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The construction of a Go thic vault implied the solution of several 

technical chall enges . The literature on Gothic va ult construction is 

quite large and its grow th continues steadily. The m ain chall enge of 

any structure is that, during and after construction , it must be "safe", 

that is, it must not collapse . Indeed , it must be amply sa fe, able to sup 

port different loads for long periods of time. M asonry architec ture 

has show n its structural safety for centuries or millennia. The Pan

theon of Rome stands today after almost 2 ,000 yea rs w ithout having 

needed any structural reinforcement (of course, the survival of any 

building implies continuous maintenance) . H agia Sophia in Istanbul , 

fll1ished in the 6'h century AD, has w ithstood not only the dead loads 

but also m any severe ea rthquakes . Finally, the Gothic cathedral s, 

w ith their appea rance of weakness, are· more than a half millenniun'l 

old . 

The qu estion arises of what the source of this am azing strength is 

and how the illiterate master masons w ere able to design such daring 

and safe structures . This question is usually evaded in manuals of 

Gothic architecture. This is quite surprising, the structure being a 

fundamental part of Gothic buildings. The present article aims to 

give such an explanation , w hich has been studi ed in detail elsew here. I 

In the first part, the Gothic design methods "V ill be di scussed. In the 

second part , the va lidity of these methods w i 11 be verified within the 

frame of the modern theory of masonry structures . R eferences have 

been reduced to a minimum to make the text simpler and more 

direct . 

The Gothic scientia of structures 

The building of Gothic churches and cathedrals was not an amateur 

task . Medieval builders were "masters". Gothic structures justify this 

title, and even today, w ith a well-developed structural theory, very 

few architects or engineers, if any, would dare to sign similar projects 

(a nd this is a problem in restoration work and structural expertise) . 

The science of statics w as not suffi cien tly develo ped in the 

Middle Ages to allow a scientific structural design ; in fac t, scientific 

structural theory ori ginated in the 17'h century (Ga lil eo, Hooke), 

but began to be applied only in the second half of the 18,h century. 

How is it possible, then, that the Gothic masters built such magnificent 

Fig.1 I Co ll egiate ch urch of 8erl anga de Du ero, 1526-1530 
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structures? Was the design of Gothic cathedrals a matter of pure 

chance, the result of a blind trial-and-error process? Is, therefore, the 

history of Gothic architecture plagued w ith collapses and ruined 

buildings? The truth is that this was not so . There were collapses, but 

very few in cOlTlparison w ith the number of successes . Besides, there 

were so many mutations, entirely new types of structures, as to in

validate completely a purely Darw inist theory based on the survival 

of the more apt designs. The development of Gothic "vas revolution

ary, an explosion of structural creativity. 

The Gothic master bui lders had a sciel1tia , a theory, a body of 

knowledge w hich pern'litted them to design and build safe structures2 

This sciel1tia was not scientific in the sense we give today to this word ; 

it was not deduced from genera l laws and scientific principles, it w as 

not an applied science. The set of rules and procedures were deduced 

empirica lly, from the observation of existing buildings. This empir

ical approach is not altogether unscientific. Each building was a suc

cessful experiment and the observation of ruins and collapses was also 

very informative. Finally, during the building process, the masonry 

structure moves and shakes, adapting itself to the different phases of 

construction. These movem ents suggest corrections to improve the 

stability of the work and m ay lead to new patterns of equilibrium. 

W hat was then , precisely, the nature of this m edieva l sciel1tia of 

structures? This is a difficult question to answer. It must have been a 

w ide and complex body of knowledge. T he construction of a Gothic 

ca thedral involved many different operations: surveying, soil m ech

anics, foundation design, centring, buttress and vault design , stereo

tomy, ca rp entry, lifting devices, labour organisation, etc. These are 

the modern keywords for some of the activ ities involved . T he archi

tect, master of the work, had to m ake decisions in all these aspects, 

w hich were probably intertwined in a complex way. The depth of 

understanding in all its aspects could be best judged from the resu lts. 

Consider, for example, Beauvais Cathedral: one can feel a security of 

design, an absence of doubts, a determination , which could ari se only 

from a mastery of the building processes . 

Buildings are , then , our primary source and any hypothesis con

cerning the nature of the m edieval scientia of structures must account 

for the evidence of so m any churches and cathedrals that have sur

vived over centuries. Literary sources from the Gothic period are 

scarce and only very few Gothic manu scripts about building design 

have survived , most of them from the Late Gothic period. Not very 

much information from which to infer the nature of a knowledge 

that, as has been already said, was rich and complex. 

164 

Only the album ofVi llard de Honnecourt pertains to the classic 

Goth ic era , the age of wonder when the "best" ca thedrals were built. 

The album ofVillard is rich on technical information ,3 but Villard is 

sil ent on structural matters. However, a lot of information on stru c

tural matters can be found in certain Late Gothic m anuscripts. Some 

of them could be ca lled treati ses as they contain information about all 

aspects involved in the design of a Gothic church. Others trea t only 

particular aspects: the design of gablets or pinnacles, or the solution 

of certain geometrica l problem s. Finally, some expertise concerning 

structural problem s has also survived and is an inva luable source for 

understanding Gothic structural thinking as Milan , C hartres or 

Gerona have been analysed many times." N evertheless, m any docu

ments still rem ai n unpublished or unnoticed. 

The structural know ledge w as codified in the form of practical 

rules5 There were rules to obtain , for example, the size of buttresses 

or the cross-sections of the ribs. These rules were a mere register of 

right dimensions for different structural elements . By their very 

nature they are specifi c and pertain to certain structural types . The 

application of Gothic rules to a R enaissance building, for example, 

w ill lead to disaster: The thrust of a Gothic cross va ult could be less 

than one half the th rust of a Renaissance ba rrel va ult. Periods of 

transition were critical and , indeed, there is documentary evidence 

both in treatises and in the registers of many churches of damage 

associated w ith the use of the w rong rules. 

In this paper, only some specific structural rules are inv~stigated , 

particularly those rules for va ult and buttress design , w ith some com

m ents also on tower design. We are going to consider, then, only one 

aspect of the whole process of vault design and construction. This 

separation is arbitrary; building is not the sum of several independent 

activities. 

Fig . 2 I Proportions of wa ll and buttresses meas ured in a 

Gothic "Riss" (left), drawing showin g the main proportions 

(right> 

Fig. 3 I Choir w ith thicker proport ions. Wall near ly '/, span; 

counterfo rt projection nearly,['IX wa ll th ickness 
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Late Gothic Gennan rules 

Several architec tural manuscripts of the 15,h century and early 16,h 

century have survived. Some were already know n in the 19,h century. 

Stieglitz, Hoffstadt, R eichensperger and Ungew itter studied them 

carefully6 Their content was important in the development of neo

Gothic architectural design methods. 

However, it was not until the end of the 20,h century that a com

plete diplomatic transcription was published by Ulrich Coenen.7 

Three of them are true architectura l treatises and contemplate the 

w hole process of church design: Unterweisungen (Instructions) by Lor

enz Lechler (1516), VOII des Chores lVlaj3 und Gerechtigkeif (about 1500) 

and Wiet/er vVerkmeisterullch (1400-1450).8 Coenen ca ll s them "W erk

meisterbi.icher", books of the "magister operis" or m aster of the work. 

This name seen~s more appropriate than others like "Musterbli cher" 

or "Steinmetzbi.icher"9 The three trea tises contain a rich set of struc

tural rules, to size the main structural elements: walls, buttresses, 
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vaults and towers. H ere, we shall outline the character of the rules, 

giving brief examples . The rules have been studi ed in detail else

where lO and our purpose is to disc uss their logic and validity as sa fe 

structural rules . 

Choir /./Jail 

In the three treatises all the dimensions depend on the span of the 

choir: this is the great- module that controls the genera I dimensions 

and proportions of the bu ilding. The wall of the choir is a fraction of 

the span. Typically, one- tenth (Yto), but Lechler al so cites other pro

portions (Yts) and recommends corrections depending on the quality 

of the m asonry. The rules arc given as rec ipes . 

In VOII des Chores lVlaj3 it is stated: " If the Choir has 20 feet span, 

its wall should be 2 fe et thi ck. For 30 feet span, 3 fee t thick" 11 and 

UlltenlJeislll1gell recommends: "A Choir has 20 feet span, and the ma

sonry is good, then m ake the wall 2 fee t thick. If it is m ade of ashlar 

masonry, reduce 3 inches, if made of rubble add 3 inches ." 12 And 

again , as a general rule: " If you want to find the thickness of build

ing, you should divide it in ten parts, and the size of one part, this 

should be the thickness of the wall." 13 Finally, suggests Wiener vVerk

I'lI eisterUu c/l: if the work " has 40 feet span the w all should have 4 fe et: 

if it has 30 feet , 3 feet. " I. 

The rules may be checked w ith the numerous plans of churches 

in the Akademie der bildenden Klinste Wien. Most times the Yto ru le 

is applied , but other proportions are present. IS Figs. 2, 3 

There are rules also for the wall of the main ais le and of the 

lateral aisles. The thickness could be either the sa me as that of the 

choir w all F ig. 4 or 7:l of the choir wall. 

