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ABSTRACT: This paper explores the use of embedded arches, serial barrel vaults, inverted arches, and full rings
primarily in masonry architecture of the pre-industrial age, while seeking to understand the intentions of the architects, especially by gathering together rare examples of written explanations. Parallels are drawn to a
comparable understanding in the writings of modern architects, engineers, and architectural historians.

STRENGTHENING WITH EMBEDDED ARCHES AND BARREL VAULTS
Information
If you walk around the city walls of Thessaloniki, you will encounter the strange sight of semicircular brick arches
embedded into their fabric, dating from the fifth century onward (Fig. 1 left). They are often arranged in two
concentric rings and are serial in form such that they shoulder each other in a line, sometimes being stacked
like acrobats in two offset vertical tiers. Underneath the top line of arches, bricks are arranged as crosses.
Apotropaic crosses, like other religious signs, had long been used to ward off evil. In medieval Thessaloniki
they were often placed at crucial places in construction, as on keystones or springers of arches, as structural
apotropaic crosses to ensure the stability of the work in this earthquake zone (Ćurčić 1992, pp. 17-19; Bakirtzis
2005, p. 17, passim). In the city walls, the crosses were apparently intended as a last recourse to invoke divine
help should the reinforcing arches fail to assure the stability of the walls. These serial embedded arches are a
precious testimony to an ancient mode of thought not readily apparent when arches span across a void and
hence seem to be only relieving arches. Here there are no voids below and the high location of the embedded arches eliminates their possible use to protect the wall against enemy sappers. These arches appear to be
used merely to strengthen the wall. Such also seems to be the case of the fan-shaped splay of stone voussoirs
at the outer edge of this buttress in the Baroque Parisian church of St.-Sulpice (Fig. 1 center) and of the small
serial arches, or rather, barrel vaults, embedded in the tower of the early twelfth-century Romanesque church
of St.-Hippolyte (Fig. 1 right).What at first appears as a merely decorative “corbel table” is actually a series of
shouldering barrel vaults three stones deep that reach into the center of the wall (see “b”) and which are
carefully seated on a thick stone ledge (“a”) inserted into the nearly rubble wall (Armi 2000, p. 96).
The notion that embedded arches, whether singly or in a contiguous series, might strengthen a wall is not a
concept that sits at the center either of contemporary structural thought or of historical record. We would certainly want to find written testimony to this intention. The writings of Italian architects of the sixteenthseventeenth centuries provide evidence for this idea. In his study of the structural thought of the Italian Baroque, Federico Bellini observes that the Milanese architect Martino Bassi “was convinced that an arch built
into a wall, called a ‘dead arch,’ has the same structural effect as a free-standing arch, or ‘live arch.’” Bellini
observes, “according to Bassi, a dead arch…provides a privileged path for the load.” He also notes, “Bassi, like
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his contemporaries and his Baroque successors, believed that arches can also have the function of ‘tying’ the
structure together” (Bellini 2004, p. 46). To talk of tying – legare in Italian – a wall together through serial arches
is to our modern way of thinking a curious expression, since we refer to tensile members such as steel “tie” rods
as serving the function designated by their name. These Italian architects of the sixteenth and seventeenth
centuries were speaking metaphorically when they wrote about tying a wall together, much the way we
would use the verb “to consolidate.” We must recall that walls and vaults were often, if not generally, composite constructions, consisting of a primary armature or ligature and then

Figure 1: (left) Ćurčić 1992; (center) St.-Sulpice, Note fanning voussoirs;
(right) Note labels “a”, “b” ; (Armi 2000)
a secondary infill. The arches within the wall were understood as consolidating it. This is certainly the meaning
intended by Philibert de l’Orme, who emphasized the importance of using an adequate number of large, ashlar stones to create “les ligatures de pierre de taille” in walls where the infill was composed of smaller stones,
called moellons (L’Orme 1561, p. 5). Hence from the French Renaissance to the Italian Baroque, architects discussed bonding a wall together through various arrangements of stone, including embedded arches.
