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The aqueduct at Aspendos and its inverted siphon

Paul Kessener
1. Introduction

The ruins of Aspendos are among the most impressive that are preserved in Pamphylia, and
none stand more elevated than the hydraulic towers of the aqueduct. Situated some 50 km east
of Antalya about 12 km from the south coast, the Aspendos acropolis lies about 60 m above sea
level, near the light green walers of the ancient Eurymedon river. It occupies an oval, flat-
topped hill with steep slopes on all sides at some 30 m above the surrounding plains.! The
mountains begin at ¢.1.5 km to the north. An extensive description and plan was published in
1890 by K. Lanckoronski.* Today the skyline of Aspendos is dominated by the remains of the
fagade of the nymphaeum (2nd-3rd c. A.D)) {fig. 1) and of the monumental entrance hall of the
basilica, both towering some 15 m high. The Roman theatre (capacity 7500), built against the
slopes of the E side of the acropolis, claims to be the best preserved theatre of antiquity,
probably due to its use as palace by the Selcuks who carried out necessary repairs.*

The city, founded as a colony of the Argides who called it Estvedys, was already known as
Aspendos by Thucydides and Xenophon.® In 133 B.C. it came under Roman rule, and its heyday
occurred during the 2nd and 3rd c. A.D., when extensive building projects were realized, includ-
ing the aqueduct. By its location, Aspendos commanded the land-traffic that frequented the
coastal road from Antalya to Side. On the Tabula Peutingeriana the road from Perge and Silly-
on to the east crosses the Eurymedon near Aspendos, probably by means of a bridge from early
times.® The river was navigable up to Aspendos, making it an important inland port, as Strabo
reports,” from where sall, wheat, wool and oil were exported.® Ships must have been able to
pass the bridge to reach Aspendos. Across the river a road branched off on the E side of the
Eurymedon, towards Selge and the Pisidian regions; for it the Romans constructed an impressive

Fig. 1. Nymphaeam.

Ward-Perkins 1955, 115-23.

Lanckoronski 1890, 85-124.

Akurgal 1970, 334-35,

Wagner 1986, 178,

Lanckoronski 1890, &5,

A Seljuk bridge crosses the river 2 km south of the acropalis. It was bullt on the ruins of an earlier
Roman bridge; see Grewe, Kessener and Piras 1999,

Strabo 15.4.2.
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TIB. KA KYPEINAEPYMAE .
AAEKATIPOTONTYMN A £4 bridge near Beskonak 25 km to the north.” Aspendos thus

APKXHNEANTAAAEIMMASIE also controlled the N-5 trade route,

EAKYETOIIYIONTIN KA. Agihe acvopolls is located on top of a hill surrounded by
ITAAIROYAEKATPAGTOY piging the supply of water by means of an aqueduct could
APXIEPEQZAMMIOYRTOY o e realized without substantial technical effort. An
FXMRAS LAR ROV EALA inscription described by G. Radet mentions a certain Tibe-
FrANQ@ETOYTANMENA 40 Claudius Italicus spending 2 million denarii to bring
WaNTENTAETHPIKAN  \ater to the city (fig. 2).0 Water was led to the city by
K ARTARERNACANRN means of a conventional Roman aqueduct channel, typical
:E _:_‘:_ i ::g::"::&fﬂ for that period and incorporating tunnels and bridges; the
APTFYPIOYHMYTPIALAZ™ aqueduct's course was not known, however. The wide, shal-
KAIMTPESBEYZANTON low depression between the acropolis and the hills to the
MPETBEIASTPEISNEHG north was crossed by means of an inverted siphon.
TOYSAYTOKPATH O 8 I Siphons in Roman aqueducts have been the subject of

neEol kA many discussions.!' Water was carried through a valley
; under pressure in a closed pipeline, according to the princi-
Fig. 2. Tnseription (location unknown). ple of FW&tlar finding its m:f::“]u‘ The Romans wm-g well
aware of this concept. The principle was already stated by Pliny; (aqua)_subit_altitydinem
exortus sul.'* The material of the-pipes of these siphons varied: lead, stone, concrete and
ceramics/ ferracotte are known, Though no expression exists in Latin for the concept of (inver-
ted) siphon, several techmical terms are mentioned by Vitruvius 8.6, such as geniculus, a
vertical bend in the pipeline, and venter, the horizontal part of the pipeline in the lower part
of a valley, often resembling & bridge (fig. 3).

The siphon of the Aspendos aqueduct i1s charactenized by two “hydraulic towers’, giving the
siphon a remarkable appearance (fig. 4), Both the ‘north tower’ and “south tower’ are located
at horizontal bends in the siphon's course. Lanckoronski limited his description of the
Aspendos aqueduct to both towers and the venter bridge in between (fig. 5). The start of the
siphon (header tank) and its ending (recelving tank) were not yet located. The pipeline itself
was made out of perforated limestone blocks (fig, 6), and ran over the top of each tower before
arriving al the city, It is assumed, as Lanckoronski suggested, that the top of both towers was
equipped with an open tank inte which the water poured from the pipeline and from which
water entered the next section again, thereby dividing the pipeline into three consecutive
siphans. The reason why the Romans to chose to build these huge towers breaking the siphon
into three remained unexplained.

To understand this fealure a recomstruction of the entire siphon system was seen a precondition. In 1995
the Aspendos Aqueduct Research Project (AARF) was initiated by the author in co-operation with the
Catholic University of Nijmegen (1. A. K E. de Waele), The first field campaign took place in April 1996, when
the siphan was surveyed. During the second campaign (April 1995} mapping of the aqueduct inclading its two
supply sources was completed, The project is supported by the Netherlands Organization for Sctentific
Research (NWO) at the Hague, by Fol Geolechniek al Heleren, Virtus Architects at Nijmegen, and Delft
Hydraulics at Delft.

%  The bridge, presently called Olukkopru, spans a canyon in a single arch 40 m above the waters of the
EBurymedeon, As sound today as when it was built, it was used until recent years by heavy truck traffic,
ter benefit which the large stone blocks that Aanked the passage were thrown over the stde. The stomes
can be seen In sity in 4 photo of 1968 (Bean 1979, fig. 65), In 1997 the bridge was closed to all traffic
During the 1998 restoration it gained a completely new parapet, losing some of its charm

10 Bean 1979, 53; IGRP 8. The name of the aqueduct’s benefactor may be read from the inscription: see G.
Radet and P. Paris, BCH 10 [1886) 160, The inscription was found tm & stone slub m the wall of a
"hangar prés de laquedue”. The present location of the inscription is not known

1 E.g., Seith 1976, 45-71; Fahlbusch 1982, 63-93; Hodge 1963, 174-221; Hodge 1992, 147-60.

12 Pliny, NH 3157 Hodge 1992, 147 .39,
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- Fig. 3. Inverted aiphon, general principles (Hodge 1992, Flg. & Aspeados diphon, stone pipe element
|48 {near header tank).
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‘The mapping of the Aspendos aqueduct, begun m 1996, was compleled n 1998 (lig. 7). The
ti-km-long aquesduct starts a1 the spring complex of Gokgepinar village ("heavenly spring”)
situated in & valley 550 m asl surrounded by rugged mountains ranging over 906 m high, 17 km
northeast of Aspendos as the crow [ies (fig. 8). In April 1998 the springs delivermd 30 o, 40 lit-

15 Kessener 2000
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Fig. 7. Map of the Aspendos aqueduct
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ers per second with a temperature of 15.6°C
and a pH of 742 They constitute the head of
the Biyik Dere, a small stream descending to
the southwest towards the Aksu river. The
springs are exploited today by the local popu-
lace for their water supply, far which several
concrete enclosures were built, The aqueduct
channel, of which no trace remains near the
springs, departed initially in an easterly
direction, then tumed more to the south after
400 m. 15 About 500 m further on a stretch (7 m
long) of the channel itself was found, intact
but partly buried, on the N slope of a rather
steep valley, 15 m above a small stream.
Walls and vault destroyed, the channel floor
could be traced for several dozen meters both
upstream and downstream from here. The
channel was 60 cm wide, with walls 40 cm
thick, and the inside 95 cm high from channel
floor to underside of the vaull. As the direc-
tion of the water flow In the charnel, at an
estimated gradient of 20 m per km here, was
opposite that of the stream below, the chan-
nel had to come level with il Continuation by
means of a tunnel was the only possibility, but no signs of a tunnel entrance could be discovered,
which apparently had collapsed and been covered by débris, Near a mountain pass 300 m to the
south and c40 m higher, a vertical round shaft 275 m wide indicates the existence of such
tunnel. From topographical considerations we estimate the tunnel to have been over 550 m in
length. Another shaft (2.7 m square), 1200 m further to the south and made of mortared rubble,
with a central circular opening 1.2 m in diameter, indicated the existence of a second tunnel
related to & minor mountain pass.' Traces of the hunnel entrances or of the channel between the
two tunnels were not found, possibly due to extensive work on the mountain road nearby,

The channel then tumed east along the S slope of the Aktop Tepe, a mountain 754 m high,
and descended towards the second spring that fed the agueduct. This spring, called Pmarbass,
Turkish for "natural fountainhead” or “springhead”, is located near Gokgeler village. In Apnil
1998 it delivered water of 16.7°C and pH 7.37, cantributing to the Koba Dere which discharges
into the Eurymedon about 12 km to the east. The spring les at 440 m as! at the foot of a large
limestone outcrop; it discharged about 40 1 per second at the ttme of the survey.!” The waters of
this spring were collécted in a modest springhouse of traingular shape (base 2 m, sides 5 m long),
the waters emerging from the south angle in a channel 50 cm wide. The springhouse was
originally roofed, a single stone slab still remaining. The discharge of the spring, delivering
water all year round, varies with the season; it was said not to be at (is minimum at the time of
year we measured it

Fig. 8. Giikgepinar spring complex

W Data for emperature and pH from G, Kaiser (Wuppertal),

15 Several channel-like cuttings In fhe rocky termin near the springs suggest ancient spring caption, The
watars from the springs are still used for frrigation. The ditch running from the springs to the enst
continues with & steady gradient along the border of cultivated felds at the foot of the hill, It may well
represent the aqueduct’s otiginal course, but traces of the old channel cowld not be found

