability of the chord in the




course of pre-stressing. The number of strands tendon is a function of chord cross-section
shape. It is more convenient to have a single strand (Fig.2.2d, e, f, g and Fig.2.3c) to
reduce the number of anchorings. Whenever two strands are necessary (Fig.2.2a, b, ¢ and
Fig.2.3a and b), they should be symmetrical with respect to the centre of gravity of the

chord cross section [8], [13].

Placement of a tendon along the bottom chord converts the truss into a statically
indeterminate system. Therefore, single-span trusses with a single tendon should be
calculated as once statically indeterminate systems. The economy of material in these

trusses amounts to about 10 to 12%.

A greater economy in terms of mass — of about 12 to 16% — is obtainable by pre-
stressing the bottom chord in segmental trusses (see Fig.2.1.d) in which the mass of the
lattice is negligible, that of the bottom chord attains 40 to 50% of the mass of the whole

truss, and the force along the bottom chord remains practically invariable.
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Fig.2.2. Location of tendons in light trusses
1 —bar; 2 — tendon; 3 — short piece of pipe; 4 — diaphragm; 5 — short pieces of angles

When tendon, located along the bottom chord, is anchored at the bearing ant the
spans are large (this involving considerable deformations of the bottom chord), the action
of a temporary load may result in great horizontal displacements of the bearings (see

Fig.2.1.c). This complicates the designing of bearing assemblies and leads to undesirable




deformations of the structure in service [14]. Deformations may be avoided by locating the
bearings level with the neutral axis of the truss and fastening the tendon to a bottom chord

joint which is the first from the bearing (see Fig.2.1.e).
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Fig.2.3. Location of tendons in heavy trusses

Pre-stressing efficiency is greater for the deflected (trussed) type of tendons (see
Fig.2.1.g). In this case the tensioning of a single tendon may provide pre-stressing in a

greater number of bars.

When a deflected tendon is located within the truss dimension (see Fig.2.1.f and g),
the load-relieving pre-stress is obtained in the bottom chord and in the lattice bars located
within the sloped section of the tendon (Fig.2.4.). Compressive forces in the extreme
panels of the top chord due to pre-stressing have no tangible effect, if the top chord is of a

constant cross section throughout the span [12].

Fig.2.4. Signs of pre-stressing forces in truss bars in the course of tensioning the trussing
tendons

A considerably greater economy of metal (25 to 30%) is obtainable by means of a

trussed tendon which is built out of the truss (Fig.2.5.).




Fig.2.5. Trusses with built-out tendons

The optimum elevation of the tendon may be determined by the formula derived

with a view to find a minimum volume of metal in a truss as a function h,:

or %) n (2.)

o Py

Where y = coefficient allowing for variable cross section of the top chord (v <1)

h,= |h +

@, =coefficient of buckling of the middle panel of the top chord
¢, = coefficient of buckling of trussed reinforcement strut
a=R, /R =ratio of design resistances of the tendon and the main metal

The remaining notations are given in Fig.2.6.

Height h, calculated from formula (2.1) is approximately equal to (1.2 to 1.6) hy,
this increasing excessively the height of the whole structure. This is why height h; is

generally 20 to 30% less than its optimum value, from the design considerations.

Fig.2.6. Determination of the optimum height of a beam trussing rod




A large economy of metal is due to the fact that stresses of the sign opposite to that
from the load are produced in the bottom (compressive) and in the top (tensile) chords

when tendons are tensioned [7].

The shortcoming of designs with built-out tendons lies in greater dimensions of

trusses which are sometimes inadmissible.
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Fig.2.7. Joining of trusses into three-dimensional units with built-out tendons

1 —trusses; 2 — tendons; 3 — braces

Fig.2.8. Arch-type trusses

Besides, the tendon is not connected to the bottom chord of the truss ant thus fails to
reinforce the latter against buckling in the course of pre-stressing. This practically
precludes the tensioning of the tendon before it is set in place and requires either to tension
the tendon after the truss is placed in design position and the bottom chords are braced
against buckling or to erect the structure by means of twin trusses pre-assembled into a
three-dimensional unit (Fig.2.7a). A similar procedure may be used to create a three-

dimensional truss whose bottom chord will present an adequate stability against buckling




in the course of pre-stressing (Fig.2.7b). The three-chord system can readily be

manufactured of pipes [15].

The design of a truss with a built-out tendon is more complicated because of
auxiliary struts to support the tendon and a more involved bearing assembly with a tendon

anchoring.

Numerous investigations tend to indicate that most effective are arch-type pre-
stressed trusses with tendons (Fig.2.8); the trusses have an arched bottom chord and a
straight tendon throughout the length of the span (Fig.2.8a and c) or part of its length
(Fig.2.8b). Pre-stressing is then, as in the case of a built-out tendon, created by tensioning
the tendon in all the bars of the truss. However, the truss overall dimensions are not
increased. The effectiveness of the truss greatly depends on a judiciously chosen

configuration, slope of chords, lattice pattern and other factors.
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Fig.2.9. Diagrams of a truss behavior

1 — with pre-stressing prior to loading; 2 — with pre-stressing after loading

The optimum height of the truss at mid-span, from the tendon to the top chord,

amounts to ¥ to i of the span, while the height of the rigid truss is assumed to be ¥, to
i, of the span. The height of the rigid portion of the truss may be reduced to (%, to %,) of

span | in case of multi-stage tensioning and in arched trusses of round or polygonal

configuration.




The bottom chord, compressed in the course of pre-stressing, is prone to buckling,
and, therefore, similarly to the trusses of the type above, the tendons are tensioned after the

trusses are placed in the design position or assembled in three-dimensional units.
There are numerous possibilities for varying the arrangement of arch-type trusses.

The largest roofs of industrial buildings with pre-stressed trusses built in the Soviet
Union are composed of arched trusses, as the roof of laboratory building in Sverdlovsk,

the Reftinsk Power Station, the roof an industrial building in Minsk.

The effectiveness of pre-stressing of trusses depends to a greater degree on the

sequence of tensioning and of loading of the truss.

Tensioning the tendon, with the structure in design position and part or all of the
constant load applied to the truss, gives, generally, a greater effect than tensioning prior to

loading of trusses (Fig.2.9).

It is best to tension the tendons in the sequence below. A truss with a tendon is
placed in the design position, and then loaded with part of or full constant load. At this
stage the tendon stresses itself by operating as part of the truss considered a statically
indeterminate system [22]. Next, the tendon is tensioned to cancel partly or fully the force
in the bars due to the constant (dead) load, after which the balance of the constant load and

the temporary (live) load or the temporary load only are applied to the truss.

Fig.2.10. Location of tendons in continuous trusses




This sequence of tensioning provides a possibility certain degree a two-stage
tensioning and to make use of its benefits (see Fig.2.9). The load-carrying capacity of the

truss than increases, but a stronger tendon is required.

Experimental designing has shown that the “arch-and-tendon” type of trusses with
adequately chosen both sequence of tensioning and tensioning force made possible a
saving on steel of 25 to 30%. A largest economy of steel is obtainable with multi-stage

tensioning of the tendon.

In continuous trusses the straight tendons should be located along the chord
stretches in tension (Fig.2.10a). Use can also be made of deflected (within the truss

dimension), built-out and other systems of tendons (Fig.2.10b and c).

Pre-stressing makes it possible to create an absolutely different type of truss in
which all or almost all bars are of steel wire ropes or strands of high-strength wire. This
type of trusses is particularly suited for large spans, as the pre-stressed bars are capable of
taking up compressive stresses due to the load [23].
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Fig.2.11. Pre-stressing of trusses and of suspended crane girders by looped tendons by drawing
them out of the truss plane

1 — tensioning bolt; 2 — tendon; 3 — crane girder; 4 — suspension




Most various patterns of combined pre-stressing of transversal and longitudinal roof
members in bar-type structures of building roofs are possible.

An interesting example is the structure of the roof of an industrial building equipped
with four suspended multi-bearing single-girder cranes of 5-ton capacity (Fig.2.11a).
“Arch-and-tendon” type of trusses, 42 m in span, are built at 6-m pitch. The single-girder
cranes built of rolled I1-beams are suspended to truss joints at the same level as the tendon
[30]. A looped-type tendon is secured to the end anchoring on the bearing assemblies of
the trusses, then passes from one truss to another, being fastened at the top chords of crane

girders and forming “figure eight” configurations (Fig.2.11b).
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Fig.2.12. Pre-stressed roof of an industrial building
a) Cross-section; b) detailed view of joints;

1 —skylight trusses; 2 — suspensions; 3 — cross bars or beams; 4 — purlins




The tendon is tensioned at the top by guying the strands and securing them to the
top chords of crane girders. The tendon may be tensioned and secured with a force of 100
to 120 kN manually with the aid of bolts and hooks (Fig.2.11c) or, if the forces involved
are greater in value, by any other suitable means. Once tensioned and secured, the tendons
cause compressive forces in the bearing assemblies of the trusses to relieve the top and
bottom chords of the truss. Tensile forces in the top chord and compressive forces in the
bottom chord arise at the points where the tendon is secured to the crane girders with the
effect that all of the system (trusses, tendons and crane girders) are thus pre-stressed [40].
In such a system it is easy to effect pre-stressing and to tension the tendon if it weakens. A

lesser tensioning force is required than in tensioning of straight tendons.

A team of the Byelorussian Polytechnical Institute conducted successful tests of
experimental trusses with the above tensioning system. Total economy of metal in trusses

and beams amounted to 20 to 25%.

Another example is a pre-stressed Suspended beam system (Fig.2.12). This system
can readily be manufactured of rolled beams, and its advantage lies in an economy of

steel.

In a building with columns arranged in a 24x12 or 30x12m network, the
longitudinal skylights are located along the axes of columns. Skylight braces serve as
suspensions that support the rolled cross-bar beams which receive purlins for the roofing.
Tensioning of skylight suspensions converts the cross-bar beams into three-span systems
in which the bending moments in the middle span (positive) and at points where
suspensions are fastened (negative) level off. This reduces the value of the bending
moments by a factor of 2 to 3 as compared to that in single-span cross-bars. The three-span
cross-bars are the site of substantial longitudinal forces, which are compressive in the
extreme spans and tensile in the middle span. The skylight suspensions may be tensioned
by tightening bolts of two halves of the skylight truss in the top joint (Fig.2.12b) [41],
[50].




Experimental designing has shown that lightweight pre-stressed trusses, 30 to 36 m
in span, are best built of formed thin-walled square or rectangular sections or of pipes, as

their high buckling resistance allows greater pre-stresses.

The use of formed sections of high-strength steel as bars in pre-stressed trusses

ensures an economy of up to 45% of metal and a saving in costs of up to 35% [169].

When designing and manufacturing trusses it is essential to ensure solid coupling of
the tendon to the chord at points where the diaphragms are placed in the order to prevent

buckling of the chord in the course of pre-stressing [53].
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Fig.2.13. Joints with anchor fastening of the tendons

Truss design. All types of tendons and anchoring discussed in charter one may be
used in pre-stressed trusses. Best investigated is the use of tendons of steel wire ropes with

sleeve-type anchorings.

Joins where bars (pre-stressed by individual tendons) meet differ in design from
joints of customary trusses. Each bar carries at its end face a tendon anchoring which is
required to be compact. The bars are connected to the joint plates with the aid of welding,
rivets or bolts. At the joints, the bars should be rein-forced by cover plates to allow

effective transmission of the force from the tendon to the joint plate. An overlapping




tendon (see Fig.2.1c) may be secured along the span with the aid of a strong diaphragm
which serves as an anchoring for one tendon and carries holes for the passage of another
tendon [14]. Connection of the tendon to the truss bearing assembly may overload,
similarly to beams, the joint and, in consequence, the latter should be of an adequate
stiffness (Fig.2.13). Tests on an experimental beam tend to indicate that it is precisely the
joint where failure occurs. Bends of tendons should be provided with adequate supports to

ensure a smooth change of direction.

Pre-stressed trusses of aluminium alloys. The problem in the design of pre-
stressed trusses of aluminium alloys is their low modulus of elasticity and the necessity to
minimize truss deflections. It is particularly difficult to obtain a required rigidity in large
span trusses carrying considerable temporary (live) loads (as, overhead transport), since
deflection cannot be then cancelled by arching. Increasing the height of the truss to
enhance its rigidity is a poor means, as it leads to a substantially greater consumption of
metal because of heavier compressed bars of the lattice. In addition, it increases the

volume of the building, and, in consequence, its initial and operating costs [7], [8], [15].