Are these historical notions antiquated ideas or do they provide insight into the nature of structural behavior? It
is not possible in this short essay to answer this question. As a historian I can merely adduce evidence of similar
thinking in the modern age. Let us begin with the embedded arch. With respect to Bassi’s notion of embedded arches as providing a clear path for forces, I note that the engineer Robert Mark has made a similar argument about the embedded arches in Wells Cathedral and the partially embedded flying buttress in Cirencester parish church. Mark speculates that the relatively modest stone half arches (Fig. 2 left) embedded in the
stone walls of Wells Cathedral after 1338 in an effort to counter the “great distress” to the thirteenth-century
building caused by the erection after 1315 of a tall tower and spire over the central crossing were more effective in stabilizing the crossing tower than were the larger and visually astonishing scissor arches constructed on
three sides at the crossing itself (Mark 1982, pp. 82-86). With regard to serial arches or vaults that shoulder each
other, the architect Roland Bechmann has made a similar assessment when explaining the structural action of
his serial concrete vaults: “To simplify the formwork of the vaults, I arranged them in a three-dimensional ‘accordeon,’ thus in plan shouldering one against the other and hence mutually stiffening each other”
(Bechmann 1984, pp. 13-14). Compare this statement to the observation by the sixteenth-century architect
Rodrigo Gil de Hontañon: “If these naves are constructed to the same height, their transverse arches reinforce
each other” (Huerta 2002, p. 575). Alessandro Viscogliosi has hypothesized the existence of a “chain of arches”
built of travertine on three levels to help consolidate the dome of St. Peter’s by linking the sixteen ribs at their
base and at two higher positions, a feature that develops further the linking of the ribs at the base in Vignola’s
interior dome of the Cappella Gregoriana in St. Peter’s (Viscogliosi 2009). In addition, the architectural historian
Lynne Lancaster has recently begun to identify the stiffening function of embedded brick ladder and lattice
ribs in ancient Roman buildings: “One of the most striking aspects of the ribbing found in the late Roman
domes is the apparent move away from being conceived as a load transfer system intended to direct load to
particular points of the support structure to a load distribution system intended to distribute loads more evenly
throughout the vault itself.” As Lancaster further notes, “the ribs often occur directly over openings in the wall
below (Minerva Medica, the ‘Planetarium’ at the Baths of Diocletian, and probably the Baths of Agrippa),
which is certainly not where one would want to direct the load.” In other words, in these instances the load
distribution system has its own, independent stiffening function, which she explicitly acknowledges at another
point: these distribution lattices, she argues, also served as “a means of stiffening for large vaults” (Lancaster
2005, pp. 105-112, her emphasis). Finally, the ability to alter the direction of loads through a change in the arrangement of the stones is a fundamental principle of stereotomic vaulting, whose most incontrovertible examples can be found in the skew arches or in the helicoidal stone arrangements of nineteenth-century
oblique railroad bridges, so designed so that the vaults would not thrust into the void (Becchi 2002, pp. 70-90).
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HORIZONTAL THRUSTS OPPOSED BY RIGID “GIRDLES”
The serial barrel vaults of the so-called corbel tables in the First Romanesque studied by Armi also are found at
the top of walls where there was a need for bracing the thrust of a nave vault or apse dome in churches with
no or minimal spur buttresses in their nearly rubble walls. In the rare instances when side aisles were raised high
enough to brace the nave’s dome, these corbel tables were not employed; nor were they generally used
when the nave was roofed with a wooden truss, which, when properly constructed, did not require buttressing
(Armi 2000, pp. 97-99). For a modern explanation of such a structure, consider Eduardo Torroja’s account of
the bracing action of the tangential barrel vaults that frame the central dome of Hagia Sophia (Fig. 2 center):
This solution presents another novel transmission of stresses: that of taking advantage of the longitudinal rigidity of the cylindrical vaults. The horizontal forces are transmitted over the surface [of the central dome]
following a network of principal stresses (isostatic) and are superimposed on the phenomenon of transverse
compression and of the secondary bending proper to the vault (Torroja 1967, p. 172; Torroja 2004, p. 207).
Torroja then explains how this concept has been utilized today: “This advantage of possible stress distribution in
planes tangent to the cylindrical vault is the primary resistant phenomenon in …[modern] cylindrical shells.”
