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The source of the quartzite used in the Colossi 
has been the subject of several recent investi- 
gations (Heizer etal., 1973; Bowman eta/.,  1984; 
Klemm et al., 1984; Stross et al., 1988). The first 
two papers place the source of the original stone 
(exclusive of the Severus reconstruction) at a 
quarry at Gebel el Ahmar near Cairo. The third 
paper places it at a quarry at Gebel Tingar near 
Aswan. The fourth paper disputes the conclu- 
sions of the third and considers the deductions of 
Klemm et al. to be invalid. The present paper is 
not concerned with where the Colossi originated, 
but discusses the problems involved in barge 
transportation of such heavy loads regardless of 
the direction of travel. The location near Cairo is 
on the other side of the Nile from the plain of 
Thebes, the site of the Colossi, and about 676 km 
downstream; the location near Aswan is on the 
same side of the Nile and about 220km 
upstream. In either case, the Colossi were 
presumably loaded on sledges, dragged to the 
shore of the Nile and then loaded on barges to 
be transported to their final destination. The 
purpose of this paper is to determine whether a 
barge constructed according to contemporary 
descriptions would be strong enough to carry 
such a heavy load, and also to determine the 
force that would be necessary to propel such a 
barge upstream. If the source was upstream at 
Aswan, the propulsion problem is replaced by a 
control problem, which we shall also address. 
We d o  not consider the problem of loading the 
Colossi onto a barge, or of unloading them. 

One might say, with some justification, that 
the present investigation is unnecessary, since 
one knows that the Colossi were moved from 
one or the other location to Thebes. There are, 
however, reasons for the investigation. There 
has been some controversy, albeit informal, as to 

whether it would have been possible to move a 
loaded barge so far upstream with the methods 
of propulsion then in use, and hence whether the 
source near Cairo was indeed possible. Whether 
a barge of contemporary construction would be 
sufficiently strong may seem less controversial 
inasmuch as there exists a bas-relief (in the 
temple of Queen Hatshepsut in Deir el Bahri) 
showing two obelisks, the pair weighing about 
700 tons, loaded end to end on a barge being 
towed by a flotilla of rowboats. Even though the 
weight of a single Colossus is about the same as 
that of the two obelisks, the weight distribution, 
and hence structural response of the barge, is 
different in the two cases. 

According to Heizer et 01. (1973), each 
Colossus weighed 720 metric tons without its 
base. Other weight determinations are cited in 
this paper, but none of them deviates sufficiently 
from 720 tons that our analysis or conclusions 
would have to be modified. They also give the 
dimensions as follows: 10.50m from front to 
back, 5.43 m in width and 14.3 m in height. The 
state ofcompletion of the Colossi before moving 
is apparently not known but is not really relevant 
to our problem. 

Although considerable information concern- 
ing Egyptian boats is available, stretching back 
as far as 2600BC, the information most rele- 
vant to the transport of the Colossi js that 
concerning the already mentioned barge used to 
transport two obelisks, often referred to as 
Queen Hatshepsut’s Lighter. This information 
consists primarily of the bas-relief described 
above, together with a hieroglyphic inscription 
on Ineni’s tomb that may or  may not be associ- 
ated with the same vessel. General information 
about Egyptian vessels may be found in chapter 
1 of Koster (1923) and in Landstrom (1970). 
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There has appeared a sequence of articles about 
Queen Hatshepsut’s Lighter by Ballard (1920, 
1926, 1937, 1941, 1947), By Salver (1936, 1940, 
1947) and by Koster (1934: ch. 1) as well as a 
few other shorter responses to these articles. 
Landstrom in his book (pp. 128-33) gives his 
own interpretation of the construction of the 
Lighter. Our task is somewhat easier than that of 
these other authors.Whereas they are trying to 
reconstruct a particular barge and its usage, we 
have no such constraint. We are simply asking 
whether it is possible, according to the methods 
of ship construction current in Egypt at that 
time, to construct a barge that could safely 
carry the Colossi, either singly or together. 
Furthermore, given possible configurations for 
such a barge, we wish to compute its towing 
resistance in order to estimate how many men 
would be required to tow it, from the shore or 
from rowboats, upstream from the quarry at 
Gebel el Ahmar. If the quartzite came from a 
quarry near Aswan, the hydrodynamic problem 
is chiefly one of control rather than resistance. 
This problem has been discussed in a similar 
context both by Koster (1934: ch. 2) and by 
Goyon ( 1  97 1 : esp. pp. 38-41 and plate VII). We 
also shall discuss this later. 

Hull-shape consideration 
In order to make any structural or hydrodyna- 
mic calculations, it is necessary to settle upon 
some fairly definite shape for the barge as well as 
upon its principal dimensions: the overall length 
L,,, waterline length L,,, maximum beam Boa, 
waterline beam B,,, draft T and depth (keel 
to upper deck) D. Dimensions are discussed 
extensively in the papers and books cited above. 
Some contemporary information is available 
from the inscription in Ineni’s tomb (Breasted, 
1906: §l05), mentioned earlier, where it is 
stated that he had built a large ship to transport 
two large obelisks for Thutmosis I ,  Queen 
Hatshepsut’s father. In this inscription, dimen- 
sions are given for length and beam (pre- 
sumably overall): L = 120 cubits 63 m and 
B=40 cubitsx21 m. No information is given 
about draft or depth. The bas-relief of Queen 
Hatshepsut’s Lighter can be used to estimate 
values for ( D -  T)/L,, and Lw,/Loa, assuming, 
of course, that the barge in the bas-relief is 
correctly proportioned. If one assumes that the 
two barges are constructed similarly, there is 

enough information to estimate some further 
ratios. Finally, knowledge about methods of 
construction allows one to estimate the lightship 
weight. That plus the known weight of the 
obelisks allows one to estimate the draft Twhen 
the barge is loaded. 

Landstrom (1970: 132-3) has given his own 
reconstruction of Queen Hatshepsut’s Lighter, 
but with dimensions about 312 times those given 
above by Ineni. His reasons for increasing them 
are not really relevant to our own problem, and 
we shall not use his dimensions. However, we 
shall find it convenient to assume a barge of 
approximately the same proportions and shape 
as the one that he shows. A detailed description 
is given in the Appendix. 