The most effective means to reduce deflections in trusses of aluminium alloys is to
use pre-stressing, in particular, a multistage one. It is good practice to pre-stress single-
span trusses by tendons of steel wire ropes or high-strength wires which feature a greater
modulus of elasticity and are stronger and cheaper than formed sections of aluminium

alloys by respectively 4 to 7 and 4 to 5 times.

Analysis shows that in contrast to pre-stressed steel trusses in which the drop in the
consumption of steel always surpasses that of the costs (in terms of per cent), the cost of
trusses from aluminium alloys falls off at a faster rate than the consumption of materials.
Thus, pre-stressing of a 45-m roof truss by a tendon has reduced the truss mass by 23%,
and its cost, by 32%.




2.2. Calculation of the trusses

Static calculation of trusses with individual pre-stressed bars is performed with no
allowance for pre-stressing. The cross section of pre-stressed bars in tension is chosen on

the value of the calculated force as indicated in Chapter Three.

Trusses with tendons that pre-stress several bars at a time are calculated as statically
indeterminate systems. In the main system, the unknown is the force in the tendon.

Calculation is effected by the approximation method.

First, it is necessary to assume the values of bar and tendon cross sections.
Generally, when calculating n times a statically indeterminate truss with k tendons, the
truss becomes (n + k) times statically indeterminate. The additional unknowns of the
principal system are assumed to be the forces in tendons, X, and the forces Z in the

additional bars of the truss.
Standard equations for solving the system are:

611X1+512X2+...+512121+512222+...+Ald:O ”0
Sy Xy + 0, Xy 4.0 465, 2, +6,, 2, +...+ Ay =0 22)

Coefficients by the unknowns are calculated by customary formulas. When tendons
are located within individual bars, the members with unknowns X are omitted in equations

(2.2). The tendon cross-sectional area is considered a part of the bar cross-section.

When the statically indeterminate truss is assumed to be the principal system, the
members with the unknowns Z are omitted from equations (2.2) and the unknowns in the

equations will be the forces X in the tendons.

Pre-stressed arch-type trusses with a single tendon are best calculated by the method
of specified forces, suggested by B.A. Speransky [12], [13], [14], [15].

Building practice indicates the following preferable sequence of operations: loading

— tensioning of tendon — loading.




Whenever a tendon can be tensioned in the design position, the first loading consists
in applying a part or all of the constant load. If tensioning is done on the trusses into twin
three-dimensional units and to lift them into the design position after the tendons are
tensioned. The first loading is then the dead weight of trusses and braces and, possibly,
part of the roof structure. The second loading after the tendon is tensioned will be that part
of the roof which is laid after the truss is placed in position and, additionally, the

temporary load [23].

The principal system in arch-type trusses is more conveniently taken to be the rigid
part of the truss with one additional unknown or the force in the tendon. The forces in bars

due to full design load N, ; erection load N,which is active before the tendon is tensioned;
and unit force N,in the tendon are all determinate (usually by a graphical method) in the

principal system. Next, a most stressed bar of the bottom chord (generally, one of the

panels in the middle of the span) is found and taken to be the critical bar [39].

The cross-sectional area of the critical bar F, is determined on the basis of its

ultimate flexibility A =120for a specified shape of cross section. The limit force in the

critical bar is found from its cross-sectional area

N, =RF, (2.3)

The design force in any bar i of the truss
Ni =Ng —N;Ng (2-4)

Where N, = design force in tendon
N ;= force in bar i of the principal system due to full design load
N,; = force in bar i due to unit force in the tendon the design force for the critical bar

RF, =N, —N

cr cr ler

N, (2.5)

whence the force in the tendon




N, — RF
Ntd:% (2.6)

lcr

And the tendon cross-sectional area

Fo=7 (27)

N¢r is the critical bar force in the main system.

Knowing Ny, from formula (4) it is possible to determine the forces and then the

cross-sectional areas of all the bars of the truss.

The full force in the tendon N adds up of the pre-stressing force X and of the self-

pre-stress Xi.

The self-stressing force is found from the formula

z Ny Ng |

EF.

Xl = N2 I : (28)
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Where |y and Eqq are respectively the length and the modulus of elasticity of the tendon.
The tendon pre-stressing force
X=N,-X, (2.9)

The load-carrying capacity of truss bars as regards design service loads is finally

checked from the formulas below.

For bars in which the forces in the principal system due to the design load and to the

tensioning of the tendon are of opposite signs, we have:
(a) Bars in compression 