Indeed, he applied the same structural logic of Hagia Sophia to the design of his Algeciras Market (Fig. 2 right),
where the thin concrete domed shell is “stiffened” (rigidizan) by the tangential cylindrical shells of the cantilevered marquees (Torroja 2004, pp. 133-136, 206). This understanding of the bracing function of tangential
arches or vaults, although rarely expressed today, appears to have been common in pre-industrial times, as
might be adduced from the report of 23 November 1673 by the inspector

Figure 2: (left)Mark 1982; (center) Hagia Sophia (Torroja 1967); (right) Algeciras Market; (Torroja 1967)
J. Chambareau and the master mason D. Pilleporte on the adequacy of the building’s foundations for the
stereotomic vault by Jules Hardouin-Mansart over the vestibule of the City Hall of Arles (Fig. 3 left). This vault, in
effect, is actually composed of two vaults braced by an intermediary tangential arch (Fig. 3 center). The report explains that the largely hidden walls R-O and P-a (Fig. 3 right) were considered as “buttressing” walls to
be erected at either side of this anticipated “large arch” (ACA, DD 42, folios 75v, 76v). The massive size of
these walls reveals the contemporary understanding about the magnitude of the force being redirected from
the vaults into the tangential arch.

Figure 3: (left) City Hall, Arles; (center) Tamboréro and Sakarovitch 2003; (right); (Archives Municipales, Arles)
Thus, according to Torroja, the “transverse compression” and the “secondary bending proper to the vault”
enable it to resist the incoming load from a tangential vault or dome. According to De Hontañon and
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Bechmann, the serial arrangement of such vaults adds still another means of stiffening. Such a notion would
not have seemed strange to the architectural historian Charles Seymour, Jr., who, in his 1939 monograph on
the early Gothic Cathedral of Noyon (Fig. 4 left and center), repeatedly referred to this structural function of
serial barrel vaults. The two upper levels of each transept’s apse, voided with large windows, were given “sections of barrel vaults abutting one another continuously” with the intention of establishing “at two levels a girdle, as it were, of constant force and rigidity which strengthened this structure at points which were particularly
delicate” (Seymour 1939, p. 121, see also p. 131).
All of these types of structural behavior appear to belong to the category that Felix Candela has termed as
active structures. Candela explains that external loads can be transmitted in two ways: “passive structures
conduct loads directly without changing their course, like bearing walls and columns which are merely elements interposed between the loads and the ground; active structures are those capable of changing the direction of loads and forcing them to move throughout the structure enclosing a certain space” (Candela
1954, p. 84, his emphasis). The embedded serial arches at Thessaloniki and the “corbel tables” in the First Romanesque now permit us to ask whether architects in other historical periods were using such structural forms
as active structural elements for similar purposes? It is time to address more fully Jean-Pierre Adam’s passing
observation that the serial arches around the perimeter of the Pantheon “stiffen the construction” (Adam 1984,
p. 200) (Fig. 4 right). William Addis has recently emphasized the ingenuity of tangential barrel vaults “to carry
the horizontal thrust from the dome” in the Pantheon and then Hagia Sophia (Addis 2007, pp. 55, 66).

