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Receﬁﬁ;érticlés ih Natufal ﬁistory indicate that there is dis-
égfeément aé tbjhow'the'huge stones,‘weighing‘inisbme caées many toﬂé; were
lifted into place fo:fbrm‘the énéienfvpyramidé. |

I pfdpése»a simpié"method.featuring one basic tbbl which one might
use to builé.érpyraﬁia.; TﬁenfBSi; Sﬁoﬁﬁ_in Fig. 1, was.copied from the idwer
left;hand caéﬁef Qf a 3960—ye£;¥old:£bﬁ£ pdin£i@g‘tracing shown on page 12 of
Ref. 2, beiné Qérried by threelmen.. It is déséribed'és a wooden lever or ﬁry .
bar. Severél of these notched timbers, some rope and'pérhaps:somg additional
smaller plahks.and triangular blocks arevéll that would be needed to'assemblé
aireliable,'simple, versatile and.réiativelj safe low-friction pyramid erect-
ing system. - The dimensions of the tool are proportional fo measurements'
taken from'tbe pictﬁre in Ref. 2, and are shown in Fig. 2 in terms of an
arbitrary éﬁbé_édge length, %.

Fiéufe 3 shows oﬁe possible basic portable crane. 'Figure 4 shows a

possible setup and stone transfer technique.
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Téété ﬁave been conductéd'with a scaled—downzmsdél of the proposed
portable "step walking crane" system. .The tests helped provide rapid solutions
for some of the problems'thai oné might anticipate. | | | |

One iméortant problem is the ddmﬁéé ﬁhat might occﬁrvwhen a large
cube or paralielepiped is dropped from the inital crane to the "new"‘upper'
boom or boomé;_ Several solutions are possible, and one that may work would
be to use ropés,from the mast or separately;held.ropes ﬁrapped around the
stone as frictioh hold shoﬁk absorbers. Wear to the ropes'migﬁt_be hinimized
by stringing sleeves or bands over the rope. The smodth éide of_a tiﬁber_
might be used as a friction drag'shock absorber; or reed mats as éﬁshions.

A slightly modifiéd and perhaps better bééic method would be tq
deliver the stohe to a second set of booms,'aé shown in Fig. 5,'and then reset
thevinitial séf of booms up two steps and continue using them for delivéry to
thé booms atlthe third step, ete. In this way, a gentlé release 6f tension on
one main rbpe_ﬁould softly transfer the stone to the next»set of boéms. A
second main rope on the secbnd set of booms'could‘then continue the upward
progress. ‘A few men would suffice to lift the fulcrum ends of the first booms
up two steég each time while the rock is being lifted b& the second set of
boons . This;method would greatly reduce the.largevshear forces at the:notches
which may occur in the first method. The model tests indicate that phisv
method can be used to lift blocks up steps with a 75° slope.

Anothei problem would be wear and tear of the booms'at the fulcrum._
This may be reduced by placing a right triangular moﬁeable fulcrum block.at

the inside corner of each step as the crane ascends.
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Tandem operation of several cranes aiongva péfallelepiped or long
triangular éﬁqﬁe:may be considered as a technique for.lifting much larger
sfones.' | | |

Esh;bé,ch3 giveg.the maximuﬁlééfe 1oad for a simple beam with the load

~ concentrated at the center as
_1l,.8
W=2s g (1bs)

Where s'is thevé#trgmé>fiber unit streés in lb/inz, S is the section modulus
in in.3, aﬁduﬁ'is the length of the span in feet. If‘the booﬁé wére ﬁade of
8 in..x 12 in. x 10 1/2 ft piecesiof.dry éédar with s = 1000 lb/in;e, each

woqld weighf-aﬁout 190 1bs andbcould be expected to safély support a concen-
 trated load of_épproximately W= %’1ooo~lg§.§ 7200 1bs or 3 1/2 tons;for a |

nine-foot span. A maximum shear load parallel to the grain of a solid rec-

tangular wood timber is given by the-formula3

-2 .o
vV = 3 S A (1bs) .

where S is the average unit shearing stress in lbs/in.2 and A is the area of"
the section in in.2. Thus, an allowable horizontal shear stress of 80 lbs/in.2
for cedar ﬁouldvallow each 8 X 12 in. timber a maximum vertical shear of

roughly 2 1/2 tons,
%-f 80 lb/in.2 . 96’in’.2 .

If one assumeés 1/24 £ = 1.5 in., then A = 12 in.2 and each notch would be

limited to & shear stress of roughly 640 1b per timber,
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%i;'BO-lb/in.2v° 12 in.2
unless thé‘notchés were inlaid with blocks of copper or wood with the grain
perpendiculgr_to the force of the Stone. Inlays might aildﬁ roughly a factor
of three grégﬁer'shear loads. Thus, the first-mentioned block 1lift method
might be used:wifh a lafger timber thickness and inlays at the notches. The
second method would be safély ap?licable with of without inlays sinée the'
shear forceé‘are expected to be muchvless. Final block placémeﬁt deliveries-
could befmadé”to the éﬁooth;side ofbavboom{ The block éouid théq.Be[slid off.
and levered into place. | | | -
The nuﬁber of stéps, n, which.must be ascended.by all of the cubes
in a solid‘pyféﬁid which has'é baée s blocké square, with each higher tierr.

side length diminishing by one block, is giﬁen by the following expression:

2
=.$‘L5+é)(23+l) _ I% (s-1)(s)(s+1) [3(s-1)+5]

Féf 5 hypotheticél pyramid'with s 5_190, fhe numbér of_one—stép
‘block 1lifts necessary is roughly 111 million. The pyramid would contain
roughly 2.h'ﬁillion blocks and the "average" block would undergo about 46
one-step bléck lifts. Assuming three-foot cubes Weighing 5000 1b. and é TO-man
team on one rope connected to cranes on two oppositevfaces, scting on tﬁe |
cranes alterpately while slack in the rope is taken up, it is estimﬁted that
ten one-step Block lifts per minute could easily be méde if slack is tékeﬁ up
quickly and there are some additional assistants atvthe cranes to 1lift and
place theAmasts the next step up, take up slack in the ropés, hold and‘move

safety blocks or bars and set the next crane. At this rate, 600 block lifts
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per hour forva five-hour day,»one might expeét to make,ﬁbout 3000 block lifts
per day. Thié cofresponds to each man ﬁprking at affateiccmparable to. about
1/15 horsepover;vor each man pulling on.a rope with a 36-1b force while moving
one foot per se;ond. |

In the above manner one might‘aCC6mplish the 111 million one-step .
block lifts necessary to build a pyramld which would contain about 2 4 million
blocks with ten or twenty teams of 100 people (including safety people who
would keep gotched bars or blocks in the proper places to guard against mishaps)
.in about fiﬁésfd ten yearé.

Therevﬁfe vériatiéns to the two basic methods outlined ébo#e which
should not be ruled out and which may add stability to the stone as it is
_lifted. One variation may involve a different sequence .of moves, with the
first booms on the outer portions of the bearing area always doing the majority
of the lifting,'while the central booms serve as a temporary resting place
and the first bboms are replaced only one step up each time.

Whetﬁer this method was actually used to build the ancient pyramids
is still a mattér for debate. ‘A combination of the "portable crane" and the
rémp and sle@ge methods may have provided the most effective means for erecting
8 pyraﬁid.viThe'ramp and sledge technique méy have been used for the lower |
levels, with pbrfable cranes téking over at a point where ramp cénstruction

became too time consuming.
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FIGURE CAPTIONS

Fig. 1. Notched wood timber. The circled notch is optional and has been

Fig.

Fig.

Fig.

Fig.

added for versatility. A man's hand obscures tﬁis position in the tomb
painting.reproduced in Refl 2.

2. Notched timber showing approximate lengths taken from Ref. 2. if

the flgures in the original palntlng were about 5 1/2 feet tall _then £
would be about three feet. | | o

3. A basic portable crane. The use of & notched timeer ae‘e:mast; the
masf engle-and its fulcrum point are all afbitfary aﬁd would Be erranged
for optimﬁm ceﬁpling with the men puliing the rope. Eaeh Boom is roughly
10 1/2 feet long, and one foot high by eight inches thiek in cross section,;
L. Posslble setups for block lifts. BSets of ropes and masts for the
second set of booms are omitted to simplify the diagram. The booms ere
used in pairs, with the second set fitting inside the first:set. The -
idea of using rope or reed cushions was proposed by Bob Harney of our
transportation department who had previously worked in the ship yerds.

He happened to notice the figure and suggested-the use of some straw or
mats to_eaée the shock as weight is transferred to the second booms.

5. A method for 1ifting arbitrarily-shaped stones up the side of a

'pyramid., The obttom of the stone always contacts the bearing area of

the booms. Masts would be placed to allow optimum coupling with the men

pﬁlling.the ropes;
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