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Summary: Nearly three centuries ago, Couplet proposed the problem of finding the
minimum thickness of a uniform semicircular arch subjected to its own weight, and it
was Serbian scholar Milutin Milankovitch who first gave the complete and correct
solution almost two centuries later. After remarkable mathematical elaboration
concerning thrust line theory, searching for the expression more appropriate for
iterative procedure, Milankovitch finds the solution numerically. Since iterations may be
easily done by using computer programs nowadays, the mathematical calculation which
concerns the finding of the minimum value of equation by the mean of differentiating can
be omitted, and the iterative procedures can be done at the earlier stage of the
computation, i.e. with the more complex expressions. Recently, the minimum thickness of
elliptical arches has been computed, as well. However, there are very few contemporary
researches dealing with the mechanical behaviour of pointed arches.
In this paper, on the basis of the appropriate correlation between the shape of an arch
and corresponding collapse mode, particular iterative procedures have been derived. In
order to determine the minimum thickness of the chosen arch, the appropriate collapse
mode and corresponding iterative procedure have been adopted, and the thickness, as
well as the position of the application point of the horizontal thrust force at the crown or
of the reaction force at the springing, have been modified, regarding the distance of
thrust line from the intrados or extrados at the critical sections. The analysis has been
conducted on pointed arches having various eccentricities and embrace angles,
including both incomplete and overcomplete arches, and the numerical values for the
minimum thickness of more than hundred arches have been provided for the first time.
Developed procedures may be applied in the analysis regarding maximum and minimum
thrust, span to thickness ratio or weight to span ratio, as well as in the analyses
concerning the different types of employed stereotomy.
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1. INTRODUCTION

Nearly three centuries ago, Couplet [1] proposed the solution to the problem of the
determining the minimum thickness of a uniform semicircular arch subjected to its own
weight. He defined some assumptions about material behaviour and introduced the
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mechanism of collapse caused by the formation of rupture joints, or so-called hinges (see
[2]). However, it was Serbian scholar Milutin Milankovitch who, almost two centuries
later, in his paper on the thrust line theory [3] not recognized until nowadays (see [4] as
well), first gave the complete and correct solution. After remarkable mathematical
elaboration, searching for the expression more appropriate for the iterative procedure,
Milankovitch finds the solution numerically. Since iterations may be easily done by
using computer programs nowadays, the mathematical calculation, which concerns the
finding of the minimum value of equation by the mean of differentiating, can be omitted,
and the iterative procedures can be done at the earlier stage of the computation, i.e. with
the more complex expressions.

Over the last few years, in the frame of limit equilibrium analysis, Alexakis and
Makris computed the minimum thickness of elliptical arches [5]. Although pointed
masonry arches are very common in historic structures, particularly in Gothic
architecture, the researches considering their minimum thickness are barely present (in
[6] or [7] one can find the numerical values for only a few different shapes of pointed
arches). In this paper, on the basis of the research on thrust line theory applied to pointed
arches conducted in [8] and [9], and their admissible collapse modes provided in [10],
appropriate iterative procedures concerning the derivation of numerical solutions for the
minimum thicknesses have been developed. The analysis has been conducted on pointed
arches having various angle of embrace, considering both incomplete i.e. segmental and
overcomplete i.e. horseshoe arches, with varying eccentricity as the measure of
pointedness. The usual eccentricities of pointed arches present in historic structures as
well as in medieval manuscripts (see for example [11]), namely 1/5, 1/4, 1/3, 1/2, 3/5,
4/5, 1, 3/2, 2, 5/2 and 3 are particularly considered. Furthermore, for the sake of
desirable accuracy and the complete insight in the effect of the eccentricity on the
collapse mode and the corresponding minimum thickness, where it was necessary, the
unconventional eccentricities were included into the analysis. This particularly refers to
the eccentricities resulting in the limit collapse modes having five and seven hinges. The
comprehensive review of the conducted analysis is given in table that provides the
numerical values for the theoretical minimum thicknesses of all the analysed arches.

2. COMPUTATIONAL PARAMETERS IDENTIFICATION

In [10] it is shown that the admissible collapse mode of a pointed arch depends on its
eccentricity and the angle of embrace, and, for a fixed angle, the correlation between
eccentricity and the order of the occurrence of collapse modes is provided. Furthermore,
when limit state is assumed, five different collapse modes (including the circular arch)
are obtained (Fig. 3), and for the determination of the corresponding minimum thickness
of each collapse mode, the particular computational procedure is required.

In this paper, the characteristic elements necessary for the computation, such as
eccentricity, the position of the application points of relevant forces, as well as the
critical sections regarding intrados or extrados, that diverse the pointed from
semicircular arches, have been particularly investigated. Due to the symmetry of the
arch, only half-arches are considered. In accordance with Fig. 1 (a), R and t denote the
mean radius and the thickness of the arch ring, respectively. The minimum value of
thickness to radius ratio, t/R, i.e. the minimum possible thickness of the pointed arches
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normalized by the radius, has been set as the main aim of this paper. Further, the value e,
which measures the deviation from the circular shape, is the horizontal distance between
the centreline’s centre O and the centre C of the pointed arch. The angle « represents the
angle of embrace, which is the complement of springing angle.
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Figure 1. Pointed arch with indicated characteristic parameters (a), influence on the
thrust line of the position of the application point of the reaction force acting at the
springing (b) and of horizontal thrust acting at the crown as well as eccentricity (c)

The substantial parameter of pointed arch is its eccentricity, denoted by & being the
measure of pointedness, and following [7], represents the ratio between e and the
difference between R and e (i.e. the mean radius or semispan of the corresponding
circular arch). The relation between these three parameters is given by the following
expression:

&= M
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Thrust line, representing the load path, is the locus of the application points of the
resultant thrust forces, which develop at the joints (beds) between the voussoirs of the
arch [5], and according to the analytical expression provided in [9] is traced with the
dashed line in Fig. 1 (a). Hence, for each generic section, the distance of the thrust line,
i.e. of the application point of the resultant thrust force, from the extrados and intrados,
Jex and oin respectively, is computed and temporarily stored in the appropriate list. The
critical section regarding extrados and intrados refers to the joint containing the minimal
value of dex and din, respectively. Moreover, the minimal value of Jex, denoted by Jex min,
is determined as the last value in the list dex, Which is less than the next one in the list
(this form of criteria is valid for positive as well as negative values which develop during
the computation). Minimal value of di,, denoted by Jinmin, is determined as the minimal
value in the list Jin between the critical section regarding extrados (joint containing
Jexmin) and the springing (see Fig. 1 (a)).

The parameters of particular importance are the application points of the horizontal
thrust force acting at the crown joint, and the reaction force acting at the springings,
since, among the eccentricity by default (Fig. 1 (c)), their position affects the position of
thrust line through the arch, and therewith the value of horizontal thrust, changing the
location of critical sections as well, as one can see in Fig. 1 (b) and (c). The distance of
the application point of the reaction force is defined by its radial distance from extrados,
and is denoted by gs. Since it is measured along the direction of springing joint, its
maximum value equals t. Further, the positions of the application point of horizontal
thrust force, is defined by its vertical distance from extrados, having positive value
downward, and is denoted by gc. Since thrust line cannot pass below intrados of the
crown joint, its maximal practical value gc,max iS:

Oc,max :\/(R+t/2)2—e2 _\/(R—I/Z)z—ez @

In Fig. 1 (a) the pointed arch of thickness greater than the minimum is shown; when the
thickness of the arch is sufficiently reduced and thrust line touches the intrados and
extrados in more than four points (rupture joints, hinges), the arch reaches a limit
equilibrium state by developing a hinged mechanism, i.e. it reaches the point of collapse
[12]. Thus, the thickness of the arch and the position of relevant application points have
to be modified according to the values dexmin @and Jinmin, Which simultaneously have to
reach zero. In order to determine such state, the sections neighbouring to the critical
sections, referred in this paper as the critical area, have to be thoroughly analysed.