Figure 4: (left and center) Noyon Cathedral apses with “girdle” of barrel vaults; (right); (Lancaster 2005)
SELF-BRACING FORMS
Bechmann’s notion of mutual stiffening through shouldering that he applied to modern serial concrete vaults
also corresponds to the way architects in the pre-industrial age understood structural action. We might refer to
this as self-bracing. To Leonardo, even an arch by itself was a self-bracing form: “An arch is nothing but a
strength caused by two weaknesses; that is why an arch in buildings is composed of two quarter-circles; these
quarter-circles, each very weak in itself, wish to fall, and opposing each other’s ruin, convert weakness into a
single strength” (Benvenuto 1991, p. 309). Self-bracing was often considered with its corollary, i.e., that the addition of greater force will only strengthen the structural form. Hence Alberti on the round arch: “One does not
see how it can be broken by itself except that one voussoir pushes the other; but they are so far from damaging each other in this way, that on the contrary they become stronger, offering each other mutual support”
(Benvenuto 1991, p. 311). Similarly, Julius Caesar explained the cleverness of the design for the wooden bridge
erected by his military engineers to enable his invading army to cross the Rhine as a self-bracing structure that
employed the force of the river’s current to put the structure into a heightened state of compression, thereby
binding the separate elements more tightly together: “As a result of this combination of holding apart and
clamping together, so great was the stability of the work and its character that the greater the force of the
water rushing against it, the more tightly its parts held fastened together” (Taylor 2003, pp. 46-47). Vitruvius explained the structural workings of a round, defensive tower in analogous terms that involve a self-bracing form
that only becomes stronger with greater compression. As the stones are struck by a battering ram, they are
thrust more deeply inward and hence more tightly into the circular form (Vitruvius 1999, p. 28 [I.5.5]). The sixteenth-century architect Juanelo Turriano made the same point about the rounded ends of bridge cutwaters
as stronger than any pointed shape and serving fortifications even more effectively. When battered, they become “self-strengthening”: “seva fortificando en si mesma” (Turriano 1984, p. 501, fol. 371v.). Rabun Taylor has
likened the dome of the Pantheon with its compression ring around the oculus to a rugby scrum (Taylor 2003,
p. 56), a fitting analogy that captures the sense of “self-strengthening” or of “constant force and rigidity” that
the architects, engineers, and historians quoted above have seen in such forms.
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Antoine-Rémy Polonceau, in discussing the hollow iron rings that fill the spandrel of his Pont du Carrousel (Fig. 5
left)(Paris, 1834-), spoke in similar terms. To obviate too great a flexing of each ring under loading and to
dampen vibrations, he linked the rings in a series such that they would “reciprocally brace each other” (“ils se
contre-buttent réciproquement”). Even the shape of the ring enjoys this advantage: “I chose the rings as intermediaries between the arches and roadbed, because the circular form is both the most perfect and the
most equally resistant, that which uses the least material, and especially because metal rings have an elasticity perfectly suited for its function in the spandrels.” (Polonceau 1839, p. 27, my emphasis) Viollet-le-Duc extolled the ingenuity of the Gothic builders who had used stone circles (Fig. 5 center and right) to brace between the upper and lower chords of flying buttresses, as well as the interstitial braces within the stone
framework of stained-glass windows, ending his account with the wry comment about how modern engineers
had praised the structural ingenuity of Polonceau’s iron rings in his bridge while ignoring the widespread application of the same structural form for the same structural purpose in “the Cathedral of Notre-Dame of Paris
and so many other buildings of the thirteenth century,” where these rings “had been employed, so often and
so felicitously, as a means of resistance to such pressures” (Viollet-le-Duc 1854-1868, VIII, p. 52).
In a lesson on bridge design, Turriano stressed the structural importance of the diminutive connecting arches,
which he had seen in a bridge in Italy. Comparing two bridges (Fig. 6 left), the first with only a full masonry fill in
the spandrels and the second with a small connecting arch constructed at one-third span of

Figure 5: (left) Polonceau 1839; (center, right) Flying buttress and rose window; (Viollet-le-Duc 1854-1868)
the larger arch, with the area below left hollow and merely covered with a protective front wall, Turriano emphasized that the smaller arch makes the bridge stronger: “this small arch is of strong force for the two larger
arches” (Turriano 1984, p. 506; see also p. 502). Turriano also believed that the link between the larger arches
made by the smaller arch benefited from the weight of the stone above the smaller arch: “this will put to work
what appears to be of no use; because the smaller arch…is of great value in that location with the use of
those materials” that sit upon it (Turriano 1984, p. 506, fol. 376r.). From this account, it would appear that Turriano considered such an arrangement, like the rounded cutwater, as “self-strengthening.” Note that similar diminutive connecting arches can be found in eighteenth-century bridge design, as over voids in the repair of
Westminster Bridge in 1748 (Ruddock 1979, pp. 16-17). Robert Mylne’s explanation of his design of 1759 for
Blackfriars Bridge articulates the need for such bracing elements, which he provided in the form of a connecting flat arch. Mylne understood the small connecting arches as relieving the thrust from the main arches
against their haunches and the piers: “the weakness is, that the middle part of the [large] arch makes a lateral
pressure against the haunches of it.” Ted Ruddock explains, “the horizontal course of hewn stone from haunch
to haunch would certainly have performed this function [i.e., “carrying the horizontal thrust from haunch to
haunch”] and thus relieved the piers of nearly all horizontal thrust….” John Rennie “always made an inverted
arch of hewn stone to carry the thrust from one main arch to the next” in his multi-arch bridges (Ruddock 1979,
pp. 67-68, 147, 183). It would seem that the weighted connecting arch in Turriano’s design was intended to
serve the same purpose. As for the hollowing under the small arches. Turriano appears to utilize the advantage
of providing a clear path for loads according to consistent stresses, a principle exemplified by the engineer
Curt Siegel’s account of Pier Luigi Nervi’s design for the Municipal Stadium (Florence, 1929-1932) where Nervi
created a hollow frame in a V-support so that “the bending moment is then resolved into a couple and the
structure is resolved into clearly defined tension and compression members” (Siegel 1962, p. 134).