Buttresses 

The buttress that resists the thrust of the va ult consists of part of the 

wall and the counterfort, the projection of the m ason ry that re

inforces the w all. The thickness of the wa ll bein g know n, it is needed 

to define the projection of the buttress and its w idth. T here are 

several ru les. 
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The most-quoted consists in giving to the projection of the but

tress twice the thickness of the wall , and to its w idth the thickness of 

the wa ll. In Ullterweisul'Igel'l one finds: "and as the w idth of the CO Ull 

ter fort , tw ice should be the projection". 16 The sa n1.e rule is repea ted , 

almost word by word , in the other two treatises. 

If we call t the thickness of the wa ll , w hich is )1,0 of the 

span S (t = '1,0); the buttress' breadth is equal to the wall thickness . 

Figs. 2-4 This leads to a dimension c = 3 t = 3 '1,0 = SiJ.33 (a t the base); this 

basic dimension could be diminished or increased depending on the 

quality of the m asonry. This is the thickness at the base , which di

minishes in height w ith taluses . 

The proportions could be fou nd in many churches of this period 

and , also, in som e of the surviving plans. H owever, not all the plans 

adjust to the above cited rule . As it has been sa id, there were other 

rules, and , in any case , a true m aster would have felt free to deviate 

from the established rules taking into account the particular circum

stances of the building in qu estion. 

Vault ribs 

A Gothic vault is composed of ribs, keystones and webs (curved ma

sonry that fill s the voids between ribs). Only the ribs are mentioned . 

It is said speci fi ca lly that the cross ribs are semicircular ; other instruc

tions referring to the geometry of the other ribs are di ffic ult to inter-

4 
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pret because of the absence of drawings . The instructions contained 

in the three "W erkmeisterbucher" are complicated and sometimes 

contradictory, but, in general, from them emerges a consistent m ethod 

of design. On ly Ul'l terweiSllngen contains explicative drawings; 17 we 

shall use them to explain the design procedure1 8 

The templates, that is, the form of the sections of the vault ribs, 

are obtained from the thickness of the wall. The template was cut in 

a sheet of wood or meta l and was the indispensable device to cut the 

voussoirs of the ribs. Templates were obtained from the wall thick

ness, follow ing a mi xed arithmetical and geometrical procedure . 

A square w ith sides of the wall thickness was built . Fig. Sb This was 

m ade in full size , as the obj ective is to produce the form of the tem

plate (for spans between , say, 20 and 40 feet , the sides will be 2- 4 feet, 

0.6-1.2111., which is a convenient size). The sides of the square are div

ided into three par ts and by tracing parallel lines to the sides , nine 

squares are obta ined; the central square i ~ the basic square from w hich 

the ribs are designed. W ithin this square another is built tracing lines 

from the middle points of the sides; the diagonal of this last square is 

precisely Y:l of the wall thickness (the breadth of the rib is always Yz of 

its thickness). Note that in the original draw ing of the manuscript the 

central square has been rotated to ease the draw ing; we have drawn 

the inner square in Fig. Se in the position it occupies in the basic wall 

squa re. 

Fig.4 I Proport ions of wa ll and buttresses in a 

th r ee-a isle church 

Fig . 5 I Rib va ult des ign , f ol. 42r in: Lechler, UnterweislIngen, 

1516: (a) original draw in g; (b) bas ic wall squa r e; (c) inn er 

sq uare (rotated 45°) 

Fig.6 I Rib vau lt des ign , fol. 42r in : Lechler, UnterweislIngen, 

1516: original drawing and en larged lower part 

Fig.7 I The litt le (modern) and the great (o ld) cross ribs, 

f ol. 41r in: Lec hl er, Unterweisungen, 1516 



b 

5 

6 

In fact, in the inner square, the w indow mullions are d rawn, but 

Lechler is explicit that the same sizes correspond to rib va ults. Other 

draw ings from Lechler make this clear. In Fig . 6, the same procedure 

is explained. In the enlarged detail , it is explained how from the wall 

square different elements are obtained : mullions , imposts, columns, 

mouldings, ete. In the upper part of the draw ing there is a geometric 

procedure to obtain the actual cross rib fronl the old, great cross rib; 

after the drawing the relationship is 1 to 2 2, but Lechler gives also the 

more sin'lple arithmetical rule 5 to 7. Indeed , Ys is a good approxima

tion to fi (1 per cent error). In another figure, Lechler draws both 

ribs w ith a numerical scale. Fig . 7 However, another part of the manu

sc ript states that the little rib is % of the great rib . 

Then, in Fig. 8, we have reproduced the last of Lee hI er's drawings 

I '-"-"- "- ' -"-'-"-"-'-"-"-'-"-'-"-"~ 

8 
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on rib and mullion design . The draw ing conta ins two parts w ith dif

ferent sca les, though the lines show no interruption. In the lower part, 

the wall square is represented and from there some impost design is 

obtained. Note that both the little and great cross rib are drawn to 

scale: ~ of the wa ll thickness for the great rib (draw n verti ca l, in the 

middle) and (Y,)x(~) = %" nearly v., for the small rib (drawn hori zon

tal , in the left co rner). In the upper part of Fig. 8 , the relat io nship 

between little and grea t mullions/ ribs is shown aga in . Some draw

ings of the same type have surv ived . In Figs. 9- 11 , three of the m are 

show n; the first from the collection of the Akadellli e and the third 

from the "Wiener Architektur-Musterbuch " in th e A l bertina.'~ It is 

evident that different masters obtain from the basic wall square 

slightly different dimensions from ribs and mullions. In the three 
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cases, the wall square has been rotated , how ever it is evident that 

some elelTlents are derived from Lechler's inner central square. Thus , 

in Fig. 9, the rib on the low er part is Y:l of the side, follow ing the rule, 

but the lTmllion is the side of the octagon, i . e . 1/ (1 + 12) = Yz.41 = %2, 

nearly. On the contrary, in Fig. 11 , the mullion is Y:l and the rib %2 of 

the "vall thickness. 

The ribs so obtained are the cross ribs of the choir vault , and they 

are Y:l the w all thickness, that is Y:lo of the choir span. The other ribs 

9-11 
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are obtained from them. T hus, the transverse ribs should be Y:l larger 

than the cross ribs, w hich is around Yz2 of the span. The ribs of the 

central and lateral ais les are also obtained from the choir span. The 

rules may be summari sed in the follow ing tabl e (th e tabl e is illustra

tive as some paragraphs of the manuscript allow for different inter

pretations) : 

location 

choir/ main nave 

lateral nave 

cross rib 

span/30 

transverse rib 

span / 22.S 

span / 30 

Finally, the question arises about the practical use of these rules. 

Coenen has studied certain Late Gothic churches and found a very 

good agreement. 20 

Towers 

High towers surm.ounted with spires are as typical of Gothic architec

ture as flying buttresses and cross vaults. The relevant parameter, given 

the plan and general proportion of the tower (relation between the side 

and the height), is the w all thickness. Two of the treatises gave the same 

rule: the wall thickness of the tower should be' );,0 of its height. 

In Unte rweisungen it is suggested : " If you want one tow er tw o 

hundred feet high, so give the w all thickness ten fe et; if the tower is 

three hundred feet high , take fifteen feet for the w all. " 2 1 
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And Van des Chores l\ifaj3 recomnlends: "The tower thickness is 

ruled by the height of the tower. If the height is 200 feet, give it 

10 feet; if it is 300 feet high , give 15 feet ." 22 

If the tower has counterforts , these were to have the sam e depth 

as the wall thickness, and a breadth :y; the wall thickness . Fig. 12 The 

first rule for the wa ll thickness must have been a conl.mon rule in 

Germany because Albrecht Di.irer used it in his Unterweisung der Nles

sung (Geometrical Instructions) when he explains the design of a city 

tower of 300 feet in height; he gives 15 feet to the wall (without 

citing any rule), i.e. 120 of its height23 Fig. 14 

Di.irer gives the general dimensions: 24 diam eter at the base 

40 feet , height until the upp er gallery, at the springing of the dome, 

200 feet, wa ll thickness at the base 10 feet , w all thickness at the gal

lery 5 feet. Therefore , w ithout mentioning it , Di.irer is apply ing the 

120 Gothic rule. The detail s of the design are noteworthy. The thick

ness diminishes w ith height, and at the gallery the diameter is Y. less 

than at the base and " das stet im wol an und tregt starck" (has a good 

effect and makes the tower strong) . Di.irer stresses also the overall 

proportion: the height is five times the diameter at the base, "mach 

den thuren von unden auf biB under die dachung zweyhundert 

schuch hochm so w irt er seiner understen weyte fi.infter hoch ". 

Now w e m ay compare the dimensions w ith an actual Gothic 

tower of approximately the same height, the Campanile of Florence. 

Fig. 15 It w as designed by Giotto in 1334 (fll1ished 1359) . The height 

to the upper balustrade is 260 feet and the uniform w all thickness is 

10 feet. The ratio thi ckness / height is 126. Indeed, the Late Gothic 

Italian campaniles were very slender2' 

A century later, in his treatise De re aedificatoria, w ritten circa 

1450, Alberti gave a more conservative rule for tower design: )1,5 of 

the height 26 It is no surprise that Renaissance rules were more 

conservative. 