It is evident from the preceding remarks that 
not much is known with certainty about the 
dimensions of Queen Hatshepsut’s Lighter, and, 
of course, much less about the barges that were 
used to transport the Colossi. We believe that 
this does not affect the validity of our own 
conclusions, if we can show that either of the 
two barges that we shall consider could have 
transported the Colossi. Of the two barges that 
we shall analyse, one is a bit smaller than that 
described by Ineni, the other somewhat larger. 
Their dimensions are as follows: 

Barge I: L,,= 58 m, B,, = 20 m, D = 5-6 m; 
Barge 11: Lo, = 70 m, Boa = 24 m, D = 6 m. 

Although the earlier studies of Queen 
Hatshepsut’s Lighter by Koster and Salver have 
taken the draft to be close to 2 m, we have not in 
every case been able to reconcile this draft with 
our estimates of the lightship weight plus the 
weight of a single Colossus. The lightship weight 
was estimated in a manner similar to that used by 
Koster (1934: 4 5 ) .  The outside surface area 
(Ar) of the whole hull was first computed (see 
the Appendix). We then assumed, following 
contemporary construction methods, that the 
hull was constructed of blocks of Lebanon cedar 
or acacia, assembled brick-wall fashion and 
fastened together by dowels and rope lacings. 
The thickness t of the wall multiplied by the area 
and by the density of the wood then gives the 
mass of the hull. To this we have then added 30% 
for interior construction, crew, etc. and finally 
720 tons for a single Colossus. Koster (1934) 
assumes a wall thickness of 0.40 m. Solver one 
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Table 1. 

BargeI:Ar=1360m’. f = @ 3 m .  V=1250m3, T=2.25m,LW,=51 m, B,,=18.8m; 
f=0 .4m,  V=1425m3. T=2~45m,L, ,=52m,Bw,=19~0m 

Barge 11: Ar = 1850 mL, t = 0.3 m, V =  1440 m’, T= 2.05 m. L,, = 58.6 m, B,, = 22.2 m; 
r = 0.4 m. V =  1680 m3, T= 2.25 m, L,, = 60 m, B,, = 22.5 m 

of 0.30 m. We shall consider both, The specific 
gravity of acacia (Acacia iiilotica) is near to 1, 
and we shall use this value. From the above 
information and from Figures A2 and A3 in the 
Appendix we may now further specify our two 
barges (Table 1). 
All four of these cases will be considered below. 

General structural considerations 
In determining the structural response of a ship, 
it is usual to consider two separate modes of hull 
behaviour, primary and local. In the primary 
behaviour, the hull is considered as a beam, free 
at the ends, and applicable beam-theory equa- 
tions are used to estimate the primary stresses. 
The load acting down on the beam consists of the 
weight of the hull itself plus the weight of the 
cargo, engines, machinery, equipment, etc. The 
beam is supported by buoyancy forces due to 
water pressure distributed along its length. An 
equilibrium position is thus reached, where the 
vertical forces of buoyancy balance the down- 
ward forces of weight. Based on the equilibrium 
of vertical forces and moments, the mean draft 
and trim in still water can be determined. 

The difference between the weight per unit 
length and the buoyancy per unit length as 
determined from the draft and trim gives the net 
primary load per unit length applied to the hull. 
Integrating the load per unit length, starting at 
one end of the hull to any section, gives the shear 
force a t  that section. A second integration yields 
the bending-moment distribution. The stresses 
around any section can then be determined by 
using a simple beam equation that depends 
upon the moment applied at that section and the 
section modulus of the hull. 

In the local behaviour, attention is given to the 
response to local loads of joints, brackets and 
other details in the hull. A detailed analysis 
using finite-element methods is usually done to 
estimate the response of the local structure by 
isolating it and subjecting it to the local applied 
load. The effect of the main structure on the local 

detail is taken into consideration by applying the 
appropriate forces or displacements at the 
boundaries. 

According to Herodotus (1  1,96), the vessels 
used in Egypt were made of acacia trees (see also 
the commentary in Lloyd, 1976: 384-6). Planks 
of length about 1 m were arranged like bricks. 
The planks were attached together by ties to a 
number of long stakes or poles. Cross-planks 
were then placed at the top from side to side, and 
the hull seams were caulked with papyrus on the 
inside. 

Cedar planks imported from Lebanon were 
also used in the construction of Egyptian barges. 
For example, King Cheops’ funerary vessels 
built in the Fourth Dynasty were constructed of 
cedar planks with interior framing. 

As the name implies, the primary load and 
response are usually more important than the 
local response, particularly for hulls longer than 
about 40 m. Because of this, we shall concentrate 
our attention on the primary behaviour of 
Egyptian barges, and shall assume that the 
strength of the joints connecting the wood 
planks of the hull is as strong in tension as 
the wood itself. In compression, the joints are 
probably as strong as the wood itself, since the 
planks are joined end to end, provided that the 
joint is well designed against buckling. In ten- 
sion, the load on a joint is resisted by ropes 
connecting the planks, which could probably be 
made at  least as strong as the wood. Apparently, 
ancient Egyptians took advantage of the fact 
that wood expands when it gets wet. Using this, 
they succeeded in making the joints strong and 
watertight. 

Although the shape of modern ship hulls does 
not deviate much from ancient Egyptians hulls, 
there are a few differences in the structural 
arrangement that must be considered when 
applying current methods of analysis to the 
structural behaviour of Egyptian barges. One of 
these differences is the presence of a hogging 
truss in these barges, the truss consisting of one 
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or several strong ropes connecting the bow and 
stern of the vessel and supported at several 
locations above the deck by special strong 
columns erected from the deck. The function of 
the hogging truss is mainly to resist the upward 
bending of the hull (hogging mode) by providing 
a structure far enough from the neutral axis 
of the hull that hogging deflection of the hull is 
resisted by it. Since ropes cannot take com- 
pression, the hogging truss becomes ineffective 
in a sagging mode. Other secondary functions of 
the hogging truss may have been to support the 
parts of the bow and stern extending out over the 
water, and to tighten the joints between the 
wood planks as the truss ropes are tightened. 

