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The present paper aims to report early applications of the domical vaults on a square plan supported by four arches and spherical-
triangle pendentives, which remain in Levant of Roman Empire. They are made of cut stones, and the technique of which traces back
to Hellenistic tradition. New measurements confirm that these domical vaults with pendentives form a hemisphere. They were probably
constructed in the second century AD. A shallow dome made of cut stone voussoir was adequate to create a geometrical form, but it was
considerably inapplicable to a monument more than 10 m in diameter. This method was a tentative solution before the pendentive dome

was innovated in the second half of the sixth century AD.
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1. Introduction
1-1. Purpose of the study

Much has been written about the nature of the pendentive (German Hdngezwickel, French, pendentif en triangle sphérique or calotte sur pendetifs) and
about its general development.” The method of a shallow dome on a square plan supported by four arches and spherical-triangle corners, or pendentives
(Fig. 1, No. 2) in Roman architecture of Levant was already mentioned in the end of the nineteenth century.? In 1939, Hamilton, who made an architectural
study of the Pagan Tomb at Samaria, reported its shallow dome and spherical-triangle corners, and briefly discussed similar examples of ancient Levant.”
Forty years later, Creswell reported there were many examples in Levant, including Nuweijis near Amman, West Baths at Jerash, Pagan Tomb at Samaria,
Brad, and Golden Gate of Jersalem (Table 1).¥ Recently, the Baths at Petra is nominated as one of the earliest candidates of this kind of dome.” These
knowledge might lead to a consensus that the geometrical principle of the hemisphere domical vault with spherical-triangle corners were already known
among Roman builders in Levant. Nevertheless, actual form and building technique of these candidates have not been clarified, probably because it was
not easy to measure upper structure of them.® In addition, this kind of technique has never been counted among scholars of Roman building techniques.”
Under this circumstance, the author had an opportunity to make a general survey in ancient Levant.® Based on its results and previous researches, a list of
the candidates of domical vault is prepared (Table 1). In order to clarify their details, the author focused on the earlier candidates in Jordan, including Baths
at Petra, Nuweijis near Amman and West Baths at Jerash, all of them are dated between first and second century AD. From 2011 to 2012, the author made
some fieldwork in collaboration with Department of Antiquity in Jordan.” A 3D laser scanner was used to measure the upper structures.'” The present
paper, thus, aims to report and examine these early applications of domical vault with pendentive.

1-2. Terminology

As mentioned above, an example of a shallow dome on spherical-triangle corners of Roman architecture was already reported by Choisy. “In Jerash, the
connection between the square plan and spherical cap (dome) is obtained by pendentive whose shape is spherical triangle,” and he called it as “spherical
vault (votites sphériques).”!V Judging from his axonometric drawing, the monument of Jerash is supposed to be North Tetrapylon, which does not exist
anymore as it was, and was reconstructed in 1980s. Unfortunately, Choisy did not say clearly if it was a shallow dome, sphere of which was the same as the
one of spherical-triangle corners, or it was a hemisphere dome rests on four spherical-triangle corners, i.e., pendentive dome.'?

Choisy’s understanding of pendentive was revised by Jackson. He explained the geometrical principle of pendentive dome as follows. “4BCD (Fig. 1) is
the square and the inscribed circle E the dome to be placed over it. Imagine a larger dome FGHI circumscribed about the square. Then if the four segments
ABG, BCH and the other two are cut off vertically on the lines 4B, BC, etc., we get the imperfect dome shown by Fig. 1, No. 2.” Then, “the great invention
of Byzantines was to slice off the top of this imperfect dome on a plane level with the crown of the four spherical triangles on which the dome rests are the
pendentives, the strength of which lies in their being arched in two directions both horizontally and vertically, and they are supported by being wedged
in between the four arches of the square (Fig. 1, No. 4).”'¥ In this way, Jackson had strictly distinguished between the first type of dome (shallow dome

on pendentives) and the second type of dome (pendentive dome). Jackson correctly pointed out that the second type of dome, or pendentive dome was
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Table 1 List of domical vault with pendentive in Levant