" 

14,15 

Fig .8 I Rib vault design, fol. 41v in: Lech ler, Unterweisu f1g ef1, 

1516 

Fig.9-11 I Work ing design s of ribs from th e choir wal l 

Fig . 12 I Tower design, counterfort, following th e ru le of 

the IfWerkmeisterblicher" 

Fig. 13 I Alternative tower design: wa ll thickn ess and 

counterfort breadth are the same 

Fig . 14 I Design for a city tower in: D(irer, Uf1terweislIf1g der 

Messuf1g, 1525. The thickness of th e wa ll is ' 120 of i t s height. 

Fig. 15 I Campan il e, Florence, Giotto. Thickness of wall 

'126 of its height 
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Fig. 16 I Rule no. 1 for the buttress for any arch in: Martinez 

de Aranda, Cerramientos y trazas de montea, circa 1600 

Fig. 17 I Rule no.1 in: Deran d, L'Architecture des voiites, 1643 

Fig. 18 I Application of geometrical Rule no.1 to two 

different Gothic building s; left: Gerona 's Cathedral; 

right : Sainte Chapelle, Paris 

Fig. 19 I Rule no.2 in: Ungewitter, Lehrbuch del' gothischen 

Constructionen, 1859-1864: p late 19 and extraction of figs. 544 

and 545 from the plate . Note that fig. 545 is Rule no . 1. 

Geoll1etrical rules for Gothic buttresses 

Other Gothic rules have survived through Renaissance or Baroque 

treatises of stereotomy or architecture in Spain and France . Two of 

them are important for their diffu sion. Both rules refer to the dimen

sioning of Gothic buttresses . 

Geometrical R"tie no. 1 

The first, w hich we shall call Rule no. 1, permits to obtain the buttress 

for a cross vault using the profile of the transverse arches. 27 The rule 

appears for the first time in the stonecutting treatise of the Spanish 

architect Martinez de Aranda of circa 1600 2 8 Fig. 16 The treatise was 

never publi shed. The rule was publi shed for.the first time by Franc,:ois 

Derand in 1643 in his L'Architecture des vOl1tes 2 9 Fig. 17 The geomet

rical form is different, but the two rules are the same, being based on 

the division of the transverse arch in three parts. However, the rule 

can be traced back, at least , to the first half of the 1'6th century in the 

lost treatise ofBaccojani published in 1546 3 0 The rule was published 

in the architectural treatise of Fran c,:o is Blondel , and in many books it 

is called "Blond el 's rule".3l During the whole 18th century it appeared 

once, and again in architectu ral and engineering treatises. The rule 

can be tracked also in n1.any building manuals all through the 19th
_ 

and the beginning of the 20th - centuries 3 2 Even in the second half of 

the 20th century, the rule reappears in the 1960s. Since the beginning 

of the 17th century it has been misinterpreted and appears in manuals 

applied to size the buttresses of simple arches and barrel vaults. How

ever, there is no doubt that it is a Gothic rule and applies to Gothic 

bu ttresses. 

The rule is as follows : in Fig. 17, the semicircular arc AD is div

ided into three equal parts by the points Band C. The line CD is 

then prolonged so that CD = DF. The point F defines the outer edge 

of the buttress FG. In the top draw ing in Fig. 16 , Martinez de Aran

da's construction is simpler. Again the arc is divided into three equal 

parts by two points. Trace a perpendicular from one of them , a, to 

the springing line to obtain point h. The distance bc is the thickness 

of the buttress . D erand remarks that the rule is orientative, explicitly 

says that it applies to vault buttresses and not to arch buttresses : " [ ... ] 

il n 'est pas toujours necessaire que les susdites epaisseurs trouvees par 

la pratique [ ... ] se gardent en toute l'estendue des murs qui portent les 

voutes: ainsi il suffira de les conserver a l 'endroit des arcs principaux, 

ou elles formeront des avances, lesquelles se nomment v ulgairement, 

corps saillans ou arcboutants." The mention of arc-boutants (flying 
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buttresses) is a proof of the Gothic origin of th e ru le. Howeve r, th e 

best proof is that the buttress dimension that gives (Il ea rl y) y, or the 

span at the springings corresponds to Gothic vault buttresses . T he 

proportion is clearly insufficient for arch or barrel va ult but tresses, 

which need at least Y; of the span. 

When applied to some single-nave Gothic buildings, th e rule 

shows good concordance. Fig. 18 This does not necessa rily mean that 

precisely this rule was used ; it proves only that the rule is Gothic. 

The simplicity of the rule may be surprising. Nothing is sa id about 

the thickness of the va ult , the height of the buttresses, the breadth or 

the bay, etc. The rule relates simply the overall form of the vault , as 

represented by its transverse arch , w ith the buttress thickness at the 

springing. Karl Mohrmann thought t~at it was a good procedure to 

design the buttresses of neo-Gothic churches,33 introducing son'le 

precision. In fact, the rule gives a good estimation that will be cor

rected by the master depending on the particular circumstances of 

the building. 

Geometrical Rule no. 2 

The second geometrical rule for buttress design, Rule no. 2 , w as dis

covered by the author in the architectural treati se of Hernan Ruiz el 

Joven, a Spanish architect of the 16th centur y34 Hernill1 Ruiz gives 

the rule as a method to obtain the abutment for simple arches, but it 

is, again, a Gothic rule for buttress design . The same construction 

appears in the first edition ofUngewitter of 1859 as a rule to size the 

buttresses of a polygonal Gothic apse 3S Fig. 19 Ungewitter says noth

ing of its origin , but it is very probable that both have the same Goth

ic origin. The appearance of the sa me rule in such different places 

and epochs is a demonstration of their importance and diffusion. 
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The rule is as follows : Figs. 20, 21 consider a drawing of half the 1544 and 1554 he w rote a treatise of architecture that was copied by 

transverse arch of a Gothic vault with its thickness. Draw the chord Simon Garcia in his COlllpelldio de Arqllitectll/'{/ of 1681 38 There are 

of the semi- arc, then trace a parallel line tangent to the extrados; the two fa csimile editions and an English translation by Sergio Luis 

point w here this line cuts the horizontal line of the arch sprin gings Sanabria39 In what follows, all the English quotations to the manu

defines the thickness of the buttress 36 The rule is cited three times in script are Sanabria's trans lations . R eferences to the pages of the 

the manuscript , w hich is a proof of its importance. T he results are original m anusc ript are in brackets. 

similar to those obtained w ith the prev ious rule. The m anuscript trea ts in a systematic way the different aspec ts of 

The structural rules of Rodrigo Gil de Hontafi6n 

The most complete set of Late Gothic rules appea r in the manuscrip t 

of the architectural treati se ofRodrigo Gil de Hontall0n (1500-1577), 

the most important and prolific Spanish architect of the 16th cen

tury37 The son of a famo us Gothic master builder, Juan Gil de 

Hontanon, he inherited the tradition of Gothic construction, but 

during his life he assimilated also the new vocabulary of the R enais

sa nce. He participated to a greater or lesser degree in the construction 

of nine cathedrals (Astorga, Sa lamanca , Segovia , Plasencia , Santiago, 

etc .) and built many parish churches and civil buildings. Between 
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the design of a Late Gothic church. In particular in chapter 6, he 

treats specifi ca lly the sizing of structural elem ents using certa in gen-

eral rules ("reglas generales") . It is this las t part that converts the 

manuscript into somethin g unique . In no other Gothic source does a 

conscientious sepa ration of the structural skeleton appear. In spite of 

this, the rules have not received great attentio n: only Kubler, Sanabria 

and the author have studi ed them in detail. 40 

The rules could be divided into two groups: 

1) rules for the design of the structural elements of a Gothic church; 

2) rules to investigate the buttress for an arch in a R ena issance 

arcade. 

It is in'lportant to make this distinction , w hich is justified by their 

location in the m anusc ript and, above all , by their different goals: 
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practical in the first case, of research in the second . (Kubler and Sana- should have certain dimensions so that this skeleton remains in 

bria make no distinction between the rules.) equilibrium, not only at the end , but during the w hole building 

In the 16th century, most of the churches built in Spain were process . 

covered by a special type of Gothic vault , the " bovedas baidas". After defining the general proportions of the church , Gil de 

These vaults are of domical form and the ribs are very nearly disposed Hontafion exposes his general rules . They refer to the sizing of piers, 

in the surface of a sphere, w hich has as diameter the diagonal of the buttresses, ribs and keystones of the vault , and the walls of towers. 

bay (cross ribs are perfec t semicircles) . All the examples in the manu-

script correspond to this type of vault. 

Gil de Hontailon explains along four pages (fols. 24r-25v) the 

process of construction of the vaults; it is the only description from a 

Gothic lTlaster that has survived. However, he remarks that " [ ... ] 

these things m ay be diffi cult to understand if one lacks experi ence 

and practice , or if one is not a stone mason , or has never been present 

at the closing of a rib vault" (241') . ~l 

First, a platform. is built at the level of the tas-de- charge (a little 

above of the springings) . Fig. 22 There the plan of the vault is draw n 

over it and the keystones are placed in position above wooden struts. 

Then , centrings between the keystones are constructed , the ribs are 

built and finally the masonry w eb betw een the ribs is laid. The rib 

skeleton functions as a permanent centring and ribs and keystones 

Fig . 20 I Ru le no.2 fol. 79 in: Ru iz, arch itectura l tr eat ise 

Fig . 21 I Rule no. 2: application of the ru le to different arches . 