16 Fora generai discussion of vertical shafts In relation to tunnel construction see, e g. Grewe 1998

17 The spring, \dentified by Palhbusch as Gkgepinar spring, delivered 30-40 | per secand in late summer
1979 (Fahibusch 1987, 173)
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Fig. % Chanpel floor, walls and vaultng desiroyed
Fg. 10 (nght). Two fer aqueduct bridge

From this spring the aqueduct took a precipitously downward course to the southeast for
some 500 m, having an estimated gradient of 160-170 m per km.'* Extensive erosion in relation
with logging activities has changed the topography ol the steep terrain, destroying the
channel and covering the remnants, Some 120 m lower than the Pmarbast spring a seasonal
turrent crossing the course of the aqueduct happens to have cleared away the débris, causing
the channel floor (walls and vaulting were destroyed) to come to light. A mass of calcarecus
incrustation (sinter), over 30 am thick and consisting of layers over 5 mm wide, covers the
channel floor (fig. 9).'" The channel s 55 am wide at this point, Its gradient 85 m per km. From
here i) took A less sfepp oourse, crossing the Kisik Dere near its mos! elovated source by means of

it Gradients of aqueducts are known o vary enormously, from as low as 7 em per km for sections of the
Nimes aqueduct, to over 95 m per km for the Carthage squeduct in s first 6 km from Zaghouan, The
estimiated gradient of this part of the Aspendos aqueduct s exeeptionally large. Sew, v.g., Hodge 1992,
|86, 216-19

t4  Caleareous incrostation (sinter) in aqueducts is known to build up in layers of about 1-2 mum per year;
see, &.g.. Growe 1992 and Hodge 1992, 127-32. A value of § mm per year is quite large, It may be related
to the gradimmt of the chanmel at the site; thi steeper the gradient, the faster, and the mome turbulently, the
water flows, whereby exchange of cathon dioxlde out of the water into ambient abmosphere is
fasilitated, thus enbancing precipitation of carbemates. This 18 in contrast with the view mentioned by
Hodge (1992, 228) that the greatest bulld-up of sinler must be expected on the sections where the
gradient Is least. The boulders in the steep torrents near this part of the Aspendos squeduct on’ Heir
downstream side are covered with thick masses of sinter in layers of stmilar dimensions, confirming the
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Fig. 11. Sinter slab from channel, with repair works {opus signimum).

a bridge (one pier of 2 x 2 m and .8 m high stands today, the other piers were destroyed by the
seasonal stream), The aqueduct then ran south on the right-hand side of the Kisik Dere. In an
adjacent Seljuk cemetery tombstones made from slabs of calcareous incrustations broken out from
the channel mark the graves®

After coritinuing on the W side of the Kisik Dere for about 3 km, the aqueduct crossed the
stream once more by means of an impressive two-ter bridge over 125 m long and 20 m high, of
which two upper arches on the E bank are all that remain (fig 10), The two lower arches
spanning the Kisik Dere and the piers above, were intact in 1986 but had collapsed in 1991. An

the bronze letters missing, was observed before the collapse but it was not possible
10 locate this stone now buried under the pile of enormous stone blocks from the pier! The
bridge runs E-W; it makes an acute turn of 45" on the W bank, carrying the channel at a height
of 10 m, before it ends after c30 m.

Further to the south the hills on the W side of the Kisik Dere have been extensively logged,
and remains of the channel were found only where an occasional pine tree left standing had
kept the channel from tumbling down the steep slopes. The aqueduct then left the valiey of the
Kisik Dere on a more southeasterly course towards higher ground, where after 2 km it continued
through a tunnel for several hundred meters; a vertical shaft near & mountain pass al 190 m asl
indicates Its underground course.® After passing through the tunnel, it enters an area Jess erod-
ed by logging and several remnants of the channel could be located, partly i sitw on the sloping

relationship between turbulence and build-up of sinfer. For a general discussion of the relation batwesn
rate of siter bulld-up and channel gradient, see Fahlbusch 1983, 13529

20 Aranother Seljuk cemetery, ¢4 km to the southeast in wooded mountain lermidn, we discovered similar
slabs, some measuring over 1.5 m long, 60 cm wide and 10 cm thick, shaped as negative imprints of the
channel’s fivor, with traces of opus signinum adhering. Both cemeteries are indicated on the map of the
atpueduct (fig. 7). Extensive re-use of calcareous merustations is know from Europe, where the aqueduct
of Cologne served as an tmportant quarry for this material in mediaeval times (Grewe 1992, Hodge
1992, 231-33), Becwuse of its excellent quality, Cologne sinter served as o substitile for marble which
had become increasingly difficul! to obtain in N Europe after Charlemagne [t was used for ornamental
columne and altar pleces In numerous Romanesgue churches and other buildings. The material was
exported as far a8 Denmark and England. |t was used for headstones in German cemeteries as late as
1964, Sinter from the Nimes aqueduct, of jesser quality, is also known to have been used, mamly for
comstrocton (Pabre of ol 1992),

21 The bridge is depicted in Fahlbusch 1987, 21% fig, 5, where It is ertoneously attributed to the Side
aqqueduct. From ane of Fahlbusch's photographs we became aware of the tnscription, i situ betore the
collapse (pers, comm.), The fixing holes of the letterings may give information about the original
inscription, possibly even about the squeduct’s date,

22 [is construction charscteristics and dimensions are similar to the shaft of the second tunnel described
above
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Fig. 12. Turmel entrance.

terrain and partly fallen down the hillside A block of calcarepus incrustation, In the form of
the negative offprint of the channel’s Aoor and walls (60 x 70 cm, and over 30 em thick, with
traces of opus signinum adhering) had clearly been removed from the channel intact. To our
surprise a layer of ppus signinum appeared in the middle of the thick mass of sinter. After it
was cut In a local mason's yard, a layer of apus signinum .5 cm thick was revealed, extending
the entire width of the channel (fig. 11). It had been applied on top of a layer of calcaresus
incrustation ¢.8 em thick which does not appear to have been worked or damaged, The material
was applied in two phases, first in a horizontal reddish layer on top of the sinler and then, in
the comers, grayish-black with a sloping edge as a “quarter round”, meant to prevent cracking
of the waterproof cement= On top of the opus signinum a second layer of calcareous incrustation
¢.7 cm thick was deposited before water flow stopped altogether. The thickness of the
individual sinter layers being about 1 mm and the channel having a moderate gradient of 7 m
per km, the water must have run for some 70-80 years before the opus signinum was applied,
obviously as a repair, after which the channel was kept in use for another 60-70 years. Hence
the Aspendos aqueduct transported water to the acropolis for at |east some 130-150 years.

Downstream from this point the aqueduct channel appears to be relatively undamaged, as
the top of the vaulting is visible for several stretches in the wooded area. Remnants of two
major bridges were found, one with a single arch of ¢.5 m diameter, 23 m length, and partly
intact, and a two-tier bridge, completely collapsed, which was originally over 50 m in length
and 15 m high. After passing Akkaya Tepe (204 m high) on the right, the aqueduct’s course
happened to be crossed by a modern waterway, exposing and destroying the ancient channel. 2
A short distance on the agueduct entered & tunnel of ¢.530 m in length, itz entrance and exit both
identified, followed after a few meters by second tunnel (fig. 12).2 In both tunnels traces of sin-
ter and opus signimum were found. The exit of the second tunnel could not be located and a search
for vertical shafts was also unsuccessful The tunnels are accessible for a short distance only
After passing through the final tunnel, the chanmel descended the 3-km distance towards Sari-

" aball village with a moderate gradient of 5m per km, to end at the header tank of the siphon.

1% See, eg, Hodge 1992, 9598 For & general discussion of spus signinm see also Mallnowski 1979 and
1996

24 This large-scale project initiated by the Turkish public water company [DSI aims to divert waters from
the Eurymedon towards the town of Gebiz 20 km to the west by means of 2 canal over 10 m wide
Regrettahly, the Roman charnel was not preserved:; a stretch of a few meters of the channel’s simier-
covered rock-cot floor and left side wall is all that remadns,

1= Entrance opening 1.6 m wide and 1.9 m high
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Fig 13. Remains of header tank.

A steep hull at Sariabali, north of Aspendos, marks the beginning of the mountains west of
the Eurymedon.®* If one looks south from this hill, the towers of the siphon and the acropolis
rise in the distance. The hill has a flat, triangular-shaped top at 80 m as.l; it slopes down to
the depression in the south at a steady angle of ¢.14% On its top near the 5 edge are two
parallel N-5 walls, 1 m wide, 25 m long, ¢.1 m high, and 2.7 m apart (tig. 13). They are
constructed from mortared rubble mixed with local stones (up to 20-30 cm diameter), with small
fragments of brick inserted at the facing to fill the gaps. The area between the walls had been
disturbed, and fragments of opus sigrmmum up to 10 cm thick with traces of calcarecus incrusti-
tions were found at modem ground level and in rubble thrown to the side. To the north, the
walls were Joined by a perpendicular wall 70 cm wide (now largely destroyed). To the south,
large stones with opus capmenticium adhering and a granite block nearby over 1.5 m long and 30
em wide suggest a similar connection. The construction had thus served as a water tank or
contamer (267 x 2.17 m). At the modemn ground level the W wall is equipped with an operung,
30 cm square, all sides of it covered by sinter up to 5 cm thick. A gully-like depression in the
hill on the W side of the tank would lead water emerging from this orifice downhill to the
southwest, suggesting that the opening had served as an overflow. On the cultivated field
north of the tank numerous fragments of opus sigminum and sinfer were found. Local farmers
confirmed that an agueduct channel had run over the flat top of the hill; its remains had beeri
removed because they interfered with the field’s cultivation but the tank, located on rocky
ground at the very edge of the field, was left to stand. Tt may now be identified as the header
tank to the Aspendos siphon

The wide depression between the mountains at Sariabali village and Aspendos acropolis
prevented the transport of water in an open channel unless an enarmous bridge (over 60 m high
ind 1.5 km long) had been bult. The engineers opted instead for a pressunzed stone conduil, a
solution not uncommon in Asia Minor; as seen, for example, at Laodikeia ad Lyeum, Oinoanda,
Kybira, and Patara.® At Aspendos two huge towers were included in the design. The towers
dominate the plain north of the acopolis. Since Lanckoronski’s description of the towers and
the bridge in between, nol much had been added to our knowledge ® Thus the primary goal ol

6 Across the Burymedon to the east, the Zincirli mountain range extends about 5 km further to the south,
The mountar range 18 called after the Tarckish word for chain (ziner ), According to legend, & long irom
chairn had been used in atiquity for hauling up water from the inside of the mountain. From the top of
this mountain range (310 m}, which has a vertical face 10 the et over 100 m high, one gains an excellent
view over the acropolis and the surrounding plains, including the Eurymedon. On the very lop remaing
of a fortification wall standing 5 m high, of several bulldings and of three cisterns sugpgest that 1f served
as a permanent look-oul post to the city. Al the oot of the vertical face a spring wells up

17 lLaodikeia: Weber 1898; Oinonada. Kybira, Patara: Stenton and Coulton 1986

25 Ward-Pevkins visited the Aspendos siphon in the 1950 (id, 1955),

10
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i

Fig 14. North wower (tog), and south tower (bottom), bends strmightened out. Direction of water flow: from
lefivo nght. Identical designs (hox ),

the 1996 campaign was to Inspect the several elements of the siphon, to identity both the
header and the recéiving lank. and then to survey by theodolite the entire siphon system.

3. Elements of the Aspendos siphon
The towers

The towers of the Aspendos siphon consist of a central section .55 m square and two long
ramps 2.4 m wide leading to the top, on opposite sides and pierced by arches, The towers are at
present ¢.30 m high. They are almost identical in design except for the change of direction of
the ramps (fig. 14) The lower part of the central towers is constructed with dressed conglom-
erate stone blocks, the upper part 1s made out of brick* Lanckoronski interpreted the variety
af materials as the result of restoration™ but || B. Ward-Perkins has shown, by comparing the
overall design and construction characteristics of the towers, that the surviving remamns are all
part of the original bulldmgs.¥!

The central towers are equipped with a spiral staircase 90 cm wide, accessible by means of a
doar opening 1 m wide and 1.9 m high. At the S tower this opening is located over 3 m above
modern ground level; at the N tower it is almost at ground level and access is more convensent
The staircase inside the squared stone part of both towers is intact, nsing to ¢.14.4 m above door
level. The walls of the central towers are 1.25 m wide, the staircase spiraling around a central
pillar (1.2 m square). The interior of the towers measures 3, 0 m square. The steps, three for each
907 turn, are made out of large stone cuttings bndging the 90-cm gap between the central pillar
and the interior wall. The height gained in one complete turn of 360" is 3.6 m, an average of 30
cm per step — not very converient tor-climbing stairs. The walls not adjomning the ramps are
equipped with longitudmnal openings (¢.1.0 x 0.3 m), allowing air and some light into the
mnterior of the towers.

From a height of 14.4 m above door level the building material of the central towers changes
from squared stones to bricks. ™ Here a sequence of brick vaults had spiralled up around the
central square pillar; also made from brick, on which the staircase continued to the top (fig
15). No remains of a water tank or of apus sigminum was observed. A layer of calcareous incrus-

3% Bricks only, not mortared robble faced with bricks as mentioned by Vann 1976, K58

3 Lanckoremakl 1890, 124

1t Ward-Perkins 1955, 121

32 The bricks, ditmension &0 x 30 x 5 ¢m and of excellent quality, sre comented together by layers of mortar
14 em w:!de. Except for finger lnes drawn in the surface for better attachment, imprints were not
discovered.

11
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Fig. |5, Brick part of soyth lower, remains of vaults on which stairs led to the top.

tation 0.5 cm thick on the imner W wall of the S tower, at a height of 19-20 m above ground
level, attested to spillage of water from above.

The 2.4 m-wide ramps on either side of the central towers are built in a hard mortared
rubble resembling concrete. laced with courses of brick brought to a vertical face by means ol
small, irregular blocks of stone, hand-laid and liberally mortared so as to produce a smooth,
compact surface. The arches piercing the ramps are made out of a double layer of bricks, except
for the two pairs of tall arches flanking the central parts which have stone voussoirs.™ The
ramps on either side of the central part stand at an angle to each other, 55" for the S tower, and
16" for the N tower. The design of the central part of the 5 tower and adjoining ramps ie
symmetrical, i contrast 1o the N tower where the south ramp is at right-angles with the
cenitral part bul the north famp makes an angle of 167

The muiin bridge

The towers stand 924 m apart. Between them a bridge 510 m long carried the pipeline across
the lowest part of the valley. The bridge is made of local conglomerate blocks (dimensions up to
1.5 x (.6 x 0.6 m) with a mortared rubble core Tt is 15 m high for its greater part and 5557 m
wide, the top layer of conglomerate slabs protruding over the piers and arches for 20-30 ¢y on
either side. The bridge counted 47 piers (3.6 x 5.4 m) and 46 arches (7.1 m wide). Today 32 piers
and 29 arches are standing, in three stretches of B, 11 and 10 arches coumting from south to north,
as was the case in Lanckoranski's day,

Tewe-tier bridge and recefviing tank

The S tower is located at £.130 m from the steep NW slope of the acropohs, and is linked to
it by a two-tier bridge (fig. 16). The top of this bridge ran at an intermediate level between
that of the main bridge and the top of the towers. Ward-Perkins suggested that the receiving
tank of the siphon “must have lain beyond the summit of the acropolis, al some point suitable
for distribution to the city's public bath-buildings on the low ground to the south-east”, and
conjectured that “some part of the huge system of cisterns undemneath the agora and the
basilica may have been planned in connection with the bullding of the aqueduct” * Fahlbusch

33 Krautheimer (1986, 106) includes Aspendos as a Ind-3rd c. prototype of building techniqgues emploved
at Constantinople in the late 4th ¢ and characterized by “mortared rubble masonry leveled off by broad
brick bands; mortared rubble faced with small stone blocks and brick bands; solid masonry of
alternating stone and brick bands; finally, vaulting of pure brick rather than cast concrete”

34 Ward-Perkins 1955, 118, n.8.
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Fig. 16, South tower and tw-tier venter bridge. To the right- edge of scropolis

mentions that the squeduct should somehow have ended at the nymphaeum on fop ol the
acropolls™ Lanckarenski's map shows the course of the siphon areiving from the S tower al the
edge of the acropiolis; it cantinues, after making a tam of about 80°, in a S5E direction for ¢ 130 m,
ending & considerable distance away from the nymphaeum and withoul srriving at @ clear
distribution point

The plers (24-m wide) of the two-ther bridge are standing today, all arches excepl one being
destroved; the siurviving arch spans the gap between piers 7 and 8 counting from the S tower. (Of
the total of 14, the first 10 plers were connected by second-order arches; the remaining piers
were built on higher ground on the slope leading to the vertical edge of the scropolis

In line with the double arcaded bridge, and located on the acropolls al 15 m from its steep
adge, the remains of a square tower may be ohserved. lis position corresponds with the change
in direction in the aqueduct’s course marked on Lanckoronski’s map. Now 4.5 m high, the tower,
constructed of mortared robble dresssd with sauare stones, |8 essentlally rectangular (18 = 235
m) and equipped with two extensions. s base, almost level with the present top of the 5 tower,
shows an extension (1 x 1.75 m) towards the S tower, with remains of @ brick arch 4.8 m in dia-
meter [fig. 17). The second extension, on the aqueduct’s ¢ourse on the edge of acropolis according
to Lanckoronski's map, is 1.2 m wide but not as long. Above this extension, Al the very top of the
extant rematns, the mdications are that an arch was constructed, with diameter 3 my, snd lis
extrapolated top ranging 5.4 mabove the base of the tower. The distance spanned by this arch
correspands with the position of a rectangular pier 3 m 1o the west. Similar prs are found
alemg the couwrse of the aqueduct on Lanckernski’s map, If we restore an open agueduct. channel

33 Fuhlbasch 1967, 174 "Die Wasserieliung endete aufl der Akropolis anschisinend in oinen Nymphsoum
Al wolchis wurde s dirch Vergleich mit dum entsprechenden Bauwerk in Side identiftalest, da weder
die ursprunglichs Ausstattiung noch die Verbindung mit der Wasserboitung erhudien sind.”
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Fig. 17 (left). Remams of recciving tank.
See Fig. 18 (above). First venter bridge to the siphon. In the
e s hack. wooded hill, header tank on the top.

supported by arches, and allowing for a thickness of 0.5 m for the material on top of the arches,
the reconstructed level of the floor of an open channel would be at 5.9 m sbove the base of the
tiswer. This level turms out bo be 3 m above the highest ground of the acropalis, and te correspond
with the top of the nymphaeum’s central ground-floor niche. The open channel would thus
have supplied the nymphacum and the entire city, and there was no need for a pressurized
pipeline to continue from this point The tower on the edge of the acropolis was theretore the
receiving tank to the siphon

The level up to which water must have been brought is .6 m above the present top of the §
tower, An open tank located on top of the S tower should have been positioned above the
receiving tank if water was to flow to it This applies to both the N and the S tower. II
equipped with open tanks, the tank on top of the N tower should have been positioned higher
again than its counterpart on the 5 tower. The header tank to the siphom should in its tum be
positioned at a level somewhere above the mnk on the N tower.

The two-tier tenter bridge combines three types of masonry: conglomerate blocks, bricks, and
mortared rubble; the receiving tank was made of dressed stones of smaller dimensions (e.g., 10 x
20 x 40 em), conglomerate material and limestone alike, with a core of mortared rubbie.

Header tank and low bridge

The pipeline started from the header tank (see fig. 13) and ran down the steep bul regular
slope of the hill which had been employed as downward ramp. At the very bottom of the hill
(50 m below) a wall. 24 m wide, had been built as the start of an 11-pier bridge running south,
the first enfer to the siphon. The bridge was 5 m high and 2.4 m wide. Remains of B piers (2.4 x
2.5 m square, maximum height 3 m, and spaced at 0.45 m} stand today; three piers were
destroyed some 30 years ago in connection with the construction of the road (fig. 18). The arches
of the bridge were made of a single layer of bricks; the piers consisted of mortared rubble with
isclated trimmed blocks ot the edges. On the mortared faces of the piers drawn imitations

14
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Fig 19 Plan of Aspendos siphan. | - Header tank; 2 - Law venter bridge; 3 N tower] 4 - Large venter
bridge; § - § tower; 6 - 2-tier venter bridge: 7 - Receiving tank. Distances in meters.
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Fig. 20, Profile of Aspendos smphon [ vertical dimensions enlarged)

of squared blocks (Fugenatrich) are visible. After ¢80 m the bridge continued as a8 mortared
rubble wall, over 70 m long, destroyed but for the initial 3-m high section on top of which the
pipeline was carred. Running towards the N tower an the left side of the local raad, the wall
decreases in height as the ground rises, Tt subsequently crosses the line of the road where it was
used in the road's foundation. The course of this veter is slightly curved, apparently because of
higher ground east of the direct line between Its start at the bottom of the hill and the N
tower, since the curved course required & shorter and lower bridge and wall.

The stphen overl]

After the elements of the siphon had been identified, the entire system was surveyed with
a Nikon NTD-4 theodolite. The plan of the siphon is shown in fig. 1% The overall length of
the siphon is 1670 m (154 m + 924 m + 592-m). A schematic profile of the siphon ls shown in fig,
20, The hydraulic gradient line extends well above the present top of both towers. The position
of the overflow orifice in the header tank determines the maximum water level ot the starting

“point of the siphon, whence the pressure in the pipeline would not have exceeded 45 m of water

column, We have no direct proof for ppen tanks on top of the towers; bat If the towers were
equipped with open tanks, then their tops should have been reaching up to the hydraulic
gradient line if the siphon was to function al maxismum capacity, The tanks must have fallen
from the towers and the broken parts been carried away, We do not know what the tanks
looked like, how large they were, and how the pipeline was connected to the tanks. If we
assume, on the other hand, that a closed pipeline ran over the top of the towers, positioned
below the hydraulic gradient line, no tanks would have been necessary. But then air cashions
would accumulate on the downstream side of the top of the towers during the filling procedure.
It can be shown on hydraulic grounds that these air cushions, which will be compressed because
of static water pressure, are the cause of a loss of head available to run the siphon. In the case

15
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of Aspendos, with a closed pipeline running over the top of the towers even at present height,
these air cushions would prevent the siphon from getting started at all. Clearly the same
would be true in the case of even more elevated towers. Thus there must have been open tanks on
top, and these tanks must have been positioned according to the hydraulic gradient line** This
means that we may reconstruct the S tower as having reached up to 37 m, about 8 m ahove the
present top, while the N tower would have been 40 m high. Figure 21 (colour foldout) shows a
reconstruction (with “wire frame” by CAD terminology) of the siphon (the pipeline ltself is not
shown), together with an overview of the present remains.

The overall hydraulic gradient between header tank and receiving tank is 14.5 m. that is 8.7
m per km. The hydraulic gradient of the siphon, the diameter and the inner roughness of the
stone pipeline determine the maximum amount of water transported to the acropolis. From the
Darcy-Weissbach formula, the mean velocity V of the waler inside the pipeline and the
discharge Q of the siphon may be calculated. Disregarding minor effects caused by the bends
(gemiculf), by the additional length due to the sloping of the ramps, and by the inlet and outlet
arifices at the tunks, the mean velocity of the water in the pipe al full capacity would be 1.05
m per second.”” The corresponding discharge is 65 L. per second or 5.6 million liters per 24 hours.
Assuming a daily consumption of 300-500 liters per head per day — a generous but not unusual
figure — the population in Aspendos’ heyday might be estimated as ¢.11,000-18,000 persons. ™

The course of the Aspendos siphon in relation to fopography

The towers are located at sharp horizontal bends in the pipeline, 55° at the S tower, and 16
at the N tower, There is another horizontal bend of about 15* at the bottom of the hill below
the header tank, at the first geniculus, where the geniculus element may have been firmly
secured in the hillside.™ Assuming that the Romans believed that pressure towers were needed
at sharp bends in the pressure line where a natural anchoring could not be realized, it raises the
question why the Roman engineers decided on a course with lwo sharp bends, and whether they
were forced to do so because of topological considerations.

[r 1998 the terrain around the course of the siphon was surveyed for an area of ¢.500 x 1800 m.
The results are depicted in fig. 22 The slope of Sariabali hill on which the header tank was
located served as the downward ramp; to the south is the steep edge of the acropolis with the
receiving tank. The S tower is located on a 15-m high rise which extends from the edge of the
acropolis north for ¢.250 m. Most of the village of Belkis 1s built on this rise. 1t extends further
to the north than the most northerly edige of the acropolis, which makes it a preferred starting
poirit for a bridge crossing the deepest part of the valley, From the mountains on the opposite
(N) side of the valley three low ridges extend to the south; The main venfer bridge starts at
the middle one. All three ridges were quarried for the conglomerate stone blocks found in the
bridge, the west rudge most extensively.

In fig, 23 some alternatives to the siphon’s course, from the header tank as the starting
paint, are proposed. In fig. 23A a bridge would cross the lowest part of the valley between the
westernmost ridge and the rise at the acropolis The bridge would have been a bit shorter than

sh  Assuming that all 3 sections of conduit had the same cross-section and the tenks did not overfiow.

37 The extra length due to the sloping of the ramps amounts to some 50 m, less than 3%. The effect of the
bends and the orifices on the mean velocity 1 less than 1%,

38 Stenton and Coulton 1986, 55 cite figures varying from 160 to 190 |, per person per day for Pergamon,
520-900 |, per person per day for Rome, to as high as 1000 for Trier. [n 1998 water consumption in the
Netherlands was 135 See also Hodge 1952, 305, The reliabiiity of the ratin between waler consumption
and populstion numbers, huweves, is questivmabile.

19 Traces of such provision were not observed. |f ane assumes that a tower had been buill at this point as
well, the tank an top, reaching up Io the hydraulic gradien) line, would be located close to the header
tank, and almest level with It The section between the headeer tank and the top of this tower would
tepresent a very short and shallow siphon having a venter at high elevation, which might just as well be
constructed as an open channel on top of a bridge.
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The Aspendos Siphon

Theodoifile data 1666

Contour lines

imerval. 2 m,
lowest: 20 mas.l
highest: 80 m.a.s.].

0 500 m.

Fig 22. Survey dats of siphon terrain.

the present one, but the course of the siphon has two sharp bends for which two towers would
have to be butit just the same, while two further bridges, one over 400 m long and 15 m high,
would have been needed to cross the depressions between the first geniculus and the N tower. In
fig. 238 the siphon would run i a straight line [rom the bottom of the hill at the north towards
the receiving tank. There would be no bends, so no hydraulic towers, but the resull Is a venter
bridge twice as long as the existing one. In fig. 23C the present curved section in the north weuld
be made straight. Here cne would need a much longer first venter bridge, about twice as high as
the existing one, One might leave out the N tower, replacing it by a slightly curved section —
apparently acceptable to the Romans. The S tower could be left out by continuing i & straight
line from the large venler bridge, but then the ramp up the acropolis would have to have been
built much longer, at an angle of about 45° to the contour lines of the edge of the acropolis,
which might have necessitated special precautions, while to have constructed a receiving tank
at a new location may also have met with objections. It appears then that the Romans did
choose the better alternative for the siphon’s course, with bends in the pipeline and accepting
the fact that they had to built the huge pressure towers. This solution must still have cost the
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Fig. 23. Some alernatives to the siphon’s course.
least affort and expense. W

4. ‘Retrospective analysis’
General comstderations

The question why the engineers decided 1o construct towers at the horizontal bends remains, Could they
have done without the towers and simply gone around the bend at ground level? In attempting to solve this
problem, the princpal mesns available are those diescribed by N, Smithe

The history af techrilogy b8 an interesting historical discpline not being restricted to documents, plerums and
objects lor s sourees of Information, [0 can resort alsp fo what we might call retrospective analysia.
Rerroupective analyss can uilise any of fzur wchnigues, or combinations of W, They sre: metheooptical
annlygis, scale models, full sized regliors, ond. pethaps, te orginal arefact [bell (Smith 1991, 115}

an The couree depicted in fig- 23A does not seem o realistic allernative, for reasons menticmed. For the
course shown in fig. 238 the construction effort in comparison with that of the exmnl course may be
estimated as follows The valume of material for the main bridge (510 m long, 15 m high, 5.5 m wide, with
47 arches of 7.2 m) is about 18,000 m®. For both towers together the volume amounts to about 5,500 m*.
The material was lifted up to the present position, and the higher the material had to be lifted, the more
energy, thus manpawer, this would require, For the main bridge the work done (or gravimational energy
gained) amoumts roughly to the work that has to be done to lift all the maternal to half the maxiomum
height of the bridge (15 divided by 2 =75 m), For the towers, which are essentlally triungular in shape,
this carmeéponds to one-third of the maximum height (one-third of 40 m), Thus the work needed For the
maln bridge compares (o the work for the towers as 18000 ¥ | /2 x 15 0 5500 « | /3 « 40, o as 135 10
73 Le,c. 2 o 1. Bullding & main bridge twlce as long as the present one ln order o be able to leave out
the towers would require 33% mare work. The course of fig. 23C seems a realistic alternative, although
anew jocation for the receiving tank on the edge of the scropolis is required, which might not have been
possible. Also, the extra bridges in the north and the more extended ramp towards the receiving fank
rediuce of even eliminate the advantage of leaving out the towers.
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Smith shows himself pessimistic about the potentlal of retrospective analysis “because of the nature and
number of assumptions which have to be made”. As far as the subject of siphans goes, he Is right! of the
ariginal artefacts only scan remiins survive, hampering mathematical analysis. Scale models face probiems
of scaling the properties of the material used In the original construction. A tull-size replica, for example of
the Beaunant siphan at Lyon or of the Aspendos siphon, is out of the question for reasons of cost. in the field
of the history of hydrautic technology we have no chotce but to reésort fo mathematical snalysls using

archaeological findings: For siphons we may extend mathematical analysis with ‘experiment of thought'. This
1ses three

1) imagin Ihﬂm to construct the artefary (s siphon) oneself with the means availabie ot that time,

2) make an inventory of the physical problems that one would encounter in the bullding process and with
respect to proper functioning of the artefact; and

3) propose solitions for those problems in view of the means avallable at that fime.

For the inventury of the physical problems we may resort (o present-day knowledge of physics and

chemistry, whereas the original builders had to leam by trial and error. When trying to solve In this way the

encountersd, we may develop a set of rules in relation to the design ol the artefact and compare them
with “whal is generally agreed to be the basts of technological and engineering design in not only the ancient
world but much later and reaching right down 1o modemn tumes, that is to say the evolution of experience and
expertise into know-how and rules-of-thumb” ¥

In the case of siphons, such ‘rules-of-thumb' from “experiment of thought” may be compared with the
clasaical literature, Vitruvius 8.6, Vitruvius has been criticized = not being wholly reliable. especially on
the subject of siphons.

Hut Baok VI, devoted 1o water supply snd aqueducts, is not Vitruvios at his best. Fis explanatinns are oftan
confused and condusing, the account of siphom bemg parmcularly obscure and contentious -, Scholirs have
speculated on whether some of his sources wer in Greek, and how good his Greek was Others, daringly
hazarding Hhielr reputation, Have seondired whisther he haid the rrmotest idea of what e we talking alsns
(Hodge 1992, 124)
Smith considers the possibility “that the extant versions of Vitruvius' manuscript are nof, in fact, a faithful
rendition of the ariginal .., but he adds
O the othies haund, even U they ure falthiul renderings, It 1 possible that Vitrovies did poi fully andesiand
his muterial himaelf. And I Vierovis did not boow whist e was talking about, then it i hardly surpristng that
we cannot find out . Conceivably e is rather inferior and presents o less than tull-or typical picture of
contemparnry peactite. [Soith 1976, 56 and 68),

Whether Vitrovius really understond what he was writing aboul does not seem very relevanl, The level of
seientific knowledge ar his lime prevented proper insight and comprehensiion of the physieal prineiples and
effects that apply to artefacts as siphona: Tt seems appropriate rther o regard huis manuscriptas a set of
‘rules-ot-thumb’ that the builders of aqueducts and siphons had developed by expenence over a long period
of fime. Of course, Vitruvies may have mixed op some of these rules, for sample by not mentioning themn in the
proper sequence. But in this way we have & working method: develop a set of rules by “experiment of thought',
spplying the modern state of knowledge, and compare them with Vitravius® set of rules. Ope may then attempt
to compare the set of rules with the Aspendos siphon and its towers,

Materials

When one set out to design an Inverted siphon in Roman times, its location already determined and intend-
ed course surveyed, an had to choose the material from which the pipeline will be constructed © The material
fisr pressurized pipelines in classical times was diverse: stone, ceramic (lerracotta), lead, and combinations ol
these are known to have been used ™ The pipelines were built from prefabricated pipe elements. The lengths
of these elements yanied, 40-70 cm for ferracotta pipes, 50-100 cm for perforated stone blocks, and up fo 3 m
for soldered lead pipes. The elements were generally fitted together by sliding one pipe end into its larger

4t South 1991, 118

#:  For surveying techniques in Roman times see, e.g., Grewe 1998, Hodge 1992, 172 ff, The surveying
techniques were highly sccurate. The gradient of the Mimes aqueduet, having a very sinuous course in
momntaingus terrain, was & low as 7 cm per km for about 10 km downstream from the Pont du Gard:

41 Disreganding wood and masonry. See, eg, Fahlbusch 1982, 65; Hodge 1992, 106-15. In Asis Minur
pressivre lines were mainly made of stone or terracotts pipes (the lead piping of the Madmdag siphon st
Pergamon being u ntable exception); see also Weber 1904 /5.
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nelghbour, one end of the pipe being slightly narrower than the other (for terracotta pipes), or by means of a
male,/ female socket and Aange system (for stone pipes, lerracotts pipes). These joints were sealed by means of
an expanding oil/quickiime mixture * For lead conduits, cast pipes as well as lead sheets bent info a pipe
soldered at the searn were used * The joining up of lead pipes was either done by means of male/ female joints,
sometimes applying a stone intermediary and sealed in the usual way with the expanding mixture, 2s was
~done at Ephesus, or by soldering the pipes together at the joints. % Fragments of lead piping from siphons have
survived. In 1992 |, Hansen investigated the 33 lead pipes recoyered from the Rhine over many years (1570-
1825) and now in the museum of Arles. The pipes, 3 m long and 10-12 em in diameter, were part of a siphon
that crossed the Rhiine on the river bed, between Arles and Trinquetaille. The pipe elements were soldered
together al the jolnts. Hansen noted that the soldered joints are nolt to be considered wank spats in the pipeling
{"waren nicht das schwache Glied der Katte”). %

Wi may thus divide the pipe elements at our disposal Into bwo categones: (1) lead pipe elements that sre
soldered together at the joints, and (2) pipe elements with joints that are ssaled with the classic oll / quicklime
mixture. The first category, the lead pipes with soldered joints, make up pipelines in the modern sense: the
juints are as strong and resistant to pullinig forces as the pipe elements themselves, The second category make
up pipes thal are not very resistant against pulling forces, the tensile strength of the sealing material in
between the pipe elements being the only restriction. Thes tensile strength has not yet been thoroughly studiad:
it is estimated to be less than 1,/10th of the value of iis compressibifity, and much less than that of stone, lead
of terracotta, the materials of which the pipe elements are made. 4

Static pressine

The resistance of a pipe agams} pressure from the mside = determined by the tensile strength of the mater-
ial{s) the pipe 1s made from, Theoretically » pipe can burst in two ways: lengthwise or perpendicular to s
longitudinal axis, For a homogeneous material the tensile strength 1= equal in all directions, Fram this it
follows that, if the inside pressure gets too high, first category pipes will burst along their length, like &
snusage in & frying pan. ' Not so for second categary pipes, where the tensile strength in lengthwise direction,
because of the sealing material between the pipe elements, |s much smaller than i1s eounterpart perpendicular
tor the pipe axis. These pipes will burst at the joints long before the pipe wall gives way to pressure.

When constructing a siphom from pipe elsments of the second citegory, cne has to take into account this
Inherent weakness of the pipeline. A minor displacement at one of the |oints will cause leaking and
Impairmaent of the siphon, Under what ciroumstances will this happen, and what can be dons jo prevent 117

Let us imagine an inverted siphun made of pipe elements of the second category. Assuming that the siphon
is filled with water, without flow, we have to consider only the effects of static pressure. The static warer
pressure at any point in the plpeline 15 determined by the vertical distance between that point and the fres
surface of the water, For a pipe element in a stralght section of the conduit, the water sxerts an outward foree
im the inner wall along the whole circumference of the bore, resulting in a 2ero net force, and nothing will
happen pravided that the tensile strength of the material Is high enough, Except for gravitation (the weight of
the elemimnt itself and the water it contains) the pipe element does not experience any net forces. At the joint

44 Malinowskl 1996 discusses sealing materials for aqueducts and pipelines under pressure.

45 Cast pipes: Pergamon, Ephesus, possibly Alatr, Soldered pipes 2.g., Lyon, Arles, Vienne, See Hodge
1992, 307-15; Fzhlbusch 1982, 68-8(.

46 Hodge 1992, 110; Télle Kastenbein 1992 Soldered joints: Hodge 1992, 156, 314; At the Madradag
ﬂphm?athtpmmthampipu were presunably joined by lead sleeves slid over the ends (Fahlbusch
1982, 7071}

47  Hansen 1992 478. A finding of o segment of lead pipe, 90 em long, disrmeter 31-34 cm, which is all that
remains from an amaunt of 10 tonnes of lead recovered frmm the Rhone at Vienne as late os 1980 and

ty ‘recycled’ by melting it down, indicates that & lead siphon crossed the Rhone at that point
as well [Burdy and Cochet 1942),

48 Malinowski, pers. comm.

¢ Both for cast pipes as well as for prpes made from lead sheets with a continuous soldered seam as strong
as the pipe wall itself (which depends on the quality of the solderning; see below), Resistance of lead
pipes to static pressure has been discussed by Fahlbusch 1982, 78-80, see also Hodge 1983, 211-12 and
1992, 429 n 49 [t must be noted that if the soldering of the seam and of the jointing between the pipes is
inferior compared to the material of the pipe wall, the conduit will burst lengthwise unless the soldering
of the jointing is more than twice as weak as that of the seam — which does not seem probablis in view of
Roman soldering techniquis and of Hansen's observatione. '

20



The aqueduct at Aspendos and its inverted siphon 123
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along the bisector of the angle of the bend: F = 2°p* A'sin (/2), where p is the inside pressure in N/m?, A is
ﬂucrmmchnnnfpipeinm*.:nﬁuuﬂwmglnrrfﬂwbmd.hlswﬂyunduﬂmdlhﬂfm:U—Ium.withu
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For an mtact pipeline, the foroe exerted on the geniculus element will be transmitted to nelphbouring elements
mdwmtlhutthmhngh\bﬁwmhnp&uwmw.ﬂmwmhluhwwﬁpdw
intart, the genieulus element must be kept from being pushed out of position — that is, # counteracting force
must be provided for. For a pipeline made of elements of the first category, iead pipe elements soldered
together, this does not apply: no net force except gravity will be exerted on the geniculus since the section that
mkﬂup&mbmdhhﬂdmhmmmwhmmmmmawwh‘m&u
bend to neighbouring elements. The pipeline as 8 whole must be fixed somawhere but it is not imporiant at
what point. Before any displacement of the geniculus section occurs, the conduit will burst lengthwise at
mpa'mt.Fnrpqmﬂmufuwutmdumgwhmumr,npmdp:muﬁwwmwhehm-ndﬁm
precautions differ for horizontal and vertical bends,

Vertical bemds

Vertical bends oceur where the downward conrse of the pipeline changes to harizontal af the start of the
venter, and from horizontal to sloping upward at the end. The Aspendos siphan counted 6 vertical genicufi St
At the gemiculus of the north ramp of the N tower the pipeline slopes upward at about P from horizontal.
The force exerted by static water pressure amousts to over 12,500 N, the equivalent of a wieight of about
1275 kg5 The component directed vertically downward anto the terrain on which the element is positioned
correspands to a weight of 1105 kg, to which must be added the weight of the gemculuy iteelf as well as some
part nfﬂwmlhcuwwdghtﬂﬂuphu&mﬂm&ma@hqmp.ﬂwdmwmmmbymHu'l
pipe element on the venter niext to it is caused just by the weight of the element itself and the amount of water if
contains anly. For the large perforated stone blocks as were used at Aspendos this amounts to a few hundred
kilograms, and much less If ceramic pipes were used. This means that the dowrward foroe or pressure exerted
am the terrain by the geniculus element is much larger than the force exerted by the horizontal pipe element
next to IL. 1f the terrain ls not firm and tends to settie, which may happen if it does not consist of solid rock or
If no special precautions have been taken, it is more likely to settle underneath the grniculus element, which
may result in dislocation with respect to its neighbouring element. The joint in between may become stressed,
and the pipeline may start leaking. Thus the very first joint between the geniculus element and the horizontal
part of the siphon 1 at most risk, This applies to both genicull, at the start of the venter os well as at the end.

What can be done to prevent this? Obviously one can build a solid foundation stable encugh to prevent
any dislocation downward. This may not always be possible, depending on the conditions of the terrain,
Alternatively, one may reduce the force per surface ares by comstructing a gemiculus element of lar
dimensions compared to the horizontal pipe elements. in this way the difference in pressure exerted on
terrain by gemiculus element and by the horizontal elements will be diminished. This is all the more the case
for ceramic pipes as they are of smaller size than the stone blocks. One may of course apply some means of
attachment between the geniculis element and its horizontal neighbour, metal cramps for example, but then
thee next joint, between the first and the second horizontal element, will be at risk. and this element will have
to be attuched to its neighbour, and so on.

Horizontal bends

I the case of horizontal bends one encounters a similar but slightly different situation. Again the static
exerts a force an the geniculus element which tends to move the element outward from the bend. Fora
giphon 40 m dewp l.t_nbendnf!&“,_uiafnundn.ﬁ.a?mdmnlﬂmim_mthu force would be the equivalent

50 Dr*alurnll:twly.uﬂwﬁ:meaxemdbythnwuurpruﬂmpqrpmdimh:m!hgplmhnmmm
elements |8 balanced by its counterpart in the nei; i

st In general, vertical bends may occur also at intermediate high points in the prmier as well, as for example
in the Madradag siphon at Pergamon, which has two such geniculi

52 The pressure p te & water column b meter high: p = p*g"h, where p is the specific weight of

water = 1000 kg/m? and g is the acceleration of gravity = 981 m/sec’. Assuming a pressure of 40 m of

water column, F =241000 kg/m®*9.81m/sec™40m"(x/4)"(0.28 m) 2°sin(157) = 12,507 N.
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of » welght of 2275 kg. Apart from the banding strength of the sealing material, the geniculus element will be

from sliding away only by the counteracting friction between the alement and the terrain, a force
which is related to the weight of the element. The geniculus has to be backed up by some additional factors,
such as by adding weight to Increase friction, or by some structure with a stable foundation which ‘pushes
back’. One might again consider connecting the elements to each other, but then one has fo connect all in this
fashion.

Thus the conduit of the second éalegory is In danger of cracking, especially al the joint between the
geniculus element and the first alement on the venter, and in the case of horizontal bends at both joints
adjoining the geniculus element. At all points where the pipeline Is not perfectly siraight, at any bend,
whether harizontal or vertical, small or large, the static pressure exerts a force that endangers the joints.

What measures can be taken? First, one could secure every single pipe element onfo the termin. This may be

accomplished by burying the prpeline, a method that Greeks often practised. Settling of the termain, hiwever,
would allow displacement of the pipe elements, causing the joints to crack, which occurs more readily in the
case of high static pressure conditions. An improved method, as was practised in the high-pressure pipelino sl
Pergarman, |s o secure every pipe element in a large perforated stone and then bury the entire pipeline™ We
could also connect each element 1o |ts peighbour, an early example of which may be seen in the pressure
pipeling at Knossos 3 where the heavy lerracotta pipes excavated by Evans over 60 years ago are equipped
with 4 "handles’ suitable not only for carrying but also for tying them together. At Patara the pipe blocks of
H-mDr_lllr.Kmuﬁp&mnmpmrmmdbymuldnmp&&mmgm&m!wmmuﬂymupmrd.m

Another method to cope with problems caused by static pressure is to build the pipeline In straight
swctions, avoiding horizental bends as much as possible When the course between the header tank and
recaiving tank cannot be drawn In o straight line, sharp bends are needed. This reduces the danger points lo
specific locations whete speciil precautions (weights, sand ballast) must be taken. One might also reduce the
pressure inside the pipeline st the horizantal geniculus by locating it at elevated position, or ane might even
dispense with the geniculus altogether by bringing the pipeline up to the level of the hydraulic gradient, Heve
one might incorporate a receiving tank which also serves as a header tank for the subsequent section. This s
clearly what was done ut Aspendos,™ but we must ask why this elaborate solution was chusen If the same
effect conld have been achieved in an easler and cheaper manner by placing extra weights and back-ups at the
harizntal bends.

To summarize: static water pressure constihutes a hazard to siphons made out of pipelines of the second
category; which is not the ease for lead pipelines of which the joints are saldered together (the first categary).
Problems atise especially at bends, either vertical or hurizontal; of these the horizontal bends are the more
difficult 1o deal with, The danger caused by static pressure consists of the cracking ol the joinks at the
geniculns slenvent, Steps to deal with these problems consist mainly of preventing dislocation of the gemieidus
elements with respect to the neighbouring elements. For horizontal gemculy, the elimination of the bends
altogether by bringing the pipeline up to the hydroutic gradient must be regarded as an option.

Dynamic forees

So far effects of static water pressure have been discussed, without considering possible effects of water
flow We now have to consider the forces exerted on the pipe by the flow. For straight sections of a running
siphon, the force o be considered Is the force between the inner wall of the pipeline and the water (the
‘drag’). The overall effect of this drag 1s the loss of head between the header fank and the receiving tank. At
Aspendos the loss of head 1s 14,3 m overe.a length of 1670 m forthe siphon, This Is about 0.008 N/cm? per
meter of comdult. If each pipe block weere 50 cm in length, the net foree exerted on each pipe element by the drag
af the flow would be the equivalent of 4 welght of 267 grams, an amount we may safely disregand

53 The Madradag siphan at Pergamon, deepest of all classical siphons, has two intermediate high potnts on
top of consecutive hills. At the vertical bends at these Intermediate high points, the force from statie
pressure, directed upward, was counteracted by the weight of the perforated stones, which were of
emlarged dimension at these points (Fahlbusch 1982, 73).

Fahlbusch 1987, 135.

Stenton and Coulton 1986, 56.

It % remarkable that in the course of the Aspendos siphon there in 4 straight section of pipeline between
the two towers and between the S tower and the recetving tank on the acropolis, but that the section
between the bottom of the hill of the header tank and the ramp of N tower has a slightly curved
trajectory. It is not clear in what way honzontal forces in this section at Aspendos were dealt with

2me
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Fig. 24. The Madradag siphon at Pergamon (Fahlbusch 1982, fig, 42).

At bends, the direction of flow is changed, whereby a force is exerted on the geniculiis element. Hodge
refers to this force as ‘inertial thrust’. This force is necessary to induce the change of impulse in order to go
round the bend. In the case of Aspendos, whare there (8 o bend of 55° ot the 5 tower, the foree would amount
to atmist 60 N. This force is small compared o the firces exerted by static water pressure, and the effect of
this force may also be disregarded 57 OF the three effects discussed above, static pressure, drag of fow, and
inertial thrust, static pressure is the main and anly. factor that seriously threatens the conduit at the bends.
Yet ane mare factor must be considered: air

Air Inchbles anid air pockets

As we have seen, the Aspendos siphon, with a thosed conduit running over the top of the towers at present
height, would not start up due to the air pockets which oocur in the conduit on the down ramps. In general, alr
pockets will sccumulate during the filling procedure on the downstream side of high points, resulting in a less
af head which equals the sum of the vertical heights of the compressed air pockets (difference in height
between the fop and bottom of the air pocket)™ If this loss of head 15 greater than the head available, the
siphon will not start up. Te solve this problem, one may either bleed alt out of the conduit by means of & valye
near the high point (which valve shauld be able to withstand the available pressure when it is closed), or one
may raise the high point to the hydraulic gradient line and provide for an open tank, a5 ol Aspendos,

The situation at Aspendos may be compared with two other classical siphons which Incorporate high
points: the Madradag siphon at Pergamon, ¥ with two intermediate high points but no hydraulic wnwers (fig.
24), and the siphon of the Yzeron aqueduct at Lyon,* equipped with one hydraulic tower at Craponne (figs.
25-26). For the Madradag siphon it can be shown that, because of the elevated pressure, air pockets at the
two high points (125 and 105 m below the hydraulic gradient line} would be compressed to such an exten!
that the loss of head was only B5 m of the available 37 m, so that at start-up the siphon operated at about
9% of full capacity. Moreover, due to entrainment of air at the battom of the air pockets into the water fow-
ing towards the receiving tank, occurring at a faster rate than entrainment of air into the conduit at the head-
er tank, the air pockets would be purged out and the siphon developed to full :q;lmﬁymiumwthnm
special precautions taken such as bleeding of air by means of valves at high points *! In the case of Yzeron, a

57 Considering the low velocity of the water in running classical siphans.

54 See, e, Corcos 1989 fordan 1984; also Falvey 1980,

59 See Garbrocht 1978, 1987, also Fahlbusch 1982

o Burdy 1991

¢l  Since the slope of the conduit at the header tank is much steeper than at the downstream side of the high
points. For a general discussion of the entrainment of air in closed conduits see Falvey 1980, 48-51, as

BurgBery = ¥4 ™
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Fig. 25. Hydraulic tower at Crapomme (reconstruction, Haberey 1972, 156).

high point in the siphon's course could not be avoided (see fig. 27, e.g. alternative course) The siphon, with-
out a tower, would have stopped functioming altogether after & period of initial start-up, as air entrained at
the header tank would now accumulate at the high point, decreasing the available head to zero. The tower at
Craponne, by which the alr pocket. wum}med, must be regarded s an obligatury part of the system. At
ﬂa@ﬂuthtﬁmmhldmbengmppod upen tanks reaching up to the hydraulic gradient, otherwise the
siphon would not have started at all But at Mpenl:lm the towers constitutie artificial high points not dictated
by conditions of the terrain. The Aspendos towers were built at horizontal bends in the pipeline, but there
are w:zuﬂ harizontal bends in the Yzeron siphon and in the Madrmadag siphon, lacking towers at those
SpuUts.