Monument Element Material Construction date Restoration Countury
Baths at Petra pendentive, domical vault cut stone [second half of the 1st century (pottery and ornamentation)  |partly repaired (1968-69| Jordan
Nuwaijis near Amman arch, pendentive, domical vault [cut stone [middle of the 2nd century (architectural ornamentation) partly repaired (?) Jordan
West Baths at Jerash arch, pendentive, domical vault [cut stone |second half of the 2nd century (architectural ornamentation) |original Jordan
North Tetrapylon at Jerash arch, pendentive, domical vault [cut stone |second half of the 2nd century ? reconstructed (1981-83)| Jordan
Pagan Tomb at Samaria arch, pendentive, domical vault [cut stone |beginning of the 3rd century (style of sarcophagi) original ? Israel
Underground Tomb at Gadara |arch, pendentive, domical vault |cut stone |beginning of the 3rd century ? original Jordan
Brad pendentive, domical vault cut stone (later than 4th century (architectural style?) original ? Syria
Golden Gate of Jersalem arch, pendentive, domical vault [cut stone |between 616 and 6297 (historical context) original Israel
Double Gate of Jersalem arch, pendentive, domical vault [cut stone [same to Golden Gate? original Israel
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Fig. 1 Principle of domical vault with pendentive (No. 2), and of pendentive dome (No. 4)

an invention of the Byzantine architecture. Nevertheless, he probably did not know enough that the fist type of dome (shallow dome on pendentives) had
already appeared in Levant before Byzantine time. “In Syria, however, they never arrived at this method...”¥

Creswell reported many examples of the first type of dome (shallow dome on pendentives) of Levant. Creswell did not accept the term ‘imperfect
dome’ of Jackson, because Jackson focused on only the second type of dome, and restated it as follows; “...we get a shallow dome on spherical-triangle
pendentives as shown in (Fig. 1, No. 2).”'¥ Creswell made it clear that the distinction between these two types of domes in no way affects the nature of
pendentives, and this opinion was totally accepted by Mango.'® Even so, it is not convenient if we call both types of domes as ‘pendentive dome’. With this,
Mango called the first type of dome as ‘domical vault,” and the second type of dome as ‘pendentive dome.” According to Mango, “the difference between
the two is that whereas in the domical vault the pendentives and the calotte form a continuous spherical surface, this is not the case in the dome, which
is built on the smaller radius than that of the pendentives beneath it.”'? It might be correct that a dome is kind of vault as Sear says: “A dome is a vault of
segmental or semicircular section erected upon a circular base,” and he called our shallow dome as ‘sail vault.”™®

In order to avoid confusion, thus, the author follows the manner of Mango. That is, the first type of dome, which is the target of the present paper, is the
domical vault, and not the dome which rests on spherical-triangle pendentives. Most examples of it are known in Levant of Roman time, and they are made
of cut stone voussoir. Outside of Levant, there are only two known examples; Mausoleum of Galla Placidia at Ravenna and many parts of Agia Sophia at

Constantinople.'” The second type of dome is pendentive dome, which appeared in Byzaintine architecture.

2. Baths at Petra
2-1. Architectural remains

Baths at Petra®” is located in the city center, west of the Great Temple and south of the Temenos Gate. The building consists of three chambers; a
circular one, a square one and a square one for a large staircase. All parts of the building are underground, and only a staircase chamber can be seen from
the ground. They are constructed of rose local sandstone in ashlar masonry. Some stuccos remain on the surface of the inner walls.