The buttress thickness diminishes w ith the height of t he arch. 

Fig . 22 I Construction of a cross vau lt afte r Rodrigo Gi l de 

Hontail0n, architectura l tre ati se 
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Fig. 23 I Rodrigo Gil de Hontan6n's rule for buttress design; 

left: the rule expressed algebraically; right: the slenderness 

of the buttresses cls, for different proportion s heigh t/span, 

for spans (7.5-20 m) 
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Piers 

Gil de Hontaiion gives a rule to obtain the diameter (piers ,vere 

usually cylindrical) of the interior piers. The rule is arithmetical 

and contains a square root but it is exposed discursively, by w riting: 

"Returning to the thickness of the piers , I say that the w idth of a 

nave bay, 40 feet , should be added to the length , 30, w hich is 70. To 

this should be added the height of the column, 40 feet , w hich is 

110. The square root of 110 is 10-1%1, half of this is 5 - %1, and this 

should be the diameter of the column on the lower part. This is the 

closest to w hat is right. " (171-).~2 The rule can be expressed alge

braically : 

(1) 

w here h is the height of the pier, and wand I are the w idth and length 

of that bay. 

The rule is not dimensionally correct and to obtain good results 

the data should be introduced in Castilian feet (0 .28 m); if we intro

duce the dimensions in metres the proportion dl! is multiplied nearly 

by a factor oftw0 43 This rule is easy to verify in actual buildings ; the 

author has checked the rule in the church of Villa cast in , near Madrid, 

and the agreement is very good H In general , it can be said that the 

dimensions obtained by the rule agree quite good w ith those seen in 

published plans. 

B ~I ttresses 

Another arithmetical rule is given to determine the size of the vault 

buttresses. Gil de Hontaiion gives first the rule in a general way and 

then applies it to a vault of certain dimensions. It is an important rule 

and he wa nted , possibly, that no error could be committed. 

The text says : "To find the necessary projection of the pier but

tress, add up the feet of circumference (i. e. the perimeter) of the ribs 

supported by the buttress. By this is to be understood half of the 

length of the ribs, which is the lengths of the tiercerons to their key

stones , the lengths of the diagonal ribs to their central bosses and half 

of the length of the transverse arch. Having added up all this, subtract 

one third, w hich is what is norm.ally taken up by the mouldings. 

Should the mouldings take up nl.ore or less, subtract more or less ac

cordingly. Now measure the height of the buttress, and add it to the 

remainder of the previous operation. Take the square root, and div

ide it by three. One of these thirds w ill be the w idth of the buttress , 

and the remaining two thirds its length , including the engaged half 

column, the wall thickness and the external proj ec tion." ( 17v) The 

formula reads algebraically as follows: 

w here c is the total thickness of the buttress (including the wall) at th e 

level of the springings of the vault , h is the height of the buttress and 

IN; is the sum of the lengths of the ribs converging on the buttress, 

measured from the springing to their respective keystones. The 

breadth of the buttress is 'Iz . After giving a detailed numerical ex

ample, Gil de Hontafion affirms: "This is the right size to hold the 

thrust of the arches. The w orkman can add somew hat more , because 

it is better to have too much than too little, although this size w ill be 

sufficient, as was stated. " (18r). 

Gil de Hontaiion remarks that this is the depth of the buttress at 

the level of the springing of the vaults, but that downwards it w ill be 

increased , forming "steps" at intervals. In Fig. 23 left, the way to use 

the rule is represented; at the right, the relationship C;S has been plot

ted for different relations height to span, 'Ifs, and different spans (the 

figure s w ithin the squares, in metres) . The buttresses become slen

derer as the span grows. 

The rule is cited again tw ice in other parts of the manuscript. 

The first time at the beginning of chapter 2 , w here he discusses sev

eral church designs , here he simply applies the rule w ithout explan

ation, as a routine ca lculation (5r). It appears again at the end of 

chapter 6, w here Gil de Hontafion remarks strongly the excellence of 

the rule: "Thus seeking the intrinsic reasons and irreproachable causes, it 

is necessa ry first to study the elevation of the temple to determin e 

w hich m embers are thrusting against the buttress [ ... ]. H av ing 

followed all the various instructions discussed above, the result will be 

strong, safe, beautiful and proper. " (22r, 22v. Author 's italics)~5 

Vaults: ribs and bosses 

The sizing of ribs and bosses, the big stones w here the ribs mee t, is 

treated together. Gil de Hontallon stresses the importa nce of the 

problem: " It is good to know the correct size and thi ckn ess of th e rib s 

and bosses of rib vaults , since we have seen many ruined either be

cause their bosses were too heavy and thus much larger than what the 

ribs could hold, or else much too light so that the weight of the ribs 

lift them." (22v)~6 Gil de Hontaiion alludes, probably, not to the 

completed vault , but to the vault under construction, as we shall see 

la ter. 
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For the ribs, he gives simple arithmetical fornlUl ae . It is interest

ing that he tries to reconcile older Goth ic geom.etrical rules w ith the 

design by analogy with the human body: Fig. 24 "Now in order to 

have a general rule, which is what we wa nt, we m.ust understand that 

the thumb may be viewed as the transverse arch , the index and ring 

fingers as tiercerons, the middle finger as the diagona l rib , a nd the 

little finger as the formeret . To determine the proportions of the fin

gers to the hands, take half the ounces of these fingers , which is the 

length of each fingernail. " (23r)47 Gil de Hontallon uses this propor

tion div ided by two to obta in the thickness of the ribs: " [ . . . ] dividing 

the length , or side , or a bay in 20 parts, one part shall be the height 

of the voussoirs of the transverse rib. The length of the bay divided in 

24 parts shall be the height of the d iago nal rib. The tiercerons w ill be 

Y28, and the form.eret YJo . Thus shall they be proportioned , in accord

ance with the work they do." (23v) Tt is another example of his desire 

to relate the Gothic rules with the proportions of the human body. 

The thickness of the ribs in function of the span 5 are: 

transverse ribs v'o 

cross ribs V,4 

tiercerons v's 

formere ts ~o 

Gil de H onta iion explains the application of the rule to several prac

tical cases . First, he rema rks that the rule is for height of the nave, 

24 

" -

~.(.,.~~~ 

1~k l¥rr~4h.~ 

until the springings of the va ults, equal to the span. If the height is weight of a cubic foot of a medium stone). In the formula, one should 

grea ter then, the thickness of the ribs should be increased propor- enter again the lengths of the ribs but a distinction should be m.ade 

t iona lly: "Note that we give this rule assuming that the bay elevation between those members that "sustain" and those that "a re sustained ": 

to the capita ls is equal to its side . If the elevation should be greater or "T hose that are sustained must be subtracted from those that sustain . 

smaller, add or subtract using the rule of three. " (23v) 48 They can be told apa rt because those that sustain spring from the tas-

If the va ult is surbased, basket handle, then the rib thickness de-charge , and those that are sustained spring from bosses . There are 

should be increased as the height of the vault decreases: "Nonethe- also sustaining and sustained bosses. Those found along the lengths of 

less, should the elevation consist of basket handle arches, sizing should the diagonal rib or tiercerons are sustained . Those that are on the 

be increased as the arch is lowered, this also using rule of three ." (23v)49 ends of the diagonal rib s or tiercerons sustain all others." (23v, 24r)51 

Finally, Gil de Hontallon rema rks that when the bay is rec tangu- T hen, Gil de H ontallon gives his formula , which ca n be written 

lar, the most con1.n1.on case, " [ ... ] do not take either the long or the algebraica lly : 

shor t sides but add them and divide by two. For example, suppose a 

bay has 20 feet to one side and 30 feet to the other. Togethe r, they Q = P JI Ri - I Si (3) 

add up to 50, half is 25, and upon thi s base shall the distribution of 

the member sizes be computed ." (23v)50 Thus, all the cases of the w here Q is the weight of the boss in quintales , P is the weight of the 

application of the rule have been considered. cross rib (quintales/foot) , IRi is the sum of the lengths of the ribs that 

For the keystones the rule is aga in arithmetica l. It is one of the sustain and ISi is the sum of the lengths of the ribs that are sustained. 

most difficult ru les to interpret. The rule gives the weight of the The rule is, again, dimensionally incorrect . To use the rule cor

keystones in "quintales" (a quintal = 46 kg or, approx imately, the rec tly we shou ld enter the data in Castilian feet and quinta les, and the 
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result w ill be in quintales. The keystones serve, obviously, to solve 

a complicated stereotomic problem (the union of different ribs), but 

they play also a fundamental role stabilising the rib skel eton during 

the construction of the masonry w ebs (see below) . 

Towers 

Gil de Hontal'ion also treats the structural design of towers. The 

problem is discussed in tw o parts of the nunuscript. The general 

proportions of the tower are obtained using the analogy w ith the 

hunun body. Fig. 25 

The tower signifies a whole body w ithout arms; the arms are the 

church or temple. We already know that fron'l one shoulder to the 

other the w idth is 2 faces, and the height to the shoulders is 8- Yi 

faces. This third is from the ankles dow n , and signifies the depth of 

the foundations. The remaining height is proportioned to the w idth 

as 4:1. The head adds yet another %, w hich is the appropriate height 

for the crow ning and steeple or pyramid. This is show n in the 

25 
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following figure , which w ill allow us to understand the general rule stead of 9 feet. Gil de Hontanon's rule implies an economy of almost 

for proportioning any tower and its steeple (9 r-9v) 52 80 per cent of masonry! 