Waler-furmnier

Apart from problems caused by air pockets at high points, the presence of airin closed conduits may give
rise 1y several more effects, Gmgfﬂmhygtqﬂgmgw defined as & pressure surge in the conduit caused by
lwddmmm&nvﬂmtydhmmﬂm lmrmhmuhmkmvgm and
down the conduit at high speed. [t may be caused by a sudden interraption in water flow, nn:hnhydndng:
valve In duily life today it ls familiar from the banging caused by an improper household tap. If the water
columm moving upstream from the valve comes 10 a sudden halt, the counteracting force needed to stop the flow
gives rise 1o & shock wave moving upstream inside the conduit The magnitude of this surge depends on the
time span in which the flow decreases from full Mlow to zero. For a given conduit and flow velocity, the
shorter the time of closure, the larger the shick wave. Air pockets in the conduiit may complicate matters, as
the water sfill moving upstream from an air pocket will compress the air pocket, while the water downsiream
from the pocket has already come to a standstill, and that may give nse to superimposed shock woves.

It ls not known, however, that classical uphmmnqaipygdwﬂh&dewmuﬁm“ It dowes not
mnkammahu:nffmtum?ﬂ:lltphmntthnmnm mut&mmluh\gmmmmumumhmmyhe
very convendently at the header tank by preventing water from entering the conduit. The in
dght—h.mdwﬂlaftlruﬁ:pmdmtm&u*unkmnth:mwdm:twm'tw-tuwhﬂnihtﬂphnn d to be
interrupted. One may also prevent water from entering the header tank by diverting it out of the open channel
sumhmupﬂrumfrmlhehudnrunk,nrm;rhmﬂthtaqmdmhmlyingutphmihnhu
comme to a standstill, for example for maintenance or repalrs, should be regarded a separate topic ™

well as fig. 29, For the entrainment of air st the header tank of the Madradag siphon, see also Garbrecht
2000, 1, 211-15.

82 Yzeron: 4 horizontal bends; Madradag: 5 horizontal bends,

#3  Sew, for instance, Falvey 1980, 61-65; Schnapauff 1966.

w4 For a genwral discussion of valves in relation with classical siphons, see Hodge 1983, 202-8. For valves
in modem siphons, especially air valves and vents see. 2.8, Falvey 1980, 5777

k3 In many stone pipelines, funnel-shaped hales mm:ﬁngﬂwkuﬂenfmtmduﬂ to the outer surface on
the top of the pipe elements may be noted. Sometimes these holes were made on the joint, as described by
Lanckoronski and observed for at least 3 pipe elements found at Aspendos (Lanckoronski 1690, 124,
fig. 98; pers, obs.). Similar holes have been found, e.g.. in the double siphon of Laodiketa ad Lycum, the
stone pipeline at Susita (Israel), the Delik Kemer siphon at Patara, the stone siphon at Kybira
{Laodiketa ad Lycum: Weber 1898, 6; Susita: Peleg 1991 and Meshel ef ol 1998; Patara; Stenton and
Coulton 1986, 50-51; Kybira: pers. observatiom 1999), The holes were closed off by stone plugs fitted
with plaster, probably of the expanding mix type. | have abserved a 90 x 90 cm stone pipe block with
closing plug i situ at the Roman Hamam Museum in Ankara, and several store plugs in situ on the twin
pipeline of Laodikeis ad Lycum. Similar holes sre known to exist In terracotta plpelines (Tolle-
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The aqueduct at Aspendos and its inverted sipi'ton 127

Although the sudden operation bf valves would give rise to pressure problems. this sption will not be
considered for classical siphans since indications for valves on siphons are lacking. There are, bowever, two
more conditions that may give rise to water-hammer effects or shock waves in closed conduits, and both sre
related to the presence of air in the condwit, The first is caused by air pockets which may sccumuiare at local
thpahmmuhﬂtpuhhmwmhwhdunﬂimﬂwmmmdhylneguhnhqm&m
innnmﬂmﬁd:lumluuhymhuxuﬂ:thuinﬂuhﬂﬁrgdahnm_iwﬁ&umpdtm.
Vertical holes In stume pipelines that are closed with stone plugs shorter my_ggﬂ@,hnkm
comstitute B8, AH may accumulate at such point io form a pocket which water
wmhmm;mﬂm“ﬂmm.hwqhhmyhmirylhtpuclm,mdﬂm
va!udtynimqwmh&uwuwiﬂ[nmuhlma:ﬂuﬂ:podethmﬂnmry.mﬂ'ﬁngmmwﬂ
I'n]:rpm.brulpmhlmumuwhmnﬂmdnwnﬂmmmd.pmnfﬂumpochtmup-nudmd
InnlpnﬂuiamywirthIheﬂmv.ndumg.ﬂumlumeuiﬂ:eﬁrpudmmwhmmlirutmpundﬁnm
upﬂm_,ad&h:gmhwﬂurnnfhmpmTHﬂhnrynltbawmhumﬂlﬁmmpﬁdhnﬂdﬂﬂr
WNwmmwdmhm&mﬁpﬂHMMMdMMﬁum
pressure surges. This problem becomes wirse with an incressing air to water ratio in the conduit * Conduits
wi&smﬂ:pwmﬂiﬁumb&mEhrnum:lrhk.tmdumnudadmmhm-mehmn
wmmwwammlmmmmwmmmmm.

A second, amd wonss, problem arises from leaks in the condutt. Leaks wilt occur more often In conduits
m&m::::mmu&nmuunmlhmm&hd.hyﬂ-mmm:ﬂnmm&mdimnuh
greater But the sealing of the joints of stune pipe blocks, and to & lesser extent of ceramic pipes, with Vitru-
Vius' lg-oil mix must have heen an swkward task, % the joints disappenr from view as soon as the blocks
mpu::lw:lmmpuﬂmndhupaﬁmhﬂuuﬁmhgmurNupmpulgdurhﬁdnkm;&uiuwﬁ
m:*pumihlmﬂmmnnlyakumtwhdﬂ-mHuhimmmwnm-ﬁﬂn;mmm.nﬂﬂnhnmﬂw
;m.mmmmyhmmmwwmmmmmdmhuﬂmh
finished and put to the test. The Aspendos siphon counted over 3000 sealed joints, and leaks must have
m;m»weidmummmammmmmmmw
mmﬁu:rdmai&uhu'gvmmbﬁﬂ;;“uﬁdaadpﬁmnfhﬂpjwmmﬂlﬂ:pmmhﬁng
s the soldering mixture was spplied from the outside. which grestly facilitated tnspection and repair.

If an air bubble ar air pocket, maving with the flow, passes by a leak. the air will be released jrito the
lrhnmph-mannummhfmwm.ﬂmthnhnkmgnlmzﬁmulfwwmmlumupah'nm
from the leak will be accelerated until the alr pocket I completely released, after which it is decelerated

mhﬂd&ﬁumﬂﬂhrﬂudﬂwmwmﬂ!mﬁumhm by hissing
anstMMmemmmmm:mgwmm.hm
imsidé the conduit.™ For the Aspendos siphon, at « static pressiure of 40 m of water column, 4 [2-mm holé
(banat 1 coni®) will cause water to leak from the conduit at about 21 per second. Air from s compressed air

mhlml-umﬂwhﬂhhm:hlnltlmhm-:uggmudﬂmmt_hnhimedm
dnmmthmmpty&mmmwhmmmmwuqﬁrd.mumddhghﬂufqr:hﬁng
blockages (Hodge 1992, 37-39); also their possibile use a3 safety valves, the plugs intended to blow off in
case Of 3 dangerous pressure surge, has been mentioned (Stenton and Coulton, Ibid.), Fahlbuseh in turmn
propossd (1959) that the holes were cut to permit removal of calcareous incrustations by means of hot
vinegar. Somw associste the holes with Vitravius' cofliguiaria, See for a general discussion see Hodge
!Wlﬂfi.mdﬁiﬁ-.Tﬂh-lﬁumhutnihid.Th:huéutppmwmmmHuuvpufﬂ'mplpulhmnt
mm-:mwmmmmmmnrmmm.mmqumm
wtthdmﬂn;pmhlnnﬂﬁ.pﬁmhﬂhﬂhgﬂrpwwmfmnmm
_ﬂfﬂwnght-htndcmd:ﬁtllﬂu!umufth!mnpomhﬂm,hmwmatumﬂtdmnﬂﬂmdrd
meters of the left-hand conduit was destroyed in comnection with the construction of 4 local
drainage/ irrigation system, the pipe elements and the massive sione foundation blocks left lying aboul

" In nad heaps along the ariginal course.

64 For s general discussion see, e g, Schnapaulf 1966

67 Depending on the location of the lmaking spot, the downstream water column may decelerate and
accelerate as well, resulting in similar effect.