The circular chamber (diam. 5.15 m) has been cleared, revealing a stone pavement (Fig. 2, left). Eight half columns (dim. 0.30 m) with Corinthian
capitals and Attic-type bases are attached to the inner wall. Above the capitals there is a groove for an inset entablature.?”) Many pieces of plaster mouldings
including an astragal, ovolo with painted egg and tongue, dentils, cyma reversa, corona with a drip cornice, beveled ovolo, and sima, were found on the
ground and in the fill.>» Every two bays have a semicircular niche, at the tops of which were traces of a conch.” The roof consists of an intact dome of
stone blocks with a circular window at the top; however, there are no pendentives. Some parts of roof are probably restored.

Next to the circular chamber, there is a square chamber (4.64 x 4.61 m), which can be entered through the south wall of the circular chamber (Fig.
2, right). It has also been cleared to the floor level. The roof consists of an intact domical vault of cut stone voussoir with a circular window on the top
(Fig. 3).2Y There are four spherical-triangles with five courses on the corners.?® However, there are no arches with voussoir on the four sides as Rababeh

reported. In addition, when the chamber was excavated in 1968, a part of the upper structure and south wall (?) had been collapsed (Fig. 4). In fact, new
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blocks can be observed on the north and south parts of the domical vault and the north and west walls. Moreover, there is no arch made of voussoir on the
four wall as Rababeh drew. Based on this fact, therefore, the following measurements (2-2.) must be treated as an estimation.
2-2. Measurements

The domical vault and its four corners was measured by a 3D laser scanner (Fig. 5). Its measuring data is as follows: There are eight point-clouds and ca.
226 million points were measured. Spheres and targets registration is in accuracy of 2.3 mm best to 3.8 mm worst cloud to cloud. ICP Registration is less
than 2.2 mm accuracy cloud to cloud. The original point was placed on a local topographical point.

Based on the measurements, a theoretical sphere was calculated by commercial software, the surface of which fits the actual measured points of the
domical vault with minimum error (Table 2). Before calculating the data, the measurements of restored parts were carefully excluded. As a result, the
radius of the domical vault was 3.84 m (standard deviation 0.031 m) and the radius of the pendentives was 3.53 m (standard deviation 0.032 m). Since the
radius of hemisphere standing on the square room is estimated as ca. 3.55 m, the domical vault was probably close to a hemisphere, but the pendentive
would not have been so. In addition, the center of domical vault is ca. 29 cm lower than the center of hemisphere, thus, the top of the domical vault is ca. 0.4
cm lower than the hemisphere (Fig. 24). A section was drawn based on the point-cloud image and sketches (Fig. 6).

2-3. Construction date

Since no inscriptions from the Baths have been discovered and no archaeological findings have been reported, only the stylistic analysis of the
architectural ornamentation can be used for the dating. McKenzie categorized the floral from the Baths capitals as Group A, which includes those from the
Kasr el Bint and from the Temple of the Winged Lions.?” McKenzie concluded that the Baths were possibly constructed slightly later than the Kasr el Bint
(the beginning of the first century AD) but not as late as the Temple of the Winged Lions; that is, at the end of the first century AD. The early date for the
Baths at Petra is surprising, but it is acceptable here because the structure is not so established as those of Nuweijis near Amman and of the West Baths at

Jerash.

3. Nuweijis near Amman
3-1. Architectural remains

Qasr an Nuweijis (Nuweijis) is located about 4 km north from the city center (Fig. 7). The monument stands beside the big cross-road of beltlines and
neighbors the restoration center of the Department of Antiquity. Qusayr an-Nuweijis means ‘palace of the princes.’”® Nuweijis was first discovered by
T. Black and photographed by Mantell. It was also visited by Conder, who made the first publication of this monument.® Creswell reports with good

photographs and discusses the spherical-triangle pendentive;*” however, no architectural report has appeared yet.
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Fig. 2 Petra, section of the Bath . . . . - ;
9 etra, section of fhe Baths Fig. 3 Petra, domical vault with pendentive of the Baths Fig. 4 Petra, pendentive

during the excavations

Fig. 5 Petra, point-cloud image of the Baths, section looking from the Fig. 6 Petra, Baths, section looking from the west to the east
west to the east
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The monument is a square of about 12.3 m, with a small chamber in each corner (Fig. 8). In the center of the plan, two semi-circle vaults cross and
support a domical vault. There are four spherical-triangles with six courses on which the domical vault rests (Fig. 9). Massive outer walls, measuring ca.
1.2 m, are decorated by pilasters in corners and in middle of each walls, which project out a few centimeters. lonic capitals crown the top. They support a
continuous entablature, which is decorated with architectural ornamentations. The architrave has three fasciae and a crown moulding with the section of
cyma recta on top. The frieze ornamentation is vegetables and figures on the fagade (southeast), and palm leaves on the other sides. The geison is decorated
by, from the bottom to the top, an egg and dart taenia on the bottom, small dentils, a small modillion, and sima with acanthus leaves. There are a high
continuous attic and parapet still remaining, which stand along the entablature and hide the central domical vault from people looking up from the ground.

Large limestone is used in all parts of the building, which mostly remain in good condition. The upper structure of four chambers and part of outer walls

Fig. 9 Amman, domical vault with pendentives of Nuweijis, looking from
the northwest to the southeast

Fig. 10 Amman, point-cloud image of Nuweijis, section looking from the  Fig. 11 Amman, Nuweijis, section looking from the southeast to the
southeast to the northwest northwest

Fig. 12 Amman, the entablature Fig. 14 Amman, the entablature of the
on the south corner of Nuweijis Roman Temple
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Fig. 13 Jerash, the entablature and ]
geison of the west facade of the Fig. 15 Amman, the geison of the
west Propylaeum of Artemision Roman Temple

Fig. 8 Amman, plan of Nuweijis
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have been restored by modern technique. Probably these parts were damaged by an earthquake, but it is not clear when this restoration was made and who
did it. The domical vault and pendentive are doubtless original, because there is no restoration on the upper surface of the domical vault. Some stuccos
remain on the surface of the domical vault. Thus, there is no hindrance to our study. The wall of the Nuweijis has a width of ca. 60 cm, which is the same
width as the tunnel volutes. Four chamber rooms have a small window each, which is supposed to be an entrance to place a gravestone.

3-2. Measurements

The spherical-triangle pendentive at Nuweijis was measured by 3D Laser scanner (Fig. 10). Its measuring data is as follows: There were 29 point-clouds
and ca. 1 billion points. Spheres and targets registration is in accuracy of 0.9 mm best to 4.3 mm worst cloud to cloud. ICP Registration is less than 2 mm
accuracy cloud to cloud. The original point was placed on a local topographical point.

Based on the measurements, a theoretical sphere was calculated by commercial software, the surface of which fits the actual measured points of the
domical vault with minimum error (Table 2). The radius of the domical vault is 4.04 m (standard deviation 0.008 m) and the radius of the pendentives is
3.76 m (standard deviation 0.014 m). Thus, each of the domical vault and the pendentives is created as a hemisphere with high accuracy. Since the radius
of hemisphere standing on the square room is estimated as ca. 3.77 m, the pendentive is close to the hemisphere, but the domical vault is bigger than the
hemisphere. Thus, the sphere of domical vault is slightly bigger than one of pendentives. In addition, the top of the domical vault is ca. 5 cm lower than the
hemisphere (Fig. 25). A section was drawn based on the point-cloud image (Fig. 11).

3-3. Construction date

The monument has been standing above ground probably from ancient time, so was never a target of excavation for archaeologists. In this case, a
chronological analysis of the architectural ornamentation might be suitable. The frieze is decorated with a vegetable and figural motif on the front side, and
with palm motifs on other three sides. The lower part of the geison is ornamented with an egg and dart taenia on the lowest part, dentils and a lesbian cyma
with a heart-shaped leaf. The upper part is decorated with a small modillion, the bottom of which is covered by an acanthus leaf, taenia (?) with palm motif
and reed and astragal on top of it, and the crown moulding of cyma recta with leaf motif (Fig. 12). These ornamental motifs and their combinations are
found elsewhere in the architecture of the Roman East.