The relationship side to height is y., the spi re, dome or steeple The second rule for towers permits to obtain the buttress thick-

should have % of the side. The foundations should be excavated to Y:24 ne ss at the top of the tower: "For the buttress size, one must take the 

of the height, and in the draw ing it is stated that they should be made sum of the tower height plus 30[the side]. Thus including spires and 

of rubble masonry or irregular ashlar. 53 crow nings all adds up to 150. The square root of this is 12- y., and its 

The rules to size the w all thickness and the counterforts of the half 6 - Ys . This shall be the depth of the buttress in the uppermost 

tow ers are given in the context of a minute description for the design part of the cornice." Algebraically formulated as follows : 

of a church. The rules are arithmetical and are given discursively in 

the manusc ript. For the 'wall thickness : "To determine the thickness 

of the upper part of the w all , take the square root of the 120 feet 

(5) 

height and divide it by tw o. The said square root is 11 feet , thus pla- w here b is the buttress thickness at the top of the tower, h is the height 

cing this in the angle yields 5-Y2 feet." (5v)54 E xpressed algebraically : of the tower and a is the side of the base. For this tower, the rul e gives 

a projection (6Ys minus 5 Y:2) or Yo of the w all , much less than the Ger-

t= &Jh man rules . Gil de Hontai'ion remarks that this dimension for the but

tress is at the top of the tow er; it w ill increase w ith taluses unti I the 

where t is the wall thickness and h is the tower height, both in Castil- base. 

(4) 

ian feet . 

In this case , a tower 120 feet high , the relationship wall thickness 

to height is 5'%20, nearly Y22 . If we apply the rule to the tower of Sego

via Cathedral w ith a height of nearly 322 Castilian feet (90 m), the 

rule gives 9 Castilian feet (or 2 .5 m ); the actual thickness at the base 

is 10 feet (2.8 m). The rule gives a relationship thickness/height of Yi6 

(Yi2 in the actual tower). W e may compare these results w ith the Ger

man rule of Y:2o : the wall thi ckness w ould have been 32%0 = 16 feet , in-

Fig.24 I Analogy of the rib s w ith th e human hand after 

Gil de Hontaiion, arch i tectural t r eat ise, 1544-1554 

Fig. 25 I Design of towers after Gil de Hontanon, 

archi tec tural treat ise, 1544-1554 
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In the manusc ript , w e fl11d evidence of the practical application of 

these rules . C hapter 75 of Garcia's COlllpendio has the title General 

conditions to reb~lild a ru ined building (fols. 135r- 137r) . The ruined 

building in question is a tower and the text is a report w ritten by Gil 

de Hontal1.on describing carefully the demolition of the ruin and the 

construction of a new tower (the plan and elevation are those m arked 

w ith A in Fig. 25) . The tower was to have a height of 120 feet, as be

fore. Gil de Hontanon do es not cite any rule but recommends as w all 

thickness 5 fee t and as buttress thickness 7 feet ; he is rounding the 

results of the application of his rules . T hus, there is no doubt that he 

used his rules in practice. 

Rules for the buttresses of Renaissance arcades 

Rodrigo Gil de Hontanon m anifests no doubts in designing Gothic 

vaults, buttresses and towers. His rules were an em.pirical adjustment of 

the data of many buildings, data which he would have inherited from 

his fa ther and obtained in the archives of the ITlany ca thedrals and 

churches in w hich he worked. But w hen it comes to designing the but

tress for a single arch , Gil de H ontal1.On confesses himself at a loss . H e 

commences the corresponding secti on by saying: " I have tried many 

times to account for the buttress that any arch may need , but I have 

never found any rule to be sufficient. I have also discussed this w ith 

bo th Spanish and foreign architects, and none seem s to have been able 

to verify such a rule : but all fo llow their ow n judgement. W hen I ask 

how do we know that so much is suffIcient for a buttress, the answer is 

that it needs that much, but no reason is given . Some give it Y<, and 

others design it by means of certain orthogonal lines, and then they 

dare to entrust them selves to this, believing the buttress firm .. " (18v)55 

The 'word "reason" here does not refer to a certain scientific the-

ory; reason, " ra zon" in Spanish, means also " the order and method to 

do sonl.ething". Gil de H ontal1.on wa nted a set of verified procedures, 

like those he used in the design of Gothic structures . A simple barrel 

va ult w as an alien structure to him (as far as I know he built none) 

and he was perplexed 5 6 

The section, then, has the character of-a resea rch. Gil de H on

tanon gives four di fferent geometrical rules and one arithmetical 

rule. In Fig. 26 , the four geometrical rules are reproduced. There is no 

room here to disc uss the types and evolution of the rules but their 

experimental character is ev ident. Sanabria has even suggested that 

the first tw o rules m ay be a register of actual experiments w ith real 

arches, and there are many arguments in favour of this hypothesis. 57 

In any case, it is evident that Gil de Hontanon knew the specific 

character of the Gothi c rules and he does not even try to apply them 

to the new structural type. 

The definite rule that represents the conclusion of Gil de Hon

tanon's research appea rs later in the manusc ript (fol. 59r) w ith the 
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27,28 

text: "This demonstration serves to know the buttress depth .of any 

kind of arch."58 The rule is much simpler than the others and is easy 

to use (a n essential requisite of any practical rule). The elevation of 

the intrados of the arch or barrel vault w ith its piers is draw n. Then a 

line is traced joining the keystone of the arch w ith base of the pier. 

The intersection of this line w ith the horizontal impost line gives a 

point. The distance of this point to the vertical axis of symmetry is 

the thickness of the buttress. Pointed arches need less buttress than 

- ~ 

1 
10 

(1'Is = 1.5), the ratio buttress / span is Y2.7; if it is two times the span, 

the ratio is Y:2.s. This ag-rees perfec tly w ith the Renaissance rule for 

arches and barrel vaults: the buttress should be at least Y:l of the span. 59 

There is an interesting limit for a flat arch: the buttress w ill be half 

the span60 Gil de Hontanon did indeed succeed in devising a safe and 

practical rule for arches and barrel vaults . 

semicircular ones, and these, in turn , less than surbased arches , as is Expertises of Segovia: stability during construction 

seen in the figure. 

It is easy to obtain the algebraic expression: 

(6) 

That a Gothic cathedral is in a state of safe equilibrium is, literally, 

evident: these monuments have stood for centuries. But the building 

was also in stable equilibrium during the w hole process of construc

tion. Prior to the closing of th e fll1ishing of the walls, the closing of 

w here c is the buttress thickness, s is the span , h the height to the the vaults, etc. , the state of equilibrium would have been much more 

impost line andfis the height of the arch. delicate . This matter has been rarely considered in the literature on 

For a height equal to the span (''Is = 1), the buttress for a semicir- Gothic construction. 

cular arch (''If = Y:2) w ill be exactly Y; of the span . The ratio increases 

w ith the height of the abutments: if the height is 1.5 times the span Villard's evidence after Chais}, 

Fig. 26 I Geometrical ru les to obtain the abutment pier in 

a Renaissance arcade after Gi l de Hontaii6n, architectural 

treatise, 1544-1554 

Fig. 27 I Drawings of the nave of Reim s under construction, 

fo l. 31v in: Villard de Honnecollrt, sketchbook 

Fig . 28 I Hypothetical recons t ruct ion of the process of 

build ing after Vi llard de Honnecourt, p. 338 in: Choisy, 

Histoire de I'arc/Jitecture, vol. 2, 1899 

The first author to address the matter of Gothic building processes is 

Auguste Choisy in a brief paragraph in his Histaire de {'archileclure: Aper

fU de {a marche generale d'ul1 chantier gathique (general process of the con-

struction of a Gothic church) 61 Choisy bases his argument on the inter-

pretation of one of the drawings contained in Vill ard de Honnecourt 's 

sketchbook, fo!' 31v, reproduced in Fig. 2762 T he drawing contains an 

elevation from outside and a cross longitud inal sec tion of the main 

nave of R eims Cathedral durin g construction. In the elevation , the 

buttresses appear unfinished , reaching only a few feet above the roof 

of the lateral nave . The capitals to receive the heads of the flying but-
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tresses are in the wall. In the sections , it is possible to see, at the level would ha ve been useful to resist the thrust of the side- aisle va ults 

of the ta s-de- charge, a rectangle w ith a cross inside tha t Choisy . until the building of the nave w all:John Fitchen cites Viollet-le-Duc's 

interprets as a w ooden horizontal tie (in this, C hoisy is following 

Viollet-le-Duc's interpretation of the "chainages" fo und in several 

French Gothic cathedral s Fig. 28); the vaults have not yet been built. 

Choisy explain s the process thus: " From this authentic doc ument it 

turns out that the sequence of constru ction was as follows: they raised 

the piers of the high vaults; they erec ted the roof; and it is under its 

protection that they built the high vaults. The flying buttresses were 

built at the same time as the vaults, and the tie rods resisted the con

sequent thrusts w hile awaiting the completion of the fina l decisive 

abutment. The roof itself, during this period of the work, was a valu

able feature of consolidation. Not only did it add to the stability of 

the piers by its own weight, but its ties above the vault added a role 

equivalent to that fulfilled by the tie rods at the springings."63 

Choisy's text is a little confusing as it appears that the tie rods , 

" tirants", should work in tension rather than in compression. H owever, 

w hen he says , referring to the upper "tirant", that "on les entretoisa it au 

niveau des naissa nces par des tirants provisoires" he is explicitly saying 

that the "tirants" may be working in compression as "entretoises"64 

Viollet-Ie-Duc describes the existence of " tirants", "chainages", 

in the lower side-aisle vaults of SOlTle cathedrals (he cites Amiens and 

Reims). H e is explicit about their temporary character: the "tirants" 
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interpretation of the function of these ties :6
; " They were placed 

during the course of erection [ ... ] and were left in place until the 

building was completed ; that is to say, until the moment at w hich the 

interior piers were charged to the point where the builders no longer 

needed to fea r any bucklin g produced by the thrust of the side- aisle 

va ults." 66 

Two expertises on the construction of Segovia Cathedral pub

lished recently give new evidence and demonstrate the atten tion 

played by the Gothic masters on the order of constructionY Figs. 29, 30 

El'll'iq/./e Egas (1532) 

The report ofEnrique Egas, architect of Toledo Cathedral, describes 

the state of the work at the date of the visit and, then, he judges the 

plans ("trac;:as") to continu e the work 68 His opinion is completely 

positive : " having considered all the details of what has been built, the 

work is good and ve ry well done w ith all the elements of enough 

dimension, as the work requires , and the work is m ade following the 

plans m ade for it , and this is my opinion before God and my own 

conscience."69 

For the purposes of the present contribution, the m.ost interesting 

part is his response to a question posed by Juan R odriguez, thefl7bl'i-
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q/l ero of the cathedral (the m an nam ed by the chapter to direct the The construction of both vaults w ill follow a procedure as de

construction). Rodriguez asked first about the order of building the scribed by Rodrigo Gil de Hontanon in his treatise (see above) . The 

vaults: "To build the vaults of the nave and of the two side- aisles exterior buttresses w ill be built at the same time as the wa ll and the 

which are together, the above- cited Mr. Juan Rodriguez asked which flying buttresses w ill be set on centrings (B in Fig. 31; centring con

of the three vaults should be built f11'st , as they buttress each other and j ec tural) . These centrings w ill not be removed until the main vault is 

it is difficult to build them." 70 closed : " [ ... ] taking ca re that the flying buttresses are well designed 

Egas answe red that befor e proceeding w ith the building of and that their centrings are not removed until the vault of the main 

the va ults of the side- aisles it is necessar y to construct the wa ll of nave is fini shed "73 

the m ain nave and prepare the springings of the m ain vaults until the 

tas-de- charge : "1 say that once the tas- de-charge of the two side- aisle Francisco de C%l/ia (1536) 

vaults has been built, and built the main pillars of the central nave Three years later, Francisco de Colonia , architect of Burgos Cath

until the tas- de-charge, also, and being the stones of these edral, w rote another expertise on the w ork 74 At this tim.e, the ten 

tas-de-charge in place, before the building of any of the ribs of the lateral chapels, until the crossing, the exterior buttresses on top of the 

side and nuin vaults"71 

T hen , thick horizontal st ruts shou ld be placed between the op

posite pillars at the height of ~ of the height of the transverse arches 

(marked A in Fig. 31 ; diagonal bracing conjectural). After thi s, the 

lateral va ults may be built and , fmally, the nuin vault: " [ .. . ] it is ne

cessary to place some hori zo ntal struts of sufficient cross-sec ti on be

tween the pillars on their feet at the height w here the thirds of the 

ribs of side vaults thrust, and in this way, having put the struts well , 

it is possible to build the vaults of the side- aisles , and once they have 

been fmished , you can build the va ults of the mainnave"72 

Fig. 29 I Plan of Segovia Cathedral, 1525- 1607 

Fig. 30 I Transverse sect io n of Segov ia Cathedra l after 

J. M. Mer ino de Ciceres 

Fig.31 I Process of building of Segov ia Cathedra l 

suggested by Enrique Egas in 1532: A hor izonta l st rut; 

B flying buttresses, cen t r ing hypothet ica l 
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walls between the chapels were commenced, and the pillars of the 

main nave were also built until the level of the tas-de-charge of the 

lateral aisles . Therefore , everything was prepared to continue the 

w ork and to vault the lateral and main aisles. Francisco de Colonia 

describes the form and heights of the ribs, and comments m any de

tails of the construction. As for the order of building, the sa me ques

tion that was answered by Egas, he remarks: " I say that in my opinion 

the vaults of the two side-aisles may be built before the vault of the 

main nave, w ith the condition that after building the arches between 

the nave pillars, the wall resting on them should be built up to the 

level of the base of the w indows, and not before because the weight 

of the walls over the arches is sufficient as a buttress to build the lat

eral vaults, w ithout causing damage to the nave pillars."75 

Francisco de Colonia thinks that the wall of the nave should be 

built only until the level of the w indows (line C-C in Fig. 31 ), before 

decentring the vaults of the side-aisles. His opinion is less conser

vative than that ofEgas. Anyway, both use the same device to buttress 

the vaults: increasing the load upon the nave pillars. 
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Buttressing by loading 

The device of buttressing the nave pillars by adding weight is cited 

also in manuals of the 16th century. For example, the Spanish engi

neer Crist6bal de Rojas in his Tratado de Jo rtificaci6n (1598) says that 

the buttress for a semicircular arch should be Y:l of the span, but he 

remarks that in some cases it is possible to reduce the buttress to X of 

the span if the pillars are heavily loaded: "The arch being semicircu

lar, one third of the span is enough and sometimes one fourth w ill be 

enough, w hen a great weight is loading the pillars."76 

Christopher Wren explains the dev ice in detail in his report on 

Westminster Abbey (published in the Parentalia).77 With reference to 

Fig. 32 , Wren's tex t constitutes the best explanation: "Let ABC be an 

Arch resting at C, against an immoveable Wall KM , but at A upon a 

pillar AD, so small as to be unable to a sufficient Butment to the 

Pressure of the Arch AB: what is then to be done? I cannot add FG 

to it to make it a Butment, but I build up E so high , as by Addition 

of Weight, to establish it so firm , as ifI had annexed FG to it to make 

it a Butment : it need not be enquired how much E must be , since it 

cannot exceed, provided AD be sufficient to bear the Weight im

posed on it. " 

In fact, Wren was concerned w ith securing the main pillars of 

the crossing by adding on them the weight of a tower, but he is ex

plaining a Gothic solution to the problem of buttressing a pillar of 

insufficient depth. 

In conclusion, Villard's draw ing of the nave of R eims during 

construction and the comments of both Enrique Egas and Francisco 

de Colonia are consistent. The vaults of the side-aisles cannot be built 

(or decentred) w ithout providing some kind of buttressing. Viol

let-Ie-Duc and Choisy suggested the use of wooden ties, based on 

evidence found in some Gothic churches and cathedrals. The use of 

ties in the lateral aisles or struts at the level of the tas-de-charge over 

the central aisle is a possibility. The recommendation ofEgas, wood

en elements w orking in compression, rather than ties working in 

tension is simpler and more economical. But, of course , the most 

economical w ay is to avoid the use either of ties or struts, and this 

Fig.32 I Buttressing of a pillar by add ing we ight, 

p. 301 in : Wren, Parentalia, 1750 

Fig. 33 I Semicircular masonry arch in a safe state 

of equil ibr ium 
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erns the design.79 As Jacques Heyman has pointed o ut Ill all Y t illl es, 

this is not the case w ith masonry structures: the most res tri cted CO Il 

dition is that of stability.80 A masonry structure w ill be safc if it is 

possible to find a system of compressive internal forces ill equ iI ibriu lll 

w ith the loads. This is a geometrical condition, w hich depends O il the 

form of the structure but not on its size. The case of a simple arch Ill ay 

be used as an example: in Fig. 33 , the semicircular arch is in a state of 

safe equilibrium w ith the line of thrust comfortably w ithin the 

middle half of its thickness, and this leads to t = Vo. This state is i nde

pendent of the scale and the rule will be valid for arches , say, up to 

1 km span, when Galileo's law w ill begin to govern the design 81 It is 

these kinds of rules that were used in Gothic rib design. 

Proportional rules are therefore of the correct form and the old 

may be achieved by organising the construction so that the per- master builders possessed this all-important knowledge. The sam e 

manent masonry elements act as a buttress through their ow n weight: property applies to much more complex structures, and in a Gothic 

this is the objective of Ega's and Colonia's condition of building the cathedral, for example , the forms and dimensions of his elements 

nave w alls to a sufficient height before decentring the side-aisle vaults. allow a system of internal compressive forc es, which transmit the 

Validity of the rules 

As we have seen , the Gothic master builders used empirical rules for 

the design of the structural elements of their buildings. The rules 

w ere only a part of a more complex body of knowledge, and could 

not be used safely but by a m aster builder. These rules had a great 

diffusion , geographical and chronological, and there is abundant evi

dence of their use throughout Europe.78 

Proportional rules 

A great majority of the structural rules for masonry are "proportion

al ", that is to say, they produce "similar" forms in a geometrical sense . 