Another deviation of the Egyptian barges 
from current structural arrangements is the 
presence, at least in some barges, of a girdle truss 
that consists of ropes connecting the two sides of 
the hull and extending along its length. The main 
function of the girdle truss may have been to 
enhance the overall integrity of the hull and to 
resist sagging (downward) deflection. Unlike the 
hogging truss, there is very little information on 
the girdle truss and only a few inscriptions show 
it, with no details given (see, for example, 
Landstrom, 1970). In any event, by the nature of 
its location, the girdle truss cannot be as effective 
in resisting sagging moments as the hogging 
truss in resisting hogging moments. The girdle 
truss, however, can be effective in holding the 
hull together more firmly. 

The presence of the hogging and girdle trusses 
complicates the structural behaviour of the 
hull, since the hull can no longer be treated as 
a statically determinate simple beam in the 
primary mode. These trusses will make the 

structure statically indeterminate, and more 
elaborate analysis must be conducted in order 
to determine the primary loads and response. 
In addition, much more information must be 
provided with regard to the geometry, arrange- 
ment and dimensions of these trusses than is 
currently available. In the analysis presented in 
the next section, no credit is given to these trusses 
in resisting the external loads. Thus, if the barge 
is found to be strong enough on that basis, such a 
conclusion will be a conservative one. However, 
if no conclusion can be reached using such a 
simplifying assumption because, for example, 
too high stresses develop in the hull, a more 
elaborate analysis must be undertaken. 

Primary loads and response 
The procedure discussed under 'General 
structural considerations' for determining the 
shear and bending-moment distribution was 
used for the four postulated barges. For lack of 
more detailed information, however, additional 
assumptions had to be made concerning the 
distribution of weights and buoyancy. The light- 
ship weight distribution was assumed to be 
parabolic, while the buoyancy distribution was 
considered uniform over the parallel middle 
body and parabolic at the extremities. The 
weight of one Colossus was assumed to be 
uniform over a length of 14.3m, which is the 
height of one statue. The case of two colossi 
loaded side by side was also considered. 

A simple computer program was developed 
for calculating the net load distribution, for 
integrating the load in order to determine 
the shear-force distribution, and finally by 
integrating again to determine the bending- 

Table 2. Priniary niornents and stresses. (Nore: modirlits of riiprure, for cedar = 7400 tonlrn') 

Cargo weight: 
Results: 

720 Ton (1 Colossus) 1440 Ton (2 Colossi) 

Barge I Barge I1 Barge I Barge I1 

/=0.30 t ~ 0 . 4 0  t=0.30 /=0.40 t=0.30 /=0.13 t=0.30 

Maximum shear force (ton) -253 -260 -259 -264 -512 -495 -530 
Maximum bending moment 
sagging (ton-m) 2793 2943 2987 3123 6113 5685 6977 
Section modulus (m3) 36.7 48.9 46.8 62.4 36.7 15.9 46.8 
Maximum bending stress (tonjm') 76.0 60.1 63.8 50.1 166.4 357.1 149.1 
Percentage of modulus of rupture 1.03 0.81 0.86 0.68 2.25 4.83 2.01 
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Figure I .  Distribution of load, shear and bending moment for barge 1 with a one-Colossus load. (a) Weight and 
buoyancy distribution; (b) net load distribution; (c) shear force; (d) bending moment. 

moment distribution. The program calculates 
the maximum stress (at midship section) from: 

where M,,, is the maximum bending and SM is 
the section modulus. For simplicity, a rectangu- 
lar cross-section was assumed initially in the 
calculation of SM but was corrected later for a 
more accurate shape. 

Table 2 summarizes the results obtained from 
the computer program, while Figure 1 shows 
typical distributions of the weight, buoyancy, 
net load, shear force and bending moment. 
Table 2 gives the results for one- and two- 
colossus loading conditions. The last row in 
Table 2 shows the maximum stress as a 
percentage of the modulus of rupture of cedar 

wood. Lebanon cedar (Cedrus libuni) is closely 
related to Deodar cedar (Cedrus deodura) for 
which considerable information is available 
concerning its mechanical properties. Pearson 
& Brown (1932: 1049) give 7400 tons/m2 
(72 700 kN/m’) as the modulus of rupture in 
bending for air-dried timber and about 80% of 
this for green timber. The maximum crushing 
strength is given as 4300 tons/m2 (42 300 kN/m’) 
for air-dried timber and about 70% of this for 
green timber. Masani & Bajaj (1961: 2, 122) give 
700 tons/m’ (6900Kn/m2) as a safe working 
stress in bending in wet locations and 560 tons/ 
m2 (5500kN/m’) as a safe working stress 
in compression parallel to the grain in wet 
locations; for compression perpendicular to the 
grain this drops to 170 tons/m2 (1670 kN/m’) in 
wet locations. It is evident from Table 2 that the 
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bending stress is well within the recommended 
safe limit for a single Colossus and still tolerable 
for two Colossi. It should also be noted that if 
acacia were used instead of cedar, the margin 
of safety would be even greater since the safe 
maximum bending stress of acacia, as given by 
Masani & Bajaj (1961), is about 1230 tons/m2. 

Additional results 
Here, some of the assumptions made in the 
previous section are further examined in order 
to determine their effect on the conclusions 
reached concerning strength. 

Correction of the section modulus. The results 
giveninTable2are based ona thin-wall rectangu- 
lar cross-section ofthe hull at midship rather than 
the actual cross-section. Since this is not a con- 
servative assumption, it is important to examine 
more closely the effect of the shape of the cross- 
section on SM and the corresponding stresses. 
The actual shape of the midship section is 
considered next. 

The midship SM of barge number 1 with 
30 cm outer planking was calculated based on 
a straight deck and the assumed shell. The 
resulting SM was calculated to be 26.35 m3, that 
is, 70% of that of the rectangular section. The 
corresponding maximum bending stress was 
about 1.5% of the modulus of rupture of the 
wood, which is still very low. 