Conder, who reported Nuweijis in the end of the nineteenth century, assigned it to the second century AD without any clear evidence.*” Rivoira accepted
this estimate of the second century AD., but he probably did not know the interior of the Nuweijis at that time.’” Creswell used the frieze ornamentation,
the so-called ‘continuous triglyph’ (palm leaf which can be seen on the southwest, northwest and northeast sides of the monument) to confirm the
construction date of the Nuweijis. According to simple comparison with the frieze ornamentation from the temple of Bacchus at Baalbek, which was begun
in the middle of the second century AD., Creswell concluded that the Nuweijis could be dated to the last half of the second century AD.?¥ Indeed, the frieze
ornamentation of palm motif and the combination of decorations at the geison is almost the same as at Nuweijis.*” The frieze with palm leaf can also be
seen on the west fagade of the West Propylacum of the Temple of Artemis at Jerash, which is dated to AD 150 by the inscription (Fig. 13).39

The combination of the architectural ornamentation of the entablature, including the vegetable and figural motif of the frieze, also can confirm the
construction date. The entablature from the Roman Temple at Amman has a similar ornamental motif to that of Nuweijis (Figs. 14, 15).3% It must be noted
that the palm motif of under part of the sima and the vegetable motif of the frieze from the Roman Temple are the same as the ornamentation of Nuweijis.>”
The Roman Temple at Amman is securely dated to the time when Geminius Marcianos was the governor of Provincia Arabia (AD 161 - 166).3® These
similar examples, which are located close to the Nuweijis, confirm that the architectural ornamentation of Nuweijis was common in east Palestine around
the second century AD. Summing up, the construction date of Nuweijis is around the middle of the second century AD, and not later than the third century

AD.

4. West Baths at Jerash
4-1. Architectural remains

The West Baths are located in the north part of the city, which consists of the Cardo and the North Decumanus.*® The West Baths stand at the east end of
the North Decumanus, but do not abut on the colonnaded street. They are located on a terrace somewhat lower than the Cardo. The upper structures have
collapsed on the ground, but the plane surface is not obscure (Fig. 16). The West Baths have two main halls with wings on the north and south sides. The
entrances of the building are in the two wings (E), which are far from the Cardo. The large hall (F), which is probably a frigidarium (cool pool), is divided
into three parts by huge arches supporting the upper structure. Three chambers beside the frigidarium (A) may have been used as apodyteria. Three
doorways at the west wall of the frigidarium lead to the next hall (C), which is presumed to have once been covered by a great domical vault supported by
pendentives. A rising of the pendentive still remains. The heating flutes in the walls clearly indicate that this hall was a caldarium. The chambers of the two
wings are framed by four great piers, which are joined by arches supporting domical vaults set on spherical-triangles with six courses (Figs. 17, 20). The
domical vault in the north chamber, which was firstly reported by Kraeling in 1938, has been preserved mostly in perfect condition.*? It is not clear what
the function of these two winged chambers may have been.
4-2. Measurements

The spherical-triangle pendentive of the West Baths at Jerash was measured by 3D Laser scanner (Fig. 18). The measuring data is as follows: There are
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15 point-clouds and ca. 452 million points were measured. Spheres and targets registration is in accuracy of 1.2 mm best to 6.2 mm worst cloud to cloud.
ICP Registration is less than 2.5 mm accuracy cloud to cloud. The original point was placed on a local topographical point.