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Figure 6: (left) bridge design (Turriano 1984); (right) inverted arches as interpreted by J. Martin; (Alberti 1553)
INVERTED ARCHES
Alberti counseled architects to use inverted arches as the foundation for rows of colums rather than going to
the expense of constructing continuous footings. Although the Latin text has been translated in a variety of
ways, several translators concur that Alberti believed that the loads traveling into the inverted arch from each
side meet in a self-bracing manner. In his translation of 1716-1720, the Venetian architect Giacomo (James)
Leoni has Alberti talk explicitly about self-bracing, such that the weight of each column is “counterpos’d” (Alberti 1966, p. 47 [III.5]). The English translation by Rykwert et al., as well as the French version by Choay, speak
of “loads that converge on a single point” (Alberti 1989, p. 68; see also Alberti 2004, p. 150).
One can imagine various ways of configuring these arches. Jean Martin’s French edition of 1553 (Fig. 6 right) illustrates piles for each column connected by inverted jack arches. Jacques-Germain Soufflot applied this
configuration in the foundations of the Eglise Sainte-Geneviève (Rondelet 1797, p. 31). A second approach
can be found at Pompeii (VIII.3.14) where serial inverted arches have been constructed along a boundary
wall, with many under a line of putlog holes (Fig. 7 left and center). The arches are composed of stone blocks
alternating at times with thin bricks and seated on a thin inverted arch of bricks, the latter extending through
the entire depth of the wall. In addition to consolidating the wall, these serial inverted aches seem to have
been intended to support a wooden superstructure. Hence, these inverted arches seem intended to avoid a
potentially disastrous point-load on the weak rubble surface, since each side of the arch, according to Alberti’s explanation, captures the load from its timber and redirects it into a self-bracing semicircle. The Ohio
State Capitol (1838-1861) features a similar configuration of serial semicircular brick arches embedded in a
stone wall under the heavy stone columns of the central portico (Fig. 7 right). These inverted arches extend
through the entire, massive wall.

Figure 7: (left) Adam 1984; (center) Pompeii, detail (Photo: Raffaella Somma); (right) (Photo: Robert Loversidge)
When Benjamin Latrobe was obliged to expand his design for the dome of the Baltimore Cathedral (18041818) to cover not only the nave (Fig. 8 left) but now also the side aisles (Fig. 8 center), he had to diminish the
substantial bracing structure composed of a groin vault at each corner, framed by four massive piers presumably linked by shallow barrel vaults. To supply the requisite stability, he linked each of the four diagonal
pairs of remaining piers with an inverted brick arch 6.5 feet wide (Fig. 8 right). In addition, Latrobe embedded
inverted brick arches into the stone foundation walls over voids – entrance, transepts, major windows (Fig. 9
left) (Waite 2000). He apparently trusted neither the undercroft vaults nor the stone undercroft walls to carry
the heavier load descending along each edge of the void and apparently applied Alberti’s logic of selfbracing to create “counterpos’d” thrusts that eliminated the danger. Whereas Piranesi’s mirroring of the arch
in the Ponte Fabrizio to form a full ring may only be hypothetical, the Ohio State Capitol was constructed with
inverted elliptical vaults under the elliptical vaults of the basement (Fig. 9 right).