They give , for example, the depth of the buttress for an arch depend

ing on its curve of intrados but regardless of its size. In other words, 

they implicitly believe in the existence of a " law of similitude": a 

valid structural form continues to be correc t independently of its size 

(see for exan'lple Fig. 18 , draw n to the same sca le). 

Galileo argued the impossibility of the existence of this kind of 

principle . In structures supporting as the main load their ow n weight, 

the dead load rises as the cube of the linear dimensions while the sec

tion of the structural members rises as the square; therefore, the 

stresses rise linearly w ith the size (the so- called "square-cube law") . 

Galileo's argument is valid only w hen the criterion of strength gov-

loads w ithin the masonry, in the same w ay as this occurs w ith the 

simple arch. Therefore, scaling up and down does not affect the safety 

of a masonry building. 

T he rules for buttress design register the proportion betw een the 

buttress and the span . Some rules , the know n geometrical rules, con

sider the fact that the thrust is inversely proportional to the relation 

span/ height of the vault. Surbased arches and vaults thrust more than 

semicircular or pointed arches or vaults. Of course, the rules can be 

applied only w ithin the whole contex t of building; its deep m eaning 

is understood only by the masters, w ho sometimes decide to deviate 

from them (compensating w ith other changes in the geometry) . 

At first sight, it appears that the rules should take into accoun t th e 

buttress height (as it occurs w ith Gil de Hontaii6n's rule for R enai s

sance arches). The overturning moment of the vault thrust w ill grow 

linearly w ith the height. However, the line of thrust becomes a I Ill ost 

vertical after a height equal to the span and it is possible to use si mplc 

rules relating buttress to span safely (in fact , there is a limi t fo r thi ck

ness for an infinite height; the thrust line has a ver t ical asy mptote) . 

The problem in buttress design is not the failure by overturn in g, 

but the possible leaning of the buttress. A very sm all lea nin g out

wards of 0.5 to P would lead in a nave w ith buttresses 20 III high to 

an increase in span of 0.34 to 0.70 m! As a consequ ence, buttresses are 

much thicker than pure stability would require 82 T he sta tic analysis 

made by Leon Benouville on Beauva is Cathedral shows how near the 

thrust is to the centre at the base of the buttress 83 Figs. 34 , 35 T his is 

183 



Technical Challenges in the Construction of Gothic Vaults: 

The Gothic T heory of Structural Design 

I ~ l . 
-'-' C 1-.1 • . 

u.. .",.tJ'-" Lt ._Z~ .... ~' 

\~ 
'J 
\ 

\ 

\ i.w:L - ~ 'P. 

34,35 

184 

Fig . 34 I Beauvais Cathedral: static analysis, plate 160 in: 

Benouvilie, Etude sur la cathedrale de Beallvais, 1891/92 

u_z,,~ 1J.~%t'-" .. 

Fig. 35 I Perspective of Beauvais Cathedral, fig. 15 in: Choisy, 

Histaire de i'architectllre, vol. 2, 1899 

Fig. 36 I Scaling up and down does not affect the safety of a 

masonry structure. Drawing, static analysis of Strasbourg 

Cathedral, plate 42 (modified) in : Ungewitter, Lehrbuch der 

gatischen Kanstruktianen, rewritten by Mahrmann, val. 1, 1890 
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not excessive; less buttress would have led to the collapse of the high 

vaults w ith a very small leaning_ 

Thus , equilibrium in compression being the only requisite for 

stability, the use of scale models is completely valid. We know that 

th e medieva l masons built small models to learn how to cut the stones 

and, also , as part of the exanlS to becol1l_e a master. Models of certain 

size would have been perfectly correct in order to ascertain the safety 

of the real structure. Besides, a small church could serve as scale model 

for a bigger church. Fig. 36 

The problems of strength w ould occur, as for arches, w ith enor

mous dimensions. Benouville calculated the mean stress at the base of 

....... -..... -

the nave piers in Beauva is (the highest vaults of Gothic, c i rea 47 Ill ) as 

1.3 N/mm2 This is quite moderate ; good ITlasonr y ca n resist , say, 

5 tinl.es this value. This w ill lead to a height of more tha n 200 Ill. It 

is m echanically possible , economically impossible, and, III any case, 

what w ould have been the sense of such dimensions;> 

No n-proportional rules 

Some problems led to non-proportional rul es. T hi s occ urs in ma

sonry structures w hen the forces acting on the structu re grow at a 

different rate than the dead weight. For exa mple, durin g the 19 th 

century, non-proportional rules were used in bridge desig n: the effect 
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of a certain nlaximum load that is going to cross a certain bridge 

decreases rapidly as the bridge's span grows, as the weight is growing 

(considering the breadth of the road constant) with the second power 

of the span. 

Many of the rules of Rodrigo Gil de Hontaiion are non-pro

portional, not even dimensionally correct . They have therefore been 

considered incorrect and nonsensical, or simply ignored. s• In fact, 

they refer to non-proportional problems . For reasons of space we 

shall consider only three cases : vault buttress design , wall design in 

towers and boss design. 

Let us consider first the problem of buttress design. Fig. 37 In Late 

Gothic Spanish vaults, the thickness of the w ebs is very often con

stant: the lTlinimum that can be practically built (150- 200 mm of 

stone) . In this situation, the weight, and therefore the thrust, of a 

Gothic vault rises w ith the square of its linear dilTlensions 8 5 How

ever, the weight of the buttresses rises w ith the cube, as is evident 

looking at Fig. 37c. The ribs are very nearly the surface of a sphere 

w ith a radius half the diagonal of the bay (i. e. the radius of the cross

arches, Fig. 37b). We may, then, replace the real vault by an analogue: 

a semispherical shell with a thickness equal to the thickness of the 

webs. Then , using the equilibrium approach derived from the Safe 

Theorem of LilTlit Analysis, we may im.agine the shell divided into 

elementary arches that are supported by the transverse arch. Fig. 37c 

The load on the transverse arch is very nearly uniform and it is easy 

to compute the vault thrust. Finally, the stability of the buttress is 

checked . In Fig. 37d , the buttress has been considered independent of 

that the buttress weight is alm.ost 10 times the va u It weight : but

tresses not only assure the whole building, they also const itute 90 per 

cent (or n1.ore) of the structural masonry. 

Now, if we scale up the church it w ill need buttresses propor

tionally slenderer Uust the contrary of Galileo's square-cube law) . 

For a 1.5 increase, the vault weight w ill increase by a facto r of 

(1.5)2 = 2.25 , while the buttress weight will increase by a fa ctor of 

(1.5)3 = 3.37. If we wa nt to maintain the safe relationship of 1 to 10, 

obtained before, we may reduce the volume of the buttress K The 

economy is very important: "ve save 45 per vent of the total masonry.86 

The matter has been studied in more detail by the author else 

where, follow ing the rule by computing the buttress and comparing 

it w ith the result obtained by the calculated thrust of the vault, but 

here we wa nt only to point out the essentially correct character of the 

rule 8 7 

It is interesting to note that in the tables for va ult thrusts com

puted by Mohrmann, the weights and thrusts are obtained as func

tion of the surface in plan of the vault and its thickness .88 That is, 

for a certain dimension and material of the web, the thrust w ill ri se 

w ith the square of the span. Indeed, in other sets of tables for buttress 

design we may check this. Let us consider two vaults, one of double 

proportion as the other, of the same semicircular profile and made of 

the same m aterial (V2 feet brick). The resu lts obtained are: 

Vault Buttress 

span 4 m, height of abutment 5 111 

span 8 m , height of abutment 10 m 

buttress/span = 1:y., = )6.1 

buttress/span = 2Ys = )6.8 

the wa lls, w hich, of course, is a very safe assumption as there is always The smaller va ult needs a much larger buttress, in proportion to 

some connection between wall and buttresses. Anyway, the thrust the span. H owever, Mohrmann was apparently unawa re of the 

line is contained within the masonry of the buttress and the geomet- non-proportionality in buttress design. 

ric safety is ample . We can summarise the results : 

The polygon of forces at the right side of Fig. 37d represents the 

equilibrium of the buttress . The weight of the vaults is Ph and the 

weight of the buttress is (PI + P2 ); it is evident from the force polygon 

Fig. 37 I Stability of the vault-buttress system of a Late Gothic 

Spanish church, th e co nvent of S. Francisco in Medina de 

Rioseco: (a) longitudin al sec tion by M. Manzano -Mo nis; 

(b) schematic drawing of one vault . Note the sma ll differ ence 

w ith the sphere; (c) the ana logue sphere divided into arches 

supported by th e transverse arches; (d) equi librium of the 

buttress system 

proportional design 

Hontaiion's rule (equation 2) 

vault thickness constant 

'Is = constant = A l 

'Is = A2 S-1I2 = A2 S·0.5 

'Is = A S-2I3 = A S·0.66 
3 3 

w here ( is the buttress thickness , S is the span al1d A , arc 11011 -

dimensional constants. 

Gil de H ontat'i,on's rule is of the correct fo rm to prov ide an ad

justment between the proportional design and the sc iel1ti fi c ca lcula

tion for va ult thickness constant. It turn s out that what seemed a 

non-sensical rule, a mathematical caprice, 89 po i nts to a n essentia l 

aspect of Gothic buttress design. 

The same occurs w ith high towe rs and spires 90 Here, the main 

load is by w ind. The total thrust o f the w ind ri ses with the cross-
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sectional surface of the tower, but its weight grows w ith the volume. 

Again , greater towers could have proportionally lesser thickness, and 

this property could easily be seen if we compare similar towers of 

different sizes . In this case, the calculations are quite easy91 

In Fig. 38, the relationship thi ckness / height Cl") has been calcu

lated by different heights. The dotted lines have been calculated so 

that the w hole sec tion is in compression (the resultant w ithin the 

central nucleus of inertia at the base ; masonry of specific weight 

20 kN/ m 3 and 1.5 kN/ m 2 unit wind pressure) leading to thicknesses 

so thin as to be impossible to use in normal masonry building (only 

in Gothic spires may w e find such orders of nugnitude). It is ev iden t 

that Gil de Hontanon's rule gives a much better adjustment than is 

given by the proportional rules. 

For a tow er 100 lTl. high (nea rly 360 Castilian feet), Gil de Hon

tanon's rule (equation 4 above) gives t; 9.5 feet. The Gothic rule 

36%0 ; 18 feet and Alberti 's rule 360/15 ; 24 feet . Gil de Hontail0n's rule 

represents a reduction of the masonry to at least one- half. An enor

mous quantity of masonry is saved. 

If we check the validity against the scientific calculation, we 

obta in: 

proportional design 

Hontailon's rule (equation 4) 

scientific design 

Ij" ; constant; B 1 

V" ; B2 17 -1/ 2 

V" ; B3 W") ; k 3 11-1 

where B, are non- dimensional constants. 

Gil de Hontall0n's rule gives a design that is a compromIse 

between the exact calculation, w hich leads to extremely thin wa lls, 

and the proportional design , which leads to high towers of excessive 
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thickness . Finally, Gil de Hontallon stressed the importance of the 

correct size for the heavy Gothic keystones . Gothic masters were 

well aware of the stabili sing role of keystones in pointed arches, and 

there are many references to it. 

In the construction of a Gothic vault , the rib skeleton must be 

stable during construction. Arch rib design is proportional and the 

rules are a fra ction of the span. As we have seen, Gil de Hontallon 

insists on the correct sizing of ribs and bosses. With regard to the boss 

weight in particular, he rem arks that it should be the right quantity 

because either " their bosses were too heavy and thus much larger 

than what the ribs could hold , or else much too light so that the 

weight of the ribs lift them, making movements." (22v) 92 The main 

danger lies, perhaps, in too light bosses. W eb constru ction would 

have progressed from the perimeter to the centre of the bay. In this 

situation it is possible that the rib skeleton, loaded mainly in the 

haunches , could experience great lTl.ovements by the rising of its 

central keystone. It is most interesting that Mohrmann comments on 

precisely thi s problem in the Lehrbllch : " It w ill be frequently observed 

that after partial covering of the compartments a movem ent occurs in 

the ribs, so that their upper ends with the keystone ri ses from the 

support . This occurs especially with a yielding centring and IS a 

natural consequence of the lacking load at the middle at first, and 

w hen this is added the keystone rises ."93 (The same problem occurs 

w ith pointed arches: they shou ld be loaded at the keystone. Fig. 39) 

Mohrmann, then, suggests loading the keystones during con

struction , using the same bricks already piled above : "But such great 

movements of the ribs are undesirable· and should be prevented . This 

can be done by a ca reful propping of the keystone against the frame

work of the roof, but fa r better by a loading for w hich the bricks 

necessary for the compartments afford the natural mea ns, and they 

may act directly on the keystone or be piled on planks enclosing it, 

indeed at first in an amount increasing w ith the increased height of 

the con1partn1ent. "94 

In Fig. 40 , a quadripartite vault is under construction. First , the 

cross ribs have been built on a light centring. When the ribs are 

fIni shed they are stable under their ow n weight . Fig. 41a The barrel 

\;vebs have been constructed from the perimetral arches and rest on 

the cross arches (this is a ve ry simplified exa mple) . The result is that 

the outer part of the cross ribs supports a heavy load and the rest of 

the ribs are free from load. As Mohrmann expla ined, the danger is 

that if there is some yielding of the cross rib centring, the outer part 

of the ribs will yield dow nwa rds, pushing the centra l part upwa rds. 
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Fig. 38 I Design of masonry towers. In solid li nes t he 

traditional rules; in dotted lin es th e res ults of sc ienti fi c 

calculation of typical va lu es for masonry and w ind pressure 

Fig . 39 I Stabilis ing effect of the heavy keystones in 

pointed arches, p. 54 in: Un gew it te r, Leh rbuch del' gotischen 

Konst r uktione n, r ew ritt en by Mohrmann, vo l. 1, 1890 

Fig.40 I Quadripart i te va u l t und er co nstruct ion. Only part 

of the we bs have bee n built 
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Fig_ 41 I Effect of a slight yield of the cross rib centring 

Fig.42 I Stabilising function of the central keyst one during 

the building of the vault 

b 



Five hinges form and only the centring stops the collapse of the cross 

rib. Fig. 41 b 

Gil de HontaI'16n's advice is to place a boss, heavy enough to 

avoid the rising of the ribs. Indeed , heavy keystones placed on top of 

wooden struts were a passive weight that was used, if necessa ry, to 

stabilise the rib skeleton during construction. The static is evident 

and is explained in Fig. 42 (the ribs are supposedly "weightless"). In an 

intermediate phase of the building, w ithout hav ing finished the 

webs, they produced a load concentrated on the perimeter. The dot

ted line , completely outside the ribs , represents the situation w ithout 

keystone, and the ribs w ill collapse inw ards by raising the keystone. 

In this case , precise calculations are difficult to make as they are 

subject to many possible va riations, but the general form of the rule 

(equation 3 above) can be checked: 95 

proportional design Q = C l s3 

HontaJ'16n's rule (equation 3) Q = C 2 (52) (5
112

) = C 2 s5
/

2 = C 2 5
25 

vault thickness constant Q = C 3 s2 

where 5 is the span of the vault, and C i are non-dimensional constants. 

Again , Gil de Hontal16n 's empirical formula is of the right form: 

taking into account the weight of the ribs, w hich rises w ith the cube, 

the solution must be between the proportional design and the vault 

thickness constant. 

Conclusions 

The medieval master builders used empirical rules for the design of 

the structural elements of their buildings. These rules had a great dif

fusion, and w e have found abundant evidence of their use throughout 

Europe. They most probably have a very ancient origin (Rome or 

Byzantium, even before), but the fIrst documentary evidence of their 

use comes from the Late Gothic , and their appearance in architec

tural and building manuals continous well into the 20,h century. 

The application oflimit analysis to nl.asonry structures confirms 

that the more restrictive condition for the design is not resistance but 

stability. For a structure to be stable , it should have certain dimensions 

depending on its geometrical form. This leads to valid "proportions" 

for the design of arches, vaults and buildings , independently of their 

sIze. 

The empirical proportional rules of the ancient master builders 

afforded a m eans to fix these safe proportions. Therefore, they are a 

valid and rational method of design for this kind of structure. Of 

course, each rule has a certain field of application, but this is also true 

of the formulae and normatives of modern structural analysis. 

Some problem s in the design of masonry structures led to non

proportional solutions: that is the case of the counterforts and bosses 

of Gothic vaults, of bridges and of towers. These kinds of stru ctures 

become stabler as they grow bigger, as is evident not only for the 

application of theory but also for the inspection of existing buildings. 

Proportional rules could be used in this case , too , when they repre 

sent an inferior limit for the design, but this leads to a great w aste of 

material w hen sizes are considerable. 

The w iser of the old nl.aster builders w ere aware of that and also 

gave non-proportional empirical rules for the above-cited cases. The 

application of these rules to the dim.ensioning of the keystone of the 

bridges is well documented , and so is the appearance and evolution of 

these rules between the 18,h and the beginning of the 20,h century. In 

the other tw o cases, although practical evidence of their use is in the 

existing buildings, the only set of rules that have survived is that of 

Rodrigo Gil de HontaI'16n. 

The rules of Gil de Hontal16n are exceptional in being the only 

survivors of an old Gothic practice. The set of rules is complete and 

permits the dimensioning of every structural elel1l.ent of a Late 

Gothic hall church. The verification of these formulae by means of 

modern limit analysis gives a surprisingly good coincidence w ith the 

results of calculus. 

The use of empirical rules is not the only w ay to tackle the prob

lem. Limit analysis also validates the use of scale nl.odels. Evidence of 

their use is abundant, but no w ritten documentary proof demonstrates 

that they were used in this sense, although they most probably we re. 

Of course, any existing building could be considered a "sca le m odel " 

of a greater similar structure. 

Lastly, we wa nt to emphasise the possibility of makin g just a 

visual checking of the stability of an arch vault or buttress from a 

draw ing to scale. In a profession where draw ing is th e most import

ant means of expression and transmission of knowledge, th is fact 

should not be underestimated. In fact , a draw ing of a stable form also 

constitutes a kind of proportional rule, though it is not exp ressed ill 

arithmetical form. 
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