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he question, "How did the Egyptians build the
Pyramids?" is commonly asked with the gigantic
pyramids in mind and it seeks some kind of standard
answer. There are only five or six gigantic stone
pyramids, built within only three or four generations.
The irony is that just these pyramids, belonging to
the experimental phase of pyramid building, show the
greatest variation in construction materials, sizes, and
methods.

It is also the case that in such colossal pyramids
there are a variety of 'how-to' questions. Not only
how do you survey such a perfect square across many
acres of surface, level the base, maintain control of
slope and square as you build upward surrounded by
debris and ramps, but how do you choose a site, and
select a quarry? How do you quarry the blocks, haul
the blocks, lift the blocks, and place the blocks? What
do you use as mortar, how much hard granite do you
use, how do you dress the hard granite, how do you
dress the many acres of the pyramid face into smooth
even sides?

Mundane operations, not to be taken for granted,
include loading and off-loading multi-ton blocks on a
transport sled or boat, turning corners with heavy
blocks as laborers ran out of space near the top of the
pyramid. Acres of casing stones had to be smoothed
with small chisels. All these facets had to operate in
harmony to ensure that the crew cump]eted the
pyramid within the lifetime of the king. The sum total
of all these tools, techniques, and operations was the
technical system of pyramid building,

With most of the questions, we have the Great
Pyramid of Khufu in mind—the apogee of pyramid
construction. Many of the answers might have little to
do with the construction of a Sixth Dynasty pyramid,
or a mud-brick pyramid of the Middle Kingdom, but
some of the answers will be the same (dressing the
outer face, for example). On the other hand, much of
what has been written assumes a generic pyramid on a

level surface.
STONE TRANSPORT

Tomb scenes rarely show transport or other
operations of pyramid building (and why that is the

case is an intriguing question that would take us too
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Kingdom Pyramid

by Mark Lehn“er

far afield here). However, the tomb artists did
render coffins, possibly of stone, transported on
small boats. The coffin is raised off the deck by a
series of supports. The relief scenes in the causeway
of the Unas Pyramid show the transport, end to end
on a single barge, of two granite columns with
capitals in the form of palms such as were actually
set up in the pyramid temple. They ranged from 5.5
to 6.5 meters in height. The columns in the scene
rest on hauling sledges which, like the coffins, are
raised off the deck by a support framework of beams
or girders. These could have been used to relieve
the weight of the load on the deck. The supports
could also have had played a role in the loading
and unloading, critical operations considering that
a 50-ton block of granite, like those in the Khufu
Pyramid, would readily capsize any boat if rolled
too far to one side.

We must look ahead a millennium, to the New
Kingdom, for further pictorial information (with the
question in mind of how much that operation could
have changed in the interim). Reginald Engelbach
thought that in the Eighteenth Dynasty, Hatshepsut's
builders loaded and off-loaded her great granite
obelisks from the large barges shown on the walls of
her Deir al-Bahri temple by building an earthen
embankment all around the barge and right up to the
deck. Once the obelisk was removed, the barge could
be excavated from the embankment. Another
possibility is that the barge was brought into a narrow
canal so that a series of great cedar beams were thrust
underneath the load between the supports. The ends
of the beams rested on supports set up on the banks
of the canal. The transport barge could have been
weighted with ballast and slipped out from under the
load.

Whether or not this is feasible (obelisks weigh up
to hundreds of tons which might stress any number of
cross beams), no transport crews wanted to 'flat bed'
their load, whether on gmund or on barge. Contact
between one face of a multi-ton block and deck or
ground gives it inertia of rest, hard to maneuver, and
get on the move again. Modern stone workers always
keep their load on pivots, supports, or levers until
they are ready to set it into place.

The inscription above the scene of transporting

Unas's granite columns reads . . . the coming of these
barges from Elephantine, laden with [granite] columns
of twenty cubits” or 10.46 m, probably the total
length of both columns. A fragment of inscription
belonging to the unnamed official responsible for the
delivery claims to have made the journey (back?) in
seven days, indicating a round-the-clock speed of 5.5
kilometers per hour. The inscription actually reads
"four days in transit"!

A Sixth Dynasty official named Weni fetched an
offering table from the alabaster quarry at Hatnub,
and granite from Aswan for a false door and other
parts of King Merenre's pyramid. He says he:

" .. traveled north with them to the pyramid
‘Merenre-appears-in-splendor’ in six barges and three
tow boats of eight ribs in a single expedition.

“His majesty sent me to Hatnub to bring a great
altar of alabaster of Hatnub. | brought this altar down
for him in seventeen days. After it was quarried from
Hatnub, | had it go downstream in this barge | had
built for it, a barge of acacia wood of sixty cubits
(31.5 m) in length and thirty cubits (15.75 m) in
width. Assembled in seventeen days, in the third
month of summer, when there was no water on the
sandbanks, it landed at the pyramid ‘Merenre-appears-
in-splendor’ in safety...

“His majesty sent me to dig canals in Upper
Egypt, and to build three barges and four tow-boats
of acacia wood of Wawat (Lower Nubia). Then the
foreign chiefs of Irtjet, Wawat, Yam, and Medja cut
the timber for them. | did it all in one year. Floated,
they were loaded with very large granite blocks for
the pyramid, ‘Merenre-appears-in-splendor.”

Weni's boasts about these achievements in the
Sixth Dynasty contrast with the silence of the officials
responsible for far greater and more numerous loads
of granite and alabaster for the gigantic pyramids of
the Fourth Dynasty. We have only names, like
Hemiunu and Ankh-khaf, who bore the title ‘Overseer
of All the King's Works.'

Ships were built of pieces stitched together with
rope, so that they could be taken apart and
reassembled. When the pieces wore out, the pyramid
builders might use them like railroad ties in tracks for
dragging heavy stones overland to the actual building

site. Excavators from the Metropolitan Museum in
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New York have found such hauling tracks around the
Twelfth Dynasty pyramids of Lisht.

Transport teams used hauling tracks to get the
load from the quarry to the river or canal, and from
the waterway to the building site. These tracks
needed to be hard and solid; nothing stops a two-ton
stone block quicker than when it comes to rest on soft
sand. At Lisht, the transport roads were five meters
wide and composed of limestone chips and mortar.
The wood beams were inserted so that their upper
faces were buried in the fill. The beams provided a
solid bedding. Thin layers of wet mud or gypsum
served as lubricant for the runners of the sledge.
Construction embankments and ramps that remain
intact from the Pyramid Age to this day at Giza are
composed of limestone chips, gypsum, and fafla,
which is a fine, calcareous, tan desert clay as opposed
to the gray alluvial clay of the Nile Valley. This
mixture occurs in millions of cubic meters at Giza,
filling the vast quarried areas along the southeast of
the plateau. There is tafla between and underneath
large building blocks in the Giza Temples; so it was
ised as packing material and as lubricant.

Tomb scenes show teams pulling statues of wood

or stone on sledges. One worker usually pours liquid,
probably water, under the front of the runner of the
sledge. The most cited of these scenes is in the
Middle Kingdom tomb of Djchutihotep. One
hundred seventy-two men pu]l what is estimated to
have been (if it existed in reality) a 58 ton statue of
this local ruler. This amounts to one-third of a ton per

man. This might have been possible on a nearly

friction-free surface. In his work at the Karnak
Temple, the French engineer, Chevrier used a sledge

and a water-lubricated track to move a five or six ton

13 lop

block with only six workers. In 1991, during the
experimental building of a small pyramid for the Schemes about bow the pyramid builders
i et o raised stones by levering imagine all blocks
American scientific documentary television program 3
lock are well-squared and very regular steps

IOV . sasily /0- -k 5 7 o
NOVA, 10 to 12 men could easily pull two-ton blocks wide tnoudb for working dlitforms. The

mounted on sledges up an inclined roadway. reality of the largest pyramids is quite

We have an ancient scene where the Egyptians different. Lithograph from the 19th century

employ cattle to drag stone or assist humans in
pulling. At the Eleventh Dynasty complex of 33 bottom
; The pyramid builders must bave browght
Mentuhotep in Luxor, excavators found the carcasses pyramis ) J
. ) . _ ) much nf their support materials gy psum,
of draft cattle in the builders' debris. Dicter Arnold : .
u-‘ou, grai, copper, and miiJ(] on small
pointed out that cattle allow “greater force to be transport boats with trancated prows and

distributed over a smaller area,” with one ox being hooded sterns. Detail from Egyptian

equivalent to five men Museum relief, Sixth Dynasty tomb of Ibi
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Blocks at the base o_f K’Jufu's Ihymmhf,
while not of modular sizes, are
enormous, weighing up to 15 tons. The
stones get progressively smaller toward
the top. This pyramid is founded on a
platform of fine limestone.

35 top
Granite casing on Khafre's valley
temple. Rather than modular sizes laid
in level ashlar courses, the blocks are
custom cut and fitted to one another in

trapezoidal patterns

QUARRIES: MASS AND MATERIAL

The size of the base set the goal for the mass of
material that the builders had to compose into a
pyramid before the king died. Base areas like those of
Khafre or Khufu (around 53,000 square meters),
demanded, therefore, completion of a pyramid as
high as 146.5 meters and 2,600,000 cubic meters of
material in the case of Khufu. Surely this reflects the
supreme confidence of the royal house in marshalling
human and natural resources. Most of the stone for
the three Giza Pyramids was probably quarried
directly from the plateau, down slope from the great
northeast-southwest diagonal on which the pyramids
are aligned.

Massive amounts of fine white homogenous
limestone, a quality that is not found at Giza, did
come into Giza from the eastern quarries of
Muqqatam, Maasara, and principally, Tura, for the
outer pyramid casings. Supply teams brought granite,

the other major type of non-local stone in the

pyramid complexes, from Aswan, 933 kilometers

south of the pyramid capital zone. Giza builders used
red granite extensively for the burial chambers of
Khutu and Menkaure, the lower seventeen courses of
Menkaure’s casing, