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Summary: The arch is one of the basic and frequently used linear structural elements.
Compared to beams, the advantages of arches are shown in the dominant influence of
axial pressure forces and in slight bending moments and transverse forces. The
characteristics of the arch mostly depend on the span, height of the arch, transverse and
longitudinal section, as well as on the selected static system. One of the most important
parameters for the rational design of arches is the knowledge of the type of its thrust
line. In this paper we have illustrated the dependence of the thrust line on the sag of the
arch and the character of load. For this, we have used the mathematical models created
in the computer program Sofistik. The aim of this work is better understanding of the
importance of the thrust line and its application in the design of arches.
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1. INTRODUCTION

The arch is one of the basic and frequently used linear structural elements for the design
of large structures [1]. Based on the geometrical form of the arch, several structural
systems have developed, first, linear arch structural system, then dome structural system,
and later on, simply and doubly curved thin-wall structural systems.

The application of arches in constructions arose as early as prehistoric times. At first,
they were used as the elements for bridging the small spans, without sufficient
knowledge of their characteristics and use of their properties. Only much later, when
arches started to be studied as independent structural elements, their properties,
depending on a large number of various parameters, were fully utilized [2]. The first
arches were made of stone and bricks, as the available and most commonly used
materials of that time. Later, with the appearance of new kinds of materials, arches were
made of reinforced concrete, steel, and glued-laminated timber.
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The main parameters that influence the behaviour of arches are: selected static system,
geometry of cross and longitudinal section, monolithic quality, the span and height of the
arch. Based on the knowledge of longitudinal geometry of arches, i.e. the span and
height of the arch, arches can be divided into several types. Depending on the ratio of
span and the height of the arch, arches are divided into shallow, if this ratio is greater
than 4, medium deep, if the ratio is between 1 and 4, and deep, if the ratio is less than 1
[3]. In the design of arches, two main problems appear: designing of the arch which is
capable of self-standing, and designing the supports which are able to accommodate a
large horizontal thrust. Stability of arches and their ability to independently stand is
closely connected with the knowledge of the form of the thrust line. This paper presents
the forms of thrust lines for certain types of arches and types of load.

2. GEOMETRY OF LONGITUDINAL SECTION

Arches represent curved girders of large radius compared to the cross-sectional
dimensions, where the knowledge of the longitudinal arch geometry is one of their most
important characteristics. It is longitudinal geometry that is responsible for the types of
stress which occur in arches. Regardless of the type of load, the axial pressure forces in
arches are dominant compared to bending moments and transverse forces [4]. Axial
pressure forces occur because of fixed suports of the arches and the curvature of the arch
axis, which most commonly has a form of a circular arch, parabola or higher order
polynomial.

We have analysed the changes of bending moments and axial force pressure depending
on the change of the longitudinal geometry of arches, for the same span and the same
intensity of evenly distributed load, Figure 1. The analysis has been conducted for one
girder, three circular arches with variable height of the arch, and one parabolic arch,
applying software package Sofistik. Geometric features of these models are not detailed
in this paper.

On the basis of the obtained diagrams of bending moments, we can notice that the beams
have the greatest bending moments, and that the shallowest arch has the smallest
bending moment of all circular arches. Based on the analysis obtained for circular
arches, we can conclude that shallow arches have smaller bending moments than deep
arches, so shallow semicircular arches can be applied in practice as more rational. In the
example of parabolic arches, we can see that the axial pressure forces are dominant, and
there is no bending moment.

Namely, the depth of the arch is not directly correlated with the intensity of the bending
moment. Bending moments primarily depend on how the geometry of the longitudinal
section differs from the geometry of the thrust line. If the geometry of the longitudinal
section follows the thrust line, the moment in the whole arch is equal to zero. If they do
not match, then the intensity of the bending moment, depends not only on the differences
in geometry, but on the nature and intensity of load, too.

Therefore, a small bending moment and high axial force pressure in shallow arches,
represent their positive features regarding the capacity utilization of materials. The
disadvantage of shallow arches, and the reason they are rarely used in practice, are large
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horizontal reactions that occur in the supports. From the architectural point of view, the
height in the corners is not sufficient and therefore this space is often unusable. They
also form a space with a small volume of air, which in some cases can be beneficial [5].
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Figure 1. Beam and arches, and corresponding diagrams of bending moments and axial
forces

3. THRUST LINE

Hook was among the first who in 1670 dealt with the importance and shape of the thrust
line and he tried to solve the problem of the shape and thrust. To illustrate the thrust line,
he uses the catenary because he believes that the thrust line is an inverted catenary. He
argues that, in the same way that flexible thread hangs, so will, but conversely, stand
rigid arch, but he cannot not define the mathematical formulation of catenary [6].
However, this approach should be taken with reserve because it has certain limitations.

La Hire (1695-1712) also dealt with the stability of arches and he considered the balance
of the wedge-shaped stone blocks by using appropriate chain polygon and thus
unconsciously defined the thrust line. Based on previous research, Couplet (1729-1730)
in the analysis of arch accurately introduces material properties and states that the
friction that occurs between the stone blocks prevents them from moving. Poleni (1748)
explicitly states that, for the stability of masonry arches, it is only necessary that the line
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of thrust lies anywhere within the thickness of the arch. Mathematical formulation of the
stability of masonry brackets was fully set by Coulomb (1773).

By connecting the centres of pressure at any cross section of the arch we get a curved
line, called a thrust line. Geometry of the thrust line largely depends on the geometry of
the arch, the type of load, and the type of support. It primarily depends on the sag of the
arch, i.e. on the depth of the arch, so increasing depth of the arch comes to changing the
shape of the thrust line. The thrust line is not directly dependent on the sag of the arch,
but on the ratio of sag and range, i.e. depth of the arch. Knowledge of the forms of thrust
lines is of great importance especially in the design of masonry arches.

The trust line shape also depends on the character of the load. Thus, for different types of
loading of the same intensity, we obtain different thrust lines for the same static system
of the arch, Figure 2. It should be noted that the shape of the thrust line does not depend
at all on the load intensity.

Figure 2. Thrust lines of circular arch for different load types

Based on the analysis, we can see that only in the case when the arch is under the
influence of evenly distributed load that is perpendicular to the arch axis, the thrust line
has the shape of a circular arc. In all other types of different loading, the thrust line
deviates from the shape of a circular arc. When the load is of variable intensity, the
thrust line has a greater curvature where the load intensity is higher, while the thrust line
is a straight line on the unloaded part of the arch. In the case of action of point loads, the
thrust line changes the direction in the place where the force acts, while remaining
straight in unloaded parts. In the case of combined action of concentrated forces and
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evenly distributed load, the thrust line would be curved, with the direction changes in the
places of action of point loads.
Figure 3 shows the thrust lines for the arch with different sags which is loaded by its
own weight. Thrust lines have the same shape, whereby the increasing of the sag of the
arch leads to the increasing of the depth of the thrust line.

Figure 3. Thrust lines for different sags of the arch for self-weight load

4. CONCLUSION

Although arches have been used for centuries, their use today is still very common and
popular. The best proof of it are some of the most spectacular world’s buildings where
the major structural elements are arches. Besides bridge structures, where the use of
arches is common and where they reach the highest spans, they are used in other types of
buildings as well. Although the application of the arch structural system has not been
considered the most attractive in recent decades, arches, as structural elements, are more
often used in hybrid structural systems. Because of this, it is obvious that arches in the
future will also play an important role among applied structural systems.

This paper deals with the importance of knowledge of the thrust line shape and its
dependence on the load and sag. The thrust line is one of the most important
characteristics of the arch but very little is written about its dependence on the load and
sag. This paper presents the influence of different types of load on the thrust line as well
as the influence of the sag on the thrust line. The obtained results have been analysed
and presented for the purpose of better understanding of these dependences and more
rational designing of arches in practice.
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HOTIHOPHA JIMHUJA JIYKA - 3ABUCHOCT O/f
OIITEPEREIHA U CTPEJIE JIYKA

Pezume: Jhyunu Hocau je jedaH 00 OCHOBHUX U YeCcmoO KOpuuthieHux JauHujcKux
KOHCMPYKMUGHUX enemenama. Y nopehervy ca epeoHum Hocauem HPeOHOCMU JYYHUX
Hocaua ocnedajy ce y OOMUHAHMHOM YVMUYQJY aKCUJAIHUX Cuia npumucarkd, d
HE3HAMHUM MOMEHMUMA CABUjaArA U MPAHCEep3aTHUM cunama. Kapakxmepucmuke nyka
Y MHO20MeE 3a8uce 00 PACNOHA JY4HO2 HOCAYA, Cmpene JyKd, NONpeuHo2 U NOOYIHCHOS
npecexka Kao u yceojenoe cmamuykoe cucmema. Jedan 00 oumuujux napamemapa 3a
PAYUOHATIHO NPOJEKMOBARE IYUHO2 HOCAYA je U NO3HABAFe O0IUKA Fe208e NOMNOPHE
Jaunuje. ¥ oeom pady unycmposaua je 3a8ucHocm nomnopHe auHuje AyKa 00 GenuuuHe
cmpene ayka u Kapakmepa onmepeherwa. 3a npuxaz ¢y KopuuwtheHu Mamemamuyxy
mooenu uzpahenu y xomnjymepckom npocpamy Cogucmux. Luws osoz pada je 6ome
pasymesarbe 3Havaja NOMNOpHe JUHUje TYKA U FeHe NpPUMeHe y npojeKmosarsy JIyYHUX
Hocaua.

Kwyune peuu: Jlyunu nocay, nomnopua iunuja, cmpena jiyka
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