Based on the measurement, a theoretical sphere was calculated by commercial software, the surface of which fits the actual measured points of the
domical vault with minimum error (Table 2). The radius of the domical vault is 4.93 m (standard deviation 0.027 m) and of pendentive is 5.79 m (standard
deviation 0.017 m). Thus, each of the domical vault and the pendentives is created as a hemisphere with high accuracy. Since the radius of hemisphere
standing on the square room is estimated as ca. 5.19 m, the domical vault is smaller than the hemisphere, but the pendentive is bigger than the hemisphere.
Thus, the sphere of domical vault is slightly smaller than one of pendentives. In addition, the center of the domical vault is ca. 29 cm higher than the center
of the hemisphere, and the top of the domical vault is ca. 3 cm higher than the hemisphere (Fig. 26). A section was drawn based on the point-cloud image
(Fig. 19).

4-3. Construction date
Since the city of Jerash was abandoned by the seventh century AD and was not destroyed by modern activities, it is not surprising if the domical vault

and pendentives remain as in situ; however, the construction date of West Baths has been discussed for long time because no direct evidence has been
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Fig. 18 Jerash, point-cloud image of West Baths, section looking from the Fig. 19 Jerash, West Baths, section looking from the west to the east
west to the east
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Fig. 21 Jerash, Corinthian
capital of West Baths
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Fig. 20 Jerash, spherical- Fig. 22 Jerash, Corinthian Fig. 23 Jerash, Corinthian

triangle pendentive of West
Baths, northeast corner
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Table 2 Measurements of three monuments in Jordan

Petra X (m) Y (m) Z (m) Radius (m) | N.of Points | StdDev (m) :
Domical vault 502.158 -4.848 900.364 3.836 107,099 0.031 ‘ v
Pendentives 502.180 -4.776 900.747 3.526 35,756 0.032 ‘ b
Domical vault and pendentives 502.040 -4.982 900.652 3.552 135,331 0.037
y
Nuweijis X (m) Y (m) Z (m) Radius (m) | N.of Points | StdDev (m) ) A+
Domical vault 516.655 11.907 1.772 4.037 2,554 0.008 | = 7 J s
Pendentives 516.561 12.001 2.109 3.763 14,936 0.014 ; g :
Domical vault and pendentives 516.601 11.964 2.093 3.765 232,778 0.047 I
0¥
Jerash X (m) Y (m) Z (m) Radius (m) | N.of Points | StdDev (m)
Domical vault 700.894 -753.585 1.198 4.931 248,738 0.027 |
Pendentives 700.881 -753.658 0.122 5.793 46,677 0.017 L=
Domical vault and pendentives 700.902 | -753.594 0.910 5.188 325,790 0.040 Fig. 27 A model of cut stone
Original point is following in the local topographical point of each sites. voussoir of a hemispherical dome.
Estimated hemisphere Estimated hemisphere Estinated hemisphere —
\ < " - \
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Fig. 24 A schematic model of domical Fig. 25 A schematic model of domical vault Fig. 26 A schematic model of domical vault
vault of Baths at Petra of Nuweijis near Amman of West Baths at Jerash
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found. Creswell considered the construction of the West Baths to be not later than the first half of the third century AD judging from the building phases
of the city. According to the result of new excavations of 1981-83, the north section of Jerash, including the North Tetrapylon,*’ the North Theater and the
North Cardo were not planned in the original layout of the city. Ball says that the North Tetrapylon was built sometime between the middle of the second
century AD and about AD 180.*” This assumption is supported by two pieces of evidence: Firstly, the construction of the North Propylon is not later
than the time of the expansion work of the Cardo, which is dated to AD 180, judging from the connection between the streets and the North Tetrapylon.*
Secondly, the construction of the North Tetrapylon is associated with the construction of the North Theater in AD 165/166, which is supported by the
epigraphic evidence of four line inscriptions of the architrave originally located above the central door of the north fagade of the scene building, indicating
that the building was dedicated, and probably completed at that time.*¥ Judging from the excellent character of its structure, it probably belongs to the
earlier period of the northern part of the city.