6# knnuhrnm:rmnmihmmmyhupaimundwhmapmly-mm;m&mhm.wlﬂu
nmdvﬂnnmmd.mdmnmdm-prmudmwuumpcpiynth!n&ur.uupamd,uwhmn
hu-&muhpumﬂdwdmup:&wrhﬂmmqwdmm&mhpuﬂxmpplym
draining of the conduits
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The aqueduct at Aspendos and its inverted siphon 129

pocket will be released into atmosphere st & rate of about 50 | per second through the same orifice. As soon as
H'lu'n'pmkﬂ'umm.ummﬂﬂdwahrm?mlhmdmﬂm;hmmhuﬂuh-
conduit® The generated shock wave runs along; the pipeline, and at bends of pipelines made of elements of the
second category (stone and terracotta alike), these waves cause a short and sudden increase of the force
which lm:lumdi.-.lmtl:utmhfmm.mhpufﬂmfmuﬁmnmucmmﬂmhmmy
occur repeatedly in some sart of banging and vibrating, exceeding the conmteracting forces applied to mest
static pressure. Once onie of the joinls staris leaking, the water flow in the conduit will be increased because
of the water escaping, and more air may be mixed with the water at the header tank 1o be d through
the conduit, adding 1o the occurrence of shock waves damaging the pipeline. In the end the leak may be
increased to such an extent that the hender tank is emptied more quickly than the aqueduct brings in wates,
'whmubyImﬂprﬁbpﬁﬁhlhmﬁhmﬂmﬁﬁra@mmm the last phase of its destruc-
um,whmauw-tr,ru-s-unmuthamﬂ:ﬁmﬂuhndmtmkmmwmmmmrdpuwntmﬁng
with pressurized air paciets nailly escaping into stmosphere. Also, the pressure shocks may have destroved
awukplpﬂwmtmh&mhMmdﬂulhmﬂdudyipuduphpmddﬂm:ﬂm.
Furh.nﬂmrdmhwuhmldmﬁm,m_hmmmmﬁtmdmwmummmumh
pipe walls are of equal sirength. Such plpelines are less liable to damage by water hammer than thezr ston ar
uarthmwmmﬂﬂpnu,mdﬂubud:numahmudrpﬁhrdﬁmgp_ﬁutmmthtyhahﬂmwpu
crﬁnrt]wminwmﬂmhmmgndmdmpln;ﬂrmdnqwnﬁqnuiuﬂmdwam.ltrrmwthnwbnm-
cumman experience, and when Ovid tells of Pyrsmus killing himself by the sword thinking that his beloved
Thisbe had fallen vicim to & lloness, he writes describing the blood paunding with the heartbeat (Mer 4.122):

. erulr emicat alte - bl sequirted high,
nontt itliter quam cum vitiaio fistule plumbo no different than when o water conchult, with damaged lead,
stinditur et henad stndente foramine longas tears open and through the hissing crack long jets of water
elactdatur aquas alque letibg sers rampit are propelled and with beating biovws burst nto e air

Leaks in mendukhopudi:eﬂpmm&mm&mmmm,hmmﬂn desper the
siphon ig. Intake of sir at the header tank cannot be avoided entirely; already a! startoup, problems will arise
if the conduit in not completely watertight, and that is hardly feasible. In any event, water-hammer effects may
arise and threaten the system; All bends, vertical but especially horizontal bends, constitute danger-points.
The obvious remedy is o get rid of the danger points, that is, build in straight sections and avoid sharp bends.
Vertical genicull cannot be avoided, and the geniculi can and must be secured on the terrain, either by a solid
toundation or by making the geniculug itself of such dimensions that it s immovable and can withstand the
pressure blinws. Sharp horizontal bends, much more difficult to protect against intermittent water-hammer
banging, may be dispensed with all together by dividing the siphon up at the bends, and that can only be done
by bringing the water to Its “natural level” This 1s what was done at Aspendos.

Thus the hydraulic lowers at Aspendos and the tower &t Craponne were built for completely ditferent
reasoma. At Aspendos the towers were meant to avoid damage to the conduit st horizemtal bends, damage
caused by witer-hammer in relation to the characteristics of the pipeline, it being made of stone elements fitted
together with plaster. The tower at Craponne was built 1o ensure that the siphon would function at all, since
without I} would have come to a standstill soon after start-up due to air pockets at the unavoidable
intermiediate high paint. In both cases the problems were caused by air. In both cases the sncient engineers
planned their design ahead, otviously from a knowledge of what hid to be done

We may therefore enumerate a set of ‘rules-of-thumb’ for building siphons.

For siphons built from elements of the second category (plastered joints):

— Build i straight sections as far as possible. Secure the elements to each other to prevent
displacement sideways (by clamps, walling). Avoid high points tn the conduit.

— For vertical gemiculi build well-secured foundations to prevint downward dislocation of the
gemiculus element with respect to neighbouring elements. f this is not possible; make the
geniculus element of enlarged dimensions to compensate for weakness of the terrain,

* — Avoid horizontal bends as far as possible; if unavoidable, try to fix the genmiculus element

nmmovably on the terrain and/or o each other, or eliminate the horizontal gemiculus entire-

o%  Ignoring factors that may have a diminishing effect such as the presence of much alt in the condult, in the
Aspendes siphon the water-hammer caused by a leaking arifice of 12 mm-diameter might result in sudden
pressure increases of almet 100%. The calculations on which these estimates are based ave available
frovm the author.

27



130 Paul Kessener

ly by constructing a tower bringing water up to the hydraulic gradient,
— Fill the siphon slowly to prevent water-hammer effects at start-up.
— Try to seal leaks to reduce water-hammer effects.

For siphons bullt from elements of the first category, lead pipes soldered together, these
precautions do not apply. Horizontal bends are not much of a problem (the Yzeron siphon counts
no less than 4 horizontal bends, fig. 27). When positioned on a slope, the conduit may have to be
prevented from sliding from its weight, or bending sideways because of lead’s natural
flexibility, by fixing the pipeline on the terrain at regular intervals or by encasing it into
concrete. These conduits are suitable for crossing a river by being submerged. ™ One has to avoid
high points, however, as they may interfere with the functioning of the siphon because of air
pockets stoppmng the flow. If unavoidable, one should consider the option of building & tower
and splitting up the siphon,

I shall reserve for another place a detailed discussion of Vitruvius 8.6 and the problem of
the identification of that hapax legomenon. colliguiaria or colliviaria. Clearly it was known
to Vitruvius that air was the agent that caused the problems (sprritus, 8.6.6 and 6.9); and that
at the start-up of second category siphons, if it was not cartied out with the utmost care (8.6.9),
these problems most assuredly would arise due to air escaping from unavoidable leaks. The loss
of water due to leaks was not the problem, but the water-hammer effects resulting from air
escaping, threaterung the integrity of the entire siphon. Vitruvius' reatise on siphons may be
regarded as clear and coherent, distinguishing between pipes made from elements of the second
category (R.6.8-9) and those of the first category (B.6.4-7). His set of 'rules of thumb’ corresponds
well with our own set of rules derived from today’s insights and knowledge Air is the problem
to deal with, and Vitruvius mentions air in relation with both types of siphons. For the second-
category siphons, air may destroy the siphon at the bends, at any bend, and especially at
horizontal bends, because of the water-hammer effects due to leaks. And leaks can nol be
prevented in second-category siphans; one can only attempl to seal them by Introducing ashes
inta the conduit before start-up (8.6.9). The deeper the siphon is, the worse this problem
becomes. For shallow siphons, with lower pressure and lesser water-hammer blows, one could
suffice with sand ballast and weights or bands in case horizontal bends could not be avoided. In
Aspendos, because of the elevated pressure, the solution with hydraulic towers was chosen — a
solution that perhaps was unique at the time and applied first at Aspendos. Vitruvius wrote
his book VIII in 23 or 22 B.C,71 long before the Aspendos siphon was built, so he can not have
known this specific situation. The Yzeron siphon (s dated sometime in the last two decades B.C..
1t is estimated to be the first of the four great Lyon aqueducts,”? and the chances are that
Vitruvius knew of its existence. When he refers to air for siphans of the first category, soldered
lead conduits, he says that something must be added in the venter to ease air pressure.
Vitruvius does not refer to damage or the like, which he expressly does in relation with the
second-category siphons. He simply states that something must be added to relieve air
pressure. And it is air, in a pocket, and under pressure, that would have prevented the Yzeron
siphon from functioning had the “Tourillons” tower not been built. Thus Vitruvius' colliquiaria
may be related to the Craponne lower of the Yzeron stphon.

5 Conclusion

The Aspendos aqueduct does not stand out for Its length nor for the size of Its bridges and
tunnels. [t transported water at & modest 65 | per second, surely not the highest flow, even in

70 See, v, Hodge 1992, 157, Note that submersion protects the jead water conduits against pressure
problems because of counteracting hydrostatic pressure from the niver water. If the conduit holds
againat inside pressure al the river's edge. it will also hold when laid on the river bed,

7t Fenaterbusch 1964, 5.

72 Burdy 1991, 214-15

28



The aqueduct at Aspendos and its inverted siphon 131

this region. Its crossed the depression separating city from mountains by means of an mverted
siphan made of stone pipe blocks, not uncommon at the time. But the siphon incorporated two
huge towers, @ provision not known elsewhere. The towers, with open tanks on top, took the
bends out of the siphon’s course, thereby countering the effects of water-hammer (and of static
pressure as well), pressure shocks that doubled the inside pressure in the Aspendos siphon and
were related to the presence of air escaping from the conduit through unavoidable leaks. When
a conduit is made from stone or earthenware, these pressure shocks endanger siphons,
especially at horizontal bends. At Aspendos the engineers chose to eliminate bends altogethar,
since the alternative of a siphon with no horizontal bends could only be realized at a cost
surpassing that of building the towers, The Roman engineers knew very well what dangers
threaten siphons and they knew what to do. The Aspendos towers may therefore be regarded as

an outstanding example of Roman hydraulic technology

Vitruvius, who lived long before the Aspendos siphon was built, adequately described in his
book VIII, chapter 6 the problems encountered when building siphons. He distinguished
between two categories of pipelines, lead pipes soldered together, and conduits made from pipe
¢lements joined and sealed with a lime-oll mixtare. Air may endanger the functioning of both
categories of siphons, but it does so in different ways. For siphons of the first category, made
from lead pipes with soldered joints and no leaks, the danger is that air at intermediate high
points stops water flow altogether. For siphons of the second category, of stone or ceramic pipe
elements, with unavoidable leaks, the conduit is prone to be destroyed, especially at
horizontal bends, by water-hammer effects caused by air escaping from leaks. Vitruvius
mentions both dangers, and clearly describes what has to be done. Vitruvius' hapex lagamenon
“collypuinria” may be related to the hydraulic tower of the Yzeron siphon at Lyon, where it
served as a provision that assured that the siphon, with an unavoidable intermediate high
point, would function at all. The situation at Aspendos, where the engineers decided to build
towers, instead of adding weights or bands, to cope with destructive water-hammer forces at
honzontal bends, was not known to him, but. as in our timne, technology evolved, and large-scale
projects required new solutions tor old problems, problems known to the Aspendos engineers as
they had been to Vitruvius.

van Slichtenhorststr. 13, NL-6524 JH Nijmegen
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Aspendos’da diinyaca unll antik su kulesi
Fotograf M. Bildirici 2007
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Aspendos su kuleleri (Foto M. Bildirici, 2007)
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