Sensitivity of the results to the wood thickness. 
Barge number I was again considered in order to 
examine the effect of varying the thickness of the 
wood planks on the stresses. The two-colossus 
loading condition (side by side) was used and 
the results are shown in Table 2. A rectangular 
midship section has been assumed. A 13 cm thick- 
ness was also considered in the calculations 
since, according to Jenkins (1 980), King Cheops' 
Royal Ship, built in the 26th century BC, was 
constructed from 13 cm-thick cedar planks. 

As can be seen from Table 2, even with 
what may be considered a minimum thickness 
(13 cm), the stresses are still only 4.8% of the 
wood modulus of rupture. If the shape of the 
cross-section is taken into account, this percent- 
age would increase by approximately 43% (i.e. 
6.9%), which is still low. 

Extreme sagging bending moment. In the calcu- 

lations for Table 2, certain assumptions have 
been made with regard to the lightship weight 
distribution and the buoyancy distribution. In 
order to examine the effect of these assumptions 
on the results presented in Table 2, the distri- 
butions that would result in an extreme sagging 
bending moment were considered next. For this 
purpose, the lightship weight distribution was 
assumed to be triangular with a maximum value 
at midship section. The buoyancy distribution 
was considered uniform along the barge length. 
It should be noted that these distributions are 
rather unrealistic and yield an overconservative 
bending moment. Both barges were used for 
the comparison and the two-colossus loading 
condition (side by side) was assumed. The result- 
ing sagging bending moments at midship under 
these extreme distributions are 9147 and 12 126 
ton-metre for the two barges, respectively. The 
corresponding maximum stresses, assuming a 
rectangular cross-section of 30 cm thickness, are 
249 and 260ton/m2, i.e. about 3.5% of the 
modulus of rupture of the wood. 

Conclusions concerning structure 
On the basis of the results given in Table 2 
and the additional calculations presented in the 
three sections above, it can be concluded that the 
postulated barges are strong enough to carry 
one or two Colossi. The two-Colossus loading 
condition results in higher stresses due to the 
concentration of weight in the same space. These 
conclusions are independent of the direction of 
motion of the barges, whether upstream or 
downstream in the Nile. 

Hydrodynamic considerations 
We shall now turn to some hydrodynamic 
aspects of the barges under discussion. First, we 
discuss the resistance of the four selected barges, 
then the force exerted by oarsmen, and finally 
some aspects of control in downstream travel. 

Resistance 
The resistance of a vessel to steady motion 
through water is usually estimated as the sum of 
a wave resistance, a frictional resistance and an 
eddy resistance. In practice, one usually lumps 
the wave and eddy resistance together and calls 
the sum the residuary resistance. 
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The two resistances are often presented in the 
form, 

Rf=0.5pu2Ar Cjand R,=0.5pu2ArC,. 

where p is the density of the water, 11 the velocity 
of the vessel relative to the water, and Ar the 
wetted area of the vessel. C, is a coefficient 
depending upon the shape of the vessel and 
also upon a dimensionless constant called the 
Reynolds number, defined as follows: 

Re = uL/v, 

where L is the length of the vessel on the water- 
line and v is the kinematic viscosity of water. 
C,also depends upon the shape of the vessel and 
additionally upon a dimensionless constant 
called the Froude number, defined as follows: 

Fr = u/JgL, 

where g is the gravitational acceleration. Both p 
and v depend upon the water temperature. We 
shall take values at 20°C. but conclusions would 
not be significantly changed if we used instead 15 
or 25°C. For 20°C and fresh water, p =  
0.9981 kNs’/m4 and v =  1.0067 x loph m2/s. It 
has been found that without great error, less 
than 5%, one can approximate the value of C, 
for a particular vessel of more or less conven- 
tional design by the value of Cf for a flat plate 
of the same length and wetted area moving 
edgewise. Experiments have been made on flat 
plates of various lengths, and the resulting values 
of C’ have been presented as a formula. There 
are, in fact, several formulas, but the differences 
are not significant in the range of Reynolds 
numbers that we shall be considering. 

If the barge is being towed upstream, still 
another force must be taken into account, that of 
gravity. Since the barge is being towed ‘uphill’, 
this force is the weight of the barge plus its 
load times the slope of the river. In the region 
between Cairo and Thebes, the slope is very 
nearly 1/13 000 (Willcocks, 1904). 

From the preceding formulas, it is evident that 
in order to estimate the resistance of a barge it 
is necessary to know not only its principal 
dimensions but also the area of the submerged 
part of the hull (the ‘wetted area’), the coefficient 
C, and, of course, the velocity of the barge 
relative to the water. If the plans of a vessel are 

available, it is possible to calculate the wetted 
area. There are also formulas for estimating this 
approximately. 

A common method for determining C, is to 
build a scaled model, test it in a ship model basin 
(or ‘towing basin’), and extrapolate by standard 
methods the measured resistance from model to 
full scale. Another procedure, less accurate but 
often satisfactory, is to interpolate in a ‘standard 
series’. A standard series is generated by varying 
systematically, starting with a parent form, 
certain dimensionless global parameters deter- 
mining the hull shape. Such parameters may 
be, for example, the beam/draft ratio BIT, 
the ‘block coefficient’ C, (=the submerged 
volume Vdivided by B.T.L), and the ‘volumetric 
coefficient’ C, (= V/L3). The block coefficient is 
sometimes replaced by the ‘prismatic coefficient’ 
C, (= V divided by the midship section area 
times the length). In order to give some idea of 
the magnitude of these coefficients, we note that 
for a half-submerged ellipsoid C,= n/6 = 0.564 
and C, = 213. The assumption underlying the 
use of standard series is that any hull form with 
the same parameter values as one in the standard 
series will have a C,-against-Fr curve differing 
only little from the one in the standard series. 
For hulls of fairly normal form this has been well 
confirmed.[’] There is still another, less reliable, 
procedure. This is to search among published 
data for a hull with similar proportions and 
parameters and to use the C,-Fr curve deter- 
mined for it. A collection of such data has been 
published by the Society of Naval Architects 
and Marine Engineers (1953) under the title 
Resistance and Propulsion Data Sheets. 

Since we have assumed an analytical form for 
the hull, it would be possible to carry out a 
model test. However, the arbitrariness of the 
chosen forms and the lack of any need for great 
precision in the value of the resistance argue 
against proceeding with such a relatively expen- 
sive test. Interpolation in a standard series 
presents a different problem. The range of 
parameters of standard series is designed to 
cover that of normal merchant vessels. For these, 
the ratio BJT seldom exceeds 4. The two ratios 
for barge I are, respectively, 8.36 for t=0.30 
and 7.76 for t=0.40; for barge I1 they are, 
respectively, 10.8 and 10.0. Thus, we are forced 
to look for published data for barges of similar 
proportions, if such exist. 
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This search has also proved frustrating. Of the 
150 Resistance and Propulsion Data Sheets cited 
above, none approximates well all the global 
characteristics of our own barges. (For those 
interested in these characteristics they are listed 
in the Appendix in Table A1 .) However, on the 
basis of an examination of a number of these 
data sheets (especially nos 133, 100 and 44) and 
of information concerning barge resistance iri 
Voitkunskii et al. (1960; 359-60, especially 
barges I, IV, VI and VIII), we conclude that for 
Froude numbers near 0.08 the value of C, doe:; 
not exceed 1.5 x for our own barges. We 
believe this to be conservative. 

For the average velocity in the Nile, we 
shall use data from Willcocks (1904), although 
realizing that the 3400-year gap makes this risky. 
Willcocks gives 1.75 mjs for the Nile in flood and 
0.85 mjs when water is in short supply. We shall 
assume that the barge was being towed at a 
speed of v =  1 mjs relative to the shore. It seems 
reasonable to assume that the towing was done 
when the river flow was smaller ( U =  0.85 m/s), 
so that we shall take the total velocity of the 
barge relative to the water as U +  v =  1.85 m/s. 

According to what was been explained earlier, 
we must now calculate the Reynolds and Froude 
numbers, and then the coefficients C’and C,. Our 
calculation of C, is based upon the so-called 
‘1957 ITTC Line’ (see, e.g., Hadler, 1958). C, has 
been discussed above. The relevant values are 
given in Table 3. 

Table 3. 

t Rex Fr C,x lo’ C,x 10’ 

Barge1 0.3m 9.372 0.0827 2.103 1.5 
0.4m 9.556 0.0819 2.097 1.5 

Barge11 0.3m 10,714 0.0774 2.063 1.5 
0.4m 10.971 0.0704 2.056 1.5 

The total resistance coefficient C, is now the 
sum of C’ and C, and a further term AC’ to 
take account of hull roughness (test models 
are smooth; roughness cannot be modelled). 
Lacking further knowledge, one usually takes 
AC,=0.4 x Considering the crudeness of 
this estimate as well as that of C,, it is pointless to 
retain all the decimals in C’ We shall take them 

all to be 2.1. Our total resistance coefficient is 
thenCt=(2.I+1.5+0~4)x 10-3=4.0x 

The wetted area has been computed (see the 
Appendix) for each barge at each draft. For 
barge I, it is 900 m’ for T= 2.25 in and 930 m2 for 
T =  2.45 m; for barge 11, 1175 m2 for T =  2.05 m 
and 1220 m2 for T= 2.25 m. 

We are now ready to compute the resistance: 

R = O X , p (  U s .  v)’Ar + pgV/ 13 000. 

For the two barges we find the values set out in 
Table 4. 

Table 4. 

Barge I, T= 2.25 m: 6.1493-0.938 =7.087 kN= 1595 lb 
2.45 m: 6.354+ 1.070=7.424 kN= 1670 Ib 

Barge 11, T= 2.05 m: 8.031 3.1.066 = 9.097 kN = 2045 Ib 
2.25 m: 8.335t 1.239=9-574 kN=2155 Ib 

The indicated accuracy is, of course, excessive 
and misleading, given the assumptions. Perhaps 

2000 lb and 9.5 kN sz 21 50 lb, respectively, 
would be more appropriate. 

If we now assume that a barge loaded with a 
single Colossus is towed from the riverbank by a 
team of men and that each can pull steadily 
0.2 kN = 45 Ib, our barges would require 36, 38, 
45 and 48 men, respectively. The precise 
numbers are not be taken seriously, of course. 
The important conclusion is that a reasonably 
small number of men, say less than 100, would 
have been sufficient. If the barge were being 
towed by oarsmen in small boats, as shown in 
the bas-relief of Queen Hatshepsut’s Lighter, 
we need to know the useful effort that each 
oarsman is capable of exerting. We turn now to 
this problem. 

Rather surprisingly, considering the extensive 
literature on ships and their propulsion, there 
have been very few investigations of rowing as a 
mean of propulsion. Euler devoted a substantial 
paper (1747) to the subject, also a chapter in his 
Scientiu Navulis (1749) and an appendix in the 
French version of the latter (1773,1776). The few 
more modern investigations that do exist are 
chiefly motivated by a desire to understand and 
improve the performance of the oarsmen in 
eight-man racing shells and sculling boats. The 

7.1 kN % 1600 lb, 7.5 kN x 1700 lb, 9.0 kN % 
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circumstances are quite different from those of 
the towboats for Queen Hatshepsut’s barge. 
The former are making a maximum effort for a 
relatively short time, about 7-8 min, whereas 
the latter were presumably rowing for several 
hours at a stretch. Nevertheless, these more 
recent investigations do provide some useful 
upper bounds. In particular, in a paper by 
Alexander (1927) data are also given for a 
10-oar whaleboat. Although the data were also 
for racing conditions, at least the proportions 
of a whaleboat are much closer to those of 
the Egyptian towboats than are those of a 
racing shell. One of the peculiarities of rowing 
is that the force of an oar is applied only inter- 
mittently, unlike a ship’s screw. Furthermore, 
not all the work done by the oarsman is used 
directly to overcome the resistance of the boat. 
Alexander finds from measurement that the 
ratio of useful to total work for the crew of the 
whaleboat is 0.221 (for the racing shell he gives 
0.318). He also finds that each man is working at 
a rate of 493 ft-lb/s = 0.90 HP = 669 W (for the 
racing shell 601 ft-lb/s= 1.09 HP=815 W. It is 
interesting to note that Euler gave 4 as the 
fraction of useful work done by an oarsman. The 
Supplheirt sur l’action des rarnes in his ThPorie 
Complette de la Construction et de la Marwuvre 
des Vaissecius begins with the sentence: 

L’action des rameurs etant un des plus penibles 
travaux, il est sans doute bien ficheux, que ce ne soit 
que le tiers de leurs efforts. qui soit employe Li mettre le 
vaisseau en mouvement, tandisque les deux autres 
tiers se perdent quasi inutilement, tant en levant les 
rames hors de I’eau, qu’en les retirant par I’air pour les 
plonger de nouveau dans l’eau. 

Since Euler doesn’t give any reason for his choice 
of +, we shall use below Alexander’s figure 0.32. 

The rate of working that Alexander gives 
seems excessive, even given that the oarsmen are 
trained athletes working at top capacity, and we 
shall not use these figures. We have assumed 
above that a man towing from the shore could 
maintain a force of 200 N = 45 lb at 1.00 m/s = 
3.28 ft/s. In terms of rate ofwork this is 200 W = 

147 ft-lb/s. We note that this is about HP  and 
about 0.3 Alexander’s estimated output of a 
whaleboat oarsman while racing. The a HP 
figure conforms also to recent studies of the long- 
term output of athletes in human-powered 
vehicles (see e.g., Wilkie, 1960, or Krendel, 1978, 

for a survey of such results). However, if we wish 
to know how much of this is useful work, we 
must multiply by 0.22; hence, each oarsman con- 
tributes 44 W = 32 ft-lb/s. To proceed further, 
we must make some decision concerning the size 
and number of towboats. In the bas-relief of 
Queen Hatshepsut’s Lighter, there appear to be 
30 towboats each manned by 30 rowers, 15 on a 
side. In order to accommodate this many rowers, 
we shall assume that the towboats must have an 
overall length of the order of 20m. The bas- 
reliefs indicate that the length on the waterline is 
perhaps half of this; we shall take it to be 10 m. In 
approximate conformity with the proportions 
for an 18th-dynasty round-bottomed boat 
shown in Landstrom (1970: 145), we take B =  
5 m and T= 1 m. A calculation similar to the re- 
sistance calculation made for the barge shows 
that each such towboat would have a resistance 
of about 0.41 kN = 92 lb. Suppose that there are 
p such boats, each manned by q rowers, towing 
the barge. The rate at which work is being done 
to tow the barge and also to overcome the resist- 
ance of the towboats is (barge resistance+ 
0 .41~)  x 1.85 kW. This must equal the rate of 
doing useful work by the p q  rowers: 
0.044yq kW. For the barge resistance, let us take 
our maximum value, that is for barge I1 with T= 
2.25 m: 9.5 kN. If each boat has 30 rowers, then 
p = 32; if each boat has only 20 rowers, then 145 
boats are required. The relatively close agree- 
ment of our estimated number of towboats with 
the number shown in the bas-relief may be an 
indication that our other assumptions are not 
unreasonable. 

It is obvious that these calculations can be 
modified in various ways: a combination of tow- 
boats and shore-based towing, different towing 
speeds, different currents, different resistances, 
different assumptions concerning human ca- 
pacity, etc. It seems to us that such elaboration 
would add little to what we consider to be the 
important conclusion to be drawn from our cal- 
culations, namely that the Colossi could have 
been moved upstream with a reasonable number 
of men. 

Downstream travel arid controllability 
One might be tempted to conclude that 
the difficulties of upstream travel could be 
avoided by using the quarries near Aswan 
and bringing the giant blocks of quartzite 
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Figure 2. Downstream directional control according to Herodotus. 

downstream to Thebes. Unfortunately, down- 
stream travel brings its own problems. Unless a 
vessel has a positive velocity relative to the 
water, it is essentially unsteerable. In particular, 
a barge drifting freely in the water would soon 
turn broadside to the current and drift in an 
erratic and dangerous fashion. This makes 
towing from the shore difficult, for even during 
the period of low water the towing crew would 
have to maintain a speed on the shore greater 
than the flow velocity of about 0.85 mjs. This is 
not absolutely excluded, for one can think of 
schemes for maintaining control during re:jt 
stops by means of a second team of men behind 
the barge pulling on a rope made fast to its 
stern. The force necessary to hold the barge 
against the current can be calculated by the 
same means used to find its resistance when 
being towed upstream. With U =  0.85 m/s, this 
turns out to be, for barge I1 with T= 2.25 ni, 

The difficulty of control can be met in part by 
towing from small boats with oarsmen, as shown 
on the bas-relief of Queen Hatshepsut’s Lighter. 
As long as the tow boats maintain a sufficiently 
positive velocity relative to the water, the barge 
will answer to its steering oars. When they wish 
to slow down or stop, the barge will lose control 
in the same way that it does when the towing 
crew on shore slackens its pace below the river 
speed. That the Egyptians had experience in 
confronting this problem is attested to by the 
following. 

Herodotus (1 1,96; see, e.g., Herodotus, 1926: 
383-4; also Lloyd, 1976: 389-90) describes a 
procedure used by the Egyptians to control a 
vessel travelling downstream: 

1.75 kN = 390 lb. 

These ships are not able to travel upstream unless a 
strong wind is blowing, but are towed from the shore. 
Downstream is managed as follows: they carry a raft 
made of tamarisk sewed together with cords made of 
reed and also a pierced stone weighing about two 

talents (about 52.5 kg). This raft, tied to a rope, is put in 
the water ahead of the ship, and the stone, tied to 
another rope, is dropped behind. As soon as the stream 
takes hold of the raft, it carries it quickly ahead and 
pulls the baris (as this kind of ship is called): the stone, 
however, which is dragged behind on the bottom gives 
the ship direction. Such ships are very numerous; some 
of them carry several thousand talents. 

Koster (1934: ch. 11) recognized that Herodotus’ 
interpretation of the function of the raft could 
not be altogether correct, for if both raft and ship 
are floating downstream together, the raft can- 
not exert any force on the ship. Koster attempts 
an explanation of the effect of both the stone and 
the raft, but since neither is quite correct we shall 
devote a few words to this topic. The most im- 
portant effect of the stone as it drags along the 
bottom is to slow down the ship so that its vel- 
ocity is less than that of the water. By this device 
the ship is then moving upstream relative to the 
water, even though it is moving downstream 
relative to the ground; in effect the stern has 
become the bow (see Fig. 2) .  In principle, one 
might now transfer the steering oars from the 
stern to the bow in order to keep the ship on a 
straight course. This might not work well, for the 
velocity of the water past the oars might not be 
sufficient for the force on the oars to be able to 
control the ship. The raft, however, can now take 
over the function of the steering oar. If the ship 
yaws in response to an eddy or other disturb- 
ance, the raft, some distance ahead, will exert a 
force through the rope countering this yawing 
motion. Here, the stone plays a second role, for it 
and the raft exert together a couple on the ship 
that keeps it on course. 

The relevant mathematical analysis can be 
carried through without difficulty and is similar 
to that done earlier for resistance. As before, let 
U be the velocity of the stream and v <  U that of 
the ship relative to the ground. Then U-v is the 
velocity of the ship relative to the water. Let ct be 
the total resistance coefficient of the ship when 

304 



J.  V. WEHAUSEN ETAL:  COLOSSI OF MEMNON A N D  EGYPTIAN BARGES 

moving stern-first and C,, that of the raft. Since 
the underwater hulls appear to be nearly sym- 
metric fore and aft, one may suppose that c , ~  C,. We shall discuss C,, later. Let F,, be the 
horizontal component of the force that the drag- 
ging stone exerts upon the ship through the tow 
rope. This will depend upon v and upon the 
character of the bottom and the stone. The fol- 
lowing equation must then hold: 

0.5 p C,,Ar,( U-v)’+ O.SpF‘,Ar( U-v)’= Fst 

where Ar, is the wetted area of the raft. Or 
equivalently : 

0.5 p [C,,Ar,+ cXAr]( U-v)’= Fst. 

Evidently, the force acting on the raft is added to 
that acting on the ship. so that the velocity 13 is 
affected by it. However, since the retarding force 
of the stone also depends upon v, and in a more 
complicated way, we cannot easily deduce any 
quantitative conclusion concerning the raft’s 
effect upon v. 

The most important purpose served by the raft 
and the stone is to maintain the directional stab- 
ility of the ship. If the ship should yaw by an 
angle 8, then the raft and the stoneexert a course- 
straightening moment (see Fig. 3) about the 
centre of gravity (taken here amidships) of the 
following amount: 

O.SpC,,Ar,( U-v)’ x 0.5 L sin(@+ y )  cosy + 
F,, x 0.5 L sin (O+P)). 

A more elaborate analysis shows that the 
stone-raft combination acts to make the barge 
dynamically directionally stable (see Wehausen, 
1988). The contribution of the raft turns out to 
be significant for directional stability. The analy- 
sis is very similar to that of a tug towing a barge 

with a small boat being towed behind the barge 
(see, e.g., Strandhagen et al., 1951; in this paper, 
however, there is no additional small boat). 

It is evident from these equations that the raft 
and the stone play an important role in main- 
taining course stability, that the raft plays an  
additional role as a towing device, and that the 
stone plays a really essential role in slowing the 
ship speed below the stream velocity. The value 
of C,,Ar, cannot be easily estimated without 
knowing more precisely the nature of the raft. 
One must suppose that the Egyptians had dis- 
covered useful combinations of raft and stone 
weight by empirical methods. I t  would be poss- 
ible to test the procedure with models in an ap- 
propriate hydraulic or ship-testing facility. In 
particular, experiments with stones of different 
weights and rafts of different dimensions and 
configurations could be carried out in order to 
determine the optimum characteristics for given 
ship form, bottom and current. This has, in fact, 
been done at  Goyon’s request by engineers at the 
Laboratoire Central d’Hydraulique de France, 
Paris (see Goyon, 1971 : 38-41). The tests essen- 
tially confirm what has been said above. Goyon 
also provides some evidence from bas-reliefs of 
the presence of both rafts and large stones in 
representations of ships. 

Conclusions 
The conclusions of our analysis have already 
been foreshadowed in various places above. 
With regard to structural strength, we believe 
that barges of design similar to that of Queen 
Hatshepsut’s Lighter could easily have carried 
the Colossi, either singly or together, with a 
more than ample margin of safety. With regard 
to propulsion, we believe that we have shown 
that a reasonable number of men (about 50) 
could have towed from the shore a barge 
loaded with a single colossus, and that about 

Y X 

Figure 3 .  Plan view of Figure 2. 
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30 oar-powered rowboats with 30 rowers each 
(the number shown in the bas-relief of Queen 
Hatshepsut’s Lighter) could have towed such a 
barge upstream. For downstream travel, the 
principal problem is control. Here, the scheme 
described by Herodotus (11, 96) could have 
been effectively used, but other schemes are also 
possible, or combinations. In our opinion, as 
far as transport of the Colossi is concerned, 
the Egyptians of the 18th Dynasty could have 
managedit fromeither Aswan or Gebelel Ahmar. 
Indeed, transporting the blocks of quartzite 
to and from the loading site and loading 
and unloading may well have been the more 
formidable problem. 

The above conclusions also have a bearing 
on the following statement in a paper by 
Sdver (1940: 255) concerning lighters like 
Queen Hatshepsut’s: 

The obelisk-ships were built for a single purpose; they 
were too large to be towed back to Assuan against the 
stream, so that after landing the obelisks they must 
have been broken up and their materials used for other 
purposes. 

In our opinion such an obelisk ship could indeed 
have been towed back upstream if there were a 
reason to do so. 

Note 
[I] In order to create a standard series, a large number of models must be constructed, spanning the practical range of 

the chosen parameters, and then tested in a towing basin. This is an expensive undertaking, but once the tests are 
completed and analysed, the published results become a valuable tool for all ship designers. Several such series exist. 
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Appendix 

The barges that we shall investigate are symmetric fore .tnd aft and have a parallel middle body oflength K= 2k to which are 
attached bow and stern sections of length P, so that L,,d = K + 2P. In order to describe the hull mathematically, we shall 
introduce a co-ordinate system O. ty  with the origin 0 on the keel at the forward end of the middle body. Ox is directed 
foreward along the extension of the keel, 0- vertically upward and Oy to port. The 0 . u ~  plane is the port-starboard 
plane of symmetry. The midship section lies in the plane .Y= - k ,  which is the fore-aft plane of symmetry. 

India Press, Delhi. 

Branch, Calcutta. 

and Marine Engineers, New York. 

Transactions of the Society of Naval Archirects and Mariiie Engineers. 5 8  3246; disc 46-66. 

Egyptian sculptures. Archmonietry, 3( I): 109-19. 

Izdatel'stvo Sudostroitel'noi Promyshlennosti, Leningrad. 

Seoul Nalional University, Mqv  26-27, 1988, pp. 47-58. 

The section curves will be defined in terms of a fourth-degree polynomial, 

y = F(z j = C,; + C,;' + C$ + C,? 

tha tsa t i s f iesF~O)=O,F(I )=1 ,F ' (1)=0at id~(z)ozOforO~z~ 1. Themidshipsectionis thendefinedasfollows: 

,v=*bF(z/A) f o r O < . - - $ A , y = ~ b f o r A < r < D .  

where 26 =Boa. In the interval A <z <D, the sides are straight and vertical. Our choice of F ( z ) ,  

F ( z )  =4.65;- 8.86;' + 7,771 - 265z4, 

with appropriate choices of b,  A and D,  yields a midship section very similar to that shown in Landstrom (1970: 133) 
except that-the bottom is not quite as flat. 

The foreward port quarter of the hull (the rest is determined by symmetry) is now defined by the following equations: 

Figure Al shows three views of hulls I and 11, including several sections and waterlines. Only the foreward port quarter 
isshown. HullIwascomputedwiththefollowingchoicesoftheparameters:k= 15m, P= 14m, B=2b=20m,A=4m, 
D= 5.6 m. This choice produces a hull fairly similar (except for size) to that shown in Landstrom (1970: 132-3) except 
for the horn at the stern, which does not play any significant role in either our structural or hydrodynamic calculations. 
For hull 11, the choices were as follows. k = I5 m, P =  20 m, B= 24 m, A =4  m, D = 6 m. 

From the equations above, one can now calculate the length and beam on the waterline: 

L,, = K+2P, /T /A  and B,, = BF( T / A ) ;  

the section-area curve S(x.Tj: 

S(.V,TI =J:ir,Pp B(l -.x2/P2)F(A ' [z -  Ax'/P"]/[I - . x ~ / P * ] )  dz=BA( T/A-x2/p')'(Cl/2+CzH/3+C1~/4+C,~/5),  
O < X < P r n ,  
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Barge I 

z = 4  

~ = 6  7 3 Y l  - 10 14 
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Figure Al .  Lines drawings for barges I and 11. 
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Figure A2. Displacements of barges I and I1 as a function 
of draft. 

Barge IL 
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Figure A3. Wetted area of barges I and I1 as a function of 
draft. 
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Figure A4. Section-area curves of barges I and I1 for indicateddrafts. 

where H=(  T /A  -x2/PZ)/(l -.u’/Pz) and S(xj =S(0) for - h - < u < O ;  

the displacement V (  T i :  
~ 

C’= 2J”Iv ‘I.‘ S(?i) d.u: 

the prismatic coefficient C,( r): 

c,= C’/S(O)(K+2PJTIA); 

the block coefficient C,(T): 

C,= V/BT(K+2Px?A);  

Table A l .  Barge cliaracieristics 

1 0.3 1250 30.05 861 2.25 51 18.8 
0.4 1425 33.83 882 2.45 52 19.0 

I1 0.3 1440 30.59 1147 2.05 58.6 22.2 
0.4 1680 36.06 1186 2.25 60 22.5 

t(m) LIB BIT C, C,, C,.x lo3 cx C W P  

I 0.3 2.71 8.36 0.579 0.816 9.386 0.71 0.90 
0.4 2.74 7.76 0,589 0.810 10.099 0.73 0.89 

I1 0.3 2.64 10.83 0.540 0.803 7.156 0.69 0.88 
0.4 2.67 10.00 0.523 0.776 7.778 0.71 0.88 
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and finally the area of the wetted surface for any draft T< A :  
- -. 

Ar=4kjKJ1 +(b/A)'F''(z/A) dz+4j~"'AdsJ'~,/1 +(dy/ax)'+ (ay/ds)'dz. 

In order to find the total area of the hull. one must take T = A  above and add to the result the area of the vertical sides: 

4 (0  - A)k + l ; f l T w  dux= (D - A){4k+ ( P 2 / b ) [ ( 2 h / P ) , / m +  sinh- ' (7h/P)]j  

For the two barges under consideration, the total area is given in Table 1. Computer programs were prepared for the 
functions S ( s , T ) ,  V ( T )  and Ar(7). Figure A2 shows the displacement V(  TI for each barge and Figure A3 shows the 
wetted area Ar( T), each as a function of the draft T. Figure A4 shows the section-area curves for the wetted hull for each 
of the two drafts being considered for the two hulls. 

The overall dimensions of the two barges at their two drafts, as well as their important dimensionless characteristics, 
are shown in Table A1 . Here, C, is the midship-section coefficient (= A,/BT, where A,  = S(0) is the midship-section area) 
and C,, is the waterplane coefficient (= A,,/BL, where A,, is the waterplane area). 

310 