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Figure 8: (left) Baltimore Cathedral early project;(center) Baltimore cathedral as built (plans redrawn by Nathanial Martin after Kimball 1918, Hamlin 1955); (right) Baltimore Cathedral inverted arch in undercroft to support the dome; (Photo: John G. Waite Associates Architects)
INVERTED ARCHES AND STEREOTOMY
One of the most important uses of inverted arches has occurred within the stereotomic tradition of vaulting
whereby the architect or mason chooses an arrangement of stones or bricks (apparecchiatura, appareil) for
the erection of a vault that creates a succession of stacked, shallow, inverted arches, each self-sustaining at
every level of construction, thereby avoiding the need for full wooden centering, as in the traditional Lecce
star vault (Fig. 10 left) (Fallacara 2008). Herein lies the genius of Brunelleschi at the Florentine Cathedral. In 1976
Salvatore Di Pasquale recognized that the festooning profile of bricks apparent on the outer surface of the
cupola, whose roofing tiles had been removed for repair, revealed that Brunelleschi had conceived his design
as the intersection of an inverted cone and a modified octagonal cloister vault, a cutting of geometric solids
that necessarily yields such a profile of inverted arches at each level of construction, as can also be seen by
computer modeling (Fig. 10 center) and contemporary reconstructions (Di Pasquale 2002; Sakarovitch 2006;
BBC/OU 2004).

Figure 9: (left) Inverted arch, Baltimore Cathedral undercroft (Photo: John G. Waite Associates Architects);
(right) elliptical barrel vault with mirrored inversion, Ohio State Capitol; (Photo: Robert Loversidge)
When Brunelleschi challenged his rivals to make an egg stand on a flat surface, they misunderstood both the
significance of the problem as well as the lesson of the solution obtained by breaking the egg and placing the
remaining part on the flat marble (Vasari 1986, p. 289). They saw only a clever trick and missed the slyly proffered hint that the solution to the construction of the cupola could only be found in the slicing of geometric
solids. Stereotomy as “the theory of the sections of geometric solids” (Fig. 10 right) would be the theme of A.-F.
Frézier’s treatise, which proudly proclaimed the novelty of its pedagogy, seconded by illustrations radically different from the usual stereotomic figures (Frézier, 1737, I, pp. i, viii). The advantages of
constructing vaults and domes without full centering by intersecting the form with inverted cones will no doubt
lead to the discovery of more examples through careful research (see, for example, Alonso et al. 2009).
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Fig. 10: (left) Giuseppe Fallacara, Lecce star vault (Fallacara 2008); (center) Florentine Cathedral (Drawing:
Farzam Yazdanseta); (right) Frézier 1737: stereotomy as “the theory of the sections of geometric solids.”
CONCLUSION
In 1854 the Reverend John Louis Petit prefaced his search for “true architectural principles” with an insightful
observation about terms: “I am far from thinking that nomenclature is a remedy for every defect in art or science: still I cannot but feel that confusion of terms generally springs from, and always leads to, confusion of
ideas” (Petit 1854, p. vii). Over the course of this study, the reader has been presented with a set of terms and
a body of ideas not commonly found in today’s discourse, terms and notions that I believe provide important
insight into the history of structural thought: stiffening with embedded arches and serial barrel vaults, stiffening
through tangential arches and vaults, self-bracing of inverted arches and full rings, self-strengthening forms,
rigid girdles, active versus passive structure, stereotomy as the cutting of geometric solids, and so forth. I end
by invoking the prophecy of William Gilbert, as expressed in his preface of 1600 to De Magnete. Magnetisque
Corporibus: “Although many things in our reasonings and hypotheses may possibly seem rather hard to accept
at first, since they are different from common opinion, I do not doubt that hereafter they will acquire authority
from the demonstrations themselves” (Skinner 1996, p. 258).
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