3. CRITICAL AREA SELECTION

In pre-processing step, the arch is initially divided into five portions having equal angle
of embrace, as shown in Fig. 2 (a) by thick dot-dashed lines. Furthermore, each arch
portion is subdivided into appropriate number of segments regarding generic sections,
where the greater number of segments should correspond to the portion that will contain
critical section; for example, in Fig. 2 (a) the subdivision 3—7-3-7-3 is shown. For the
calculations conducted in this research, the subdivision 10-30-10-30-10 turned out to
be satisfying. Regarding the critical section, the second preceding and the second
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succeeding section (thin dot-dashed lines) are adopted as the bordering sections which
determine the critical area for the next iteration, along with thickness modification, and
so on, until the thrust line reaches extrados and intrados, up to a satisfactory precision.

(@) (b) (c)

Figure 2. Appropriate subdivision of the arch according to the critical sections
and the gradual narrowing of the critical area selection

In order to achieve appropriate gradual successive narrowing of the critical area
regarding its embrace angle, being the difference between the angles corresponding to
the bordering joints of the critical area, the precision of the subdivision of that embrace
angle is adjusted according to the magnitude of the values dexmin and dinmin. FOr example,
in the conducted calculations, all the values have been computed with the minimum
precision of 102, and the precision regarding critical area selection (cap) is adjusted
according to the following relations:

(a) for | Jexmin OF Sinmin | < 35-10% — cap =510

() for | Sexmin OF Jinmin | < 5-10° — cap = 5107

(C) fOI‘ | 5ex'min or 6in,min | > 5'10’4 — cap = 5'10-2.

4. GENERAL GUIDELINES FOR THE DETECTION OF
MINIMUM THICKNESS OF POINTED ARCHES

When minimum thickness is assumed, thrust line passes through one extremity (i.e.
endpoint on the extrados or intrados) of the springing or crown joint [9], as one can see
in Fig. 3. Hence, one of two application points, regarding horizontal thrust at the crown
and reaction force at springing, is known, and the other one can be set as the variable, the
change of which affects the position of thrust line along the arch. Furthermore, the
thickness of the arch is modified with respect to the other critical joint. Accordingly, if
the position of the one of the application points is varied with respect to the critical joint
regarding extrados, thickness is varied with respect to the critical joint regarding
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intrados, and vice versa, if the first is varied with respect to the critical joint regarding
intrados, the latter is varied with respect to critical joint regarding extrados.

case 1
6 hinges

La) ()

case 2 case 3
7 hinges 5 hinges
/l/@)

case 4
5 hinges

%‘{

Figure 3. Admissible collapse modes of pointed arches having minimum thickness and
corresponding thrust lines: (a) circular arch, (b) extrados hinge at springings, (c) limit
eccentricity having seven hinges, (d) intrados hinge at crown, () limit eccentricity
having five hinges, (f) intrados hinge at springings and crown (after [10])

case 0
5 hinges
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In other words, if thrust line passes through the endpoint of the springing joint, thickness
is varied with respect to the critical joint regarding intrados, and the position of the
application point of the horizontal thrust at the crown is varied with respect to the critical
joint regarding extrados, according to Eqg. (3) and Eq. (4), respectively:

tint =t _5in,m'n (3)
qc‘m'n = qc - 5ex.m'n (4)

For the absence of concentrated loads, thrust cannot pass through the apex of the crown,
and therefore the thrust line touches extrados on the both sides near the crown [7]. In
order to keep the rise of the thrust line as high as possible, striving for the minimum
thrust [13], although the minimum and the maximum thrust will coincide when the limit
state is attained [7], the application point of the horizontal thrust must be as close as
possible to the extrados crown, i.e. the value g. should be as small as possible.

On the contrary, if the thrust line passes through the endpoint of the crown, thickness is
varied with respect to the critical joint regarding extrados, and the position of the
application point of the reaction force at the springing is varied with respect to the
critical joint regarding intrados, according to Eg. (5) and Eq. (6), respectively:

toe =t—Gpomn (5)

=0 _5in,nin (6)

ext

05 mex

In order to keep the span of the thrust line as narrow as possible, striving for the
minimum thrust [13], the application point of the reaction force must be as close as
possible to the intrados at the springing, i.e. the value gs should be as large as possible.
Although the changing of the position of these application points affects the thrust line as
a whole, as can be seen in Fig. 1 (b) and (c), it is adopted that they change regarding the
closer critical section, since the effect is usually more immediate in that way. Therefore,
the application point of horizontal thrust changes with respect to the critical section
regarding extrados, and the application point of reaction force changes with respect to
the critical section regarding intrados. However, when both the application points are
known, as is the collapse modes shown in Fig. 3 (a) and (f), there exists only one critical
section, and then the thickness is varied according to it.

5. GENERAL GUIDELINES FOR THE DETECTION OF THE
ECCENTRICITIES OF LIMIT COLLAPSE MODES

When the limit collapse mode with seven hinges is considered (Fig. 3 (c)), since the
change of eccentricity immediately affects the application point of horizontal thrust at
crown, and, as stated, the crown is closer rather to the critical joint regarding extrados
than intrados, it is adopted that eccentricity modifies with respect to the critical section
regarding extrados, according to the following expression:
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flim,ex = §+ f '5ex,m'n (7)
On the other hand, thickness is varied with respect to the critical section regarding
intrados (Eq. (3)). Regarding the limit collapse mode comprising five hinges (Fig. 3 (g)),
there exist only one critical section, and that regards extrados. Thus, the thickness is
varied according to Eq. (5). On the other hand, eccentricity is varied with respect to the
critical section regarding intrados, according to the following expression:

glim,in :é_ f 'é‘in,m'n (8)

Namely, since thrust line passes through intrados at both crown and springing joint,
when the eccentricity is less than the limit one, thrust line also passes outside the arch
ring, toward the arch centre. Thus, by gradually increasing eccentricity smaller than the
limit one, according to Eg. (8), along with the adjusting of thickness, critical section
regarding intrados approaches the springing, and when it reaches it, limit eccentricity is
obtained. Thus, to determine the eccentricity of limit collapse mode, its value needs to be
known only approximately. It should be noted that in Eq. (7) and Eq. (8), value f is
appropriately chosen factor which represents the measure in which the actual value dexmin
or Jdinmin, respectively, affects the next value &; it has to be chosen in such a way that in
every iteration the magnitudes of dexmin and dinmin Change in the approximately same
scale.

6. RESULTS

Six procedures for six collapse modes (two of them have limit eccentricity) have been
derived. Characteristic positions of the application points of horizontal thrust acting at
the crown and reaction force acting at the springings, regarding the collapse mode and
corresponding iterative procedure, are given in Table 1. Therewith, the guidelines for
their modification (defined by Egs. (2), (4) and (6)) and the variation of the thickness
(defined by Eqgs. (3) and (5)) regarding critical sections, as well as for the determination
of the particular values of eccentricity (given by Egs. (7) and (8)) corresponding to the
limit collapse modes with seven and five hinges are provided as well.

Table 1. Parameters used in iterative procedures for the detection of minimum thickness
of pointed arches as well as the values of limit eccentricities (bold numbers indicate the
collapse mode having limit eccentricity)

Collapse mode 2 4 5
Application point | ext. int. | ext. int. | ext. int. | ext. int. | ext. int. | ext. int.
horizontal thrust at 0 )

crown ge Qc,min Cc,max Cc,max Qc,max Qc,max
reaction force at

springings Qs 0 0 0 Gsmax t t
hickn ; ,

::rificafzsésttion t tint tint flim,ex tint text text gclim,in text
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The iterative processes have been performed by the procedures developed by Visual
Basic for Application, i.e. compiling macros in Excel Visual Basic Editor, linked to
Excel worksheet. In this research, more than hundred pointed arches of different shape
have been analysed, using the iterative procedures based on the presented guidelines;
their theoretical minimum thicknesses have been computed and are presented in Table 2.

Table 2. Minimum thickness t/R of pointed arches having various eccentricities and
embrace angles with indicated collapse mode and corresponding iterative procedure

o]
: oUW 45 | 30 | 45 | 60 | 75 | 90 | 105 | 120 | 135
0,00
0,0005
0,00141 0,000049
0,002
0,00301 0,000133
0,005 |0,000252 Case 2: limit eccentricity comprising 7 hinges
0,01 ]0,000548
0,01162 0,00077 Case 4: limit eccentricity comprising 5 hinges
0,02 Case 5: intrados springing and crown hinge (5)
0,03007 0,00251
0,04177 0,00373
0,05]0,002447 | 0,00441
0,10 (0,003754 | 0,00830
0,10848 0,01068
0,11199 0,01103
0,20 0,003797 [0,01296 |0,01817 | |
0,25 0,002912 |0,01411 |0,02106 | |
0,27860 | Jooa3 | | | |
0,33 /I ]0,01483 |0,02443 | |
0,37938 0,02943
0,50 / 0,01330 (0,02743 |0,03353
0,60 / 0,01126 |0,02770 |0,03557
0,80 / 0,00596 |0,02632 |0,03727
0,88735
1,00 / / 0,02356 |0,03709
1,50 / / 0,01485 |0,03329
1,94827 0,03610
2,00 / / 0,00629 |0,02822 |0,03580 / /
2,50 / / / 0,02332 |0,03285 / /
3,00 / / / 0,01893 |0,03002 / /

Case 0 regards the arch having zero eccentricity, and represents, indeed, the circular i.e.
segmental arch. This type of arch has been discussed in detail in [14], but it is presented
here for the completeness of the analysis. The cases 4 and 5 represent the same collapse
mode, but the case 4 is the limit one. One can notice that for each analysed embrace
angle, the limit eccentricity regarding the collapse mode with seven hinges, corresponds
to the theoretically thinnest possible arch (in the range of common shapes of pointed
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arches, excluding very large eccentricities for the greater embrace angle), having
maximum use of its thickness, and therefore the optimal one.

7. FINAL REMARKS AND CONCLUSION

Computational methods present nowadays provide the revision of old theories through
the extensive elaboration of a problem, providing the complete insight into the matter.
The main challenge is to precisely set the problem, regarding the adequate framework
for the analysis within which the appropriate procedures have to be developed. In this
paper, the characteristic elements of the computation in the frame of thrust line analysis,
particularly applied to pointed arches, have been noticed. Critical sections regarding the
joints where the thrust line approaches closest to intrados and extrados, along with the
neighbouring critical area, have been particularly treated. The results obtained in recent
study, concerning appropriate correlation between the shape of an arch and
corresponding collapse mode, have been the basis for the general guidelines statements,
on which the particular iterative procedures regarding each collapse mode have been
derived. It has been shown that, for any of admissible collapse modes of pointed arch
having minimum thickness, at least one of two application points, regarding horizontal
thrust at crown or reaction force at springing, is known, and the other one can be set as
the variable whose modification regarding one critical section affects the position of
thrust line along the arch. On the other hand, the thickness of the arch is modified with
respect to the other critical joint. The iterative procedures for the detection of the limit
collapse modes having seven and five hinges, and corresponding limit eccentricity, are
developed as well. Hence, knowing the appropriate collapse mode, the appropriate
procedure can be applied.

In this research, the analysis has been conducted on various pointed arches having angle
of embrace from 15 to 135 stepwise 15 degrees, and varying eccentricity from 0 to 3, as
the measure of pointedness. Accordingly, the numerical values for the minimum
thickness of more than hundred pointed arches of different shape, comprising
overcomplete arches as well, have been provided for the first time, and the optimal arch
has been identified.

Further research, albeit rather theoretical importance than practical necessity, may
consider the analysis of the convergence of iterative procedures proposed in this paper,
and eventual improvements regarding the number of iterations necessary for obtaining of
the solution. However, developed procedures may be applied in the analysis regarding
maximum and minimum thrust, span to thickness ratio or weight to span ratio, in order
to identify the optimal shape of the arch regarding the quantity of the used masonry.
Moreover, the presented procedures are not strictly connected to the radial stereotomy
employed in this paper, but apply to the other types of stereotomy, as well.
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I'PA®OUNYKA CUMYJIAIMJA MUHUMAJIHE
JAEB/BUHE ITPEJIOMJ/BEHOI' YK/BEHITEHOTI JIYKA

Peszume: Kynne je, npe ckopo mpu éexa, nocmasuo npoonem oopehusaroa MUHUMAaiHe
OebbuHne NONYKPYICHOZ JIYKA KOHCmaHmHe OeOmune onmepelienoz concmeenom
MeNCUHOM, a cpncku Hayunux Munymun Munanxosuhi je npeu dao yenoeumo u mayHo
peuterve, cKOpo 06a 6exka KacHuje. M36aHpeoHOM MAmMeMamuykom paspaoom meopuje
nomnopHe nunuje, mpazajyhu 3a uspazom nocOOHUjuM 3a UMepamueHu NOCMYNax,
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Munankosuh nymepuuxu dobuja pewerve. C 063upom Ha mo oa danac umepayuje mMozy
Oumu naxo usgedene y3 nomoh pauynapckux npozpama, MamemMamuix RpopayyHu, Koju
obyxgamajy nanadxicere MUHUMAIHe 6peOHOCMU DYHKYUje ¥ cMUcty ougepenyuparsa,
MO2y Oumu u30cmasbeny, a uMepamueHy NOCIMynyu mMo2y 6umu cnposedeny y panujoj
@asu npopauyna, oonocrno kopucmehu crnoxcenuje uspasze. Heoasno je uspauynama u
MUHUMAanHa O0ebbuHA  enunmuykux Jaykosea. Meljymum, 6pro mano caspemenux
ucmpasjcugarsd je noceefieHo Mexanuukom NOHAWArY NPEeIoMbEHUX TYKO8A NO Meopuju
nomnopHe 1uHuje.

Y 06om pady cy, na ocnosy ycnocmasmene oozosapajyhe nogezanocmu 0bauka iyka u
npUopysicenoz oOIUKA cioMd, mj. SpaHuyHo2 CMarba pasHomedice, u3eoeHu noceOHuU
umepamusnu nocmynyu. Kako 6u ce oopeouna munumanua oebouna o0abpanoe nyka,
yeeojenu ¢y oozosapajyhu 06nux cioma u npudpydlcenu umepamueHyu NOCMynax, me cy,
¢ 003UpoM HA YOA/beHOCH NOMNOPHE JUHUje 00 UHMPAOOCa U eKCcmpaooca HA Mecmy
KpUmuuHoe mnpeceka, Meranu Oeb/buna JyKa, KAo U NO0MCAj Hanaowe mauxe
XOpU3OHMAAHe cuiie y memeHy U peakyuje Ha OCIOHAYKO] CRojHuyu. Auarusupaunu cy
nperomMmeny TIYKOU Pa3Iuiumoe eKCyeHmpuyumema u yeHmpanioe yaia, ysumajyhu y
003uUp U ceamenmue U NOMKOBUYACMe JTyKOGe, me cy npeu nym O0odujene Hymepuuxe
gpedHoCmU MUuHUManHe oedpune, U Mo 3a suwe 00 cmo aykosa. Hszeedenu nocmynyu
Mo2y Oumu npuMerseHu y aHaIu3u MaKkCUMAIHO2 U MUHUMATHOZ2 NOMUCKA JIYKA, 00HOCA
PACNOHA TYKA U We208e OedbuHe UNU medcute, Kao Uy aHaIu3ama Koje ce muyy opyaux
obnuxa cmepeomomuje.

Kwyune peuu: comcku 1yKo6u, MUHUMATHA 0eDbUHA, UMEPAMUEHY ROCIYNAK, AHANU3A
1o meopuju NOMNOpHe TUHUJE
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