In addition, the Corinthian colonnade surrounding the West Baths has a similar character to the one at the South Cardo. The Corinthian capital from the
colonnade of the West Bath has a somewhat small kalathos with two ties of well-developed acanthus leaves (Fig. 21). The inner and outer volutes are raised
upward, but they are rather small and simple. The acanthus leaves have small tongue-shaped serrations and there are no holes but only narrow gutters
between them. The most characteristic point of the capital from the West Baths is its abacus, which is thin and has no decoration. These characteristics can
be seen also on the Corinthian capital from the colonnade of the south Cardo (Fig. 22). In contrast, the Corinthian capital from the North Plaza, which is
next to the North Theater, does not look like the one from the West Baths. The capital of the North Plaza has a slender kalathos and is crowning an abacus
decorated by tongue leaves (Fig. 23). It is believed that the renovation of the North Decumanus including the North Plaza was later than widening of the
South Cardo.®

These facts indicate that the construction phase of the West Baths was probably the same as the widening of the south Cardo. It is safe to say, therefore,
that the construction of the West Baths belongs to the period when the entire length of the Cardo in the south of the Tetrapylon was widened and its order
was changed from lonic to Corinthian. The rebuilding and widening operation began from the Propylacum of the Temple of Artemis and continued until
soon before the North Tetrapylon (the northern end was never finished). According to the Polish excavations, the date of this project was “not ...before the
AD 165 and probably not after Marcus Aurelius (AD 161-180).# Therefore, the construction of West Baths was probably during the third quarter of the

second century AD.*)

5. Summary

In the present paper, the author has reported the architectural remains of domical vaults with pendentive remaining in Jordan. In the case of the Baths
at Petra, the domical vault is not supported by arches made of voussoir on all four sides but rather by the ashlar walls. In this regard, the case of Petra is
missing an element as a domical vault.*® Nevertheless, the measurements indicate that each of the domical vault and pendentives is created as a hemisphere

and their standard deviations are less than a few cm. The gap between the top of the domical vault and of the estimated hemisphere is 4 cm.
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Nuwelijis near Amman is one of the best preserved examples of domical vault rests on pendentives. The new measurements indicate that the curvatures
of the domical vault and of the pendentives are approximately the same. The top of the domical vault is just ca. 5 cm lower than the top of the estimated
hemisphere. As Creswell says, it is confirmed that we have ‘an exact replica in stone of diagram’ (Fig. 1, No. 2).*> When the frame of the domical vault was
removed, the cut stone blocks would have sagged down by their own weight until they were stabilized by friction which it would have probably made the
top of the domical vault sink down. It is estimated that the Nuweijis was built in the mid-second century AD.

The Baths at Jerash is also one of the best preserved examples of domical vault rests on pendentives. Both the domical vault and the pendentives are
inscribed in hemispheres with high accuracy less than a few centimeters’ error. However, the new measurements indicate that the curvatures of the domical
vault and of the pendentives are not the same. This possibly means that the domical vault of Jerash was not built all at once, but that each hemisphere was
built separately. It is presumed that four aches and pendentives were built at the same time, and then, the upper part was built on the top. It is considered
that the domical vault and pendentives of West Baths were built in the third quarter of the second century.

Cut stone voussoir of domical vault has a sphere surface on top and bottom, and other four faces are cut diagonally so as to fit adjoining stones (Fig. 27).
To create such a complicated shape was presumably not so difficult for Roman craftsman in this region.’® The weight of domical vault made of cut stones
was considerably too heavy so it would make horizontal thrust, and it was difficult to support without heavy barrel vaults behind the four arches on which
the domical vault rests. The curvature of central part rests on pendentive was probably too shallow to build a bigger one. That is why these monuments are
relatively small in scale. It is probably impossible to build a domical vault on a square more than 10 m in diameter. In order to solve this problem, we must
wait for the next solution of pendentive dome, which was made of brick and mortar. The first appearance of it might be the later dome of Agia Sophia at

Constantinople built in AD 573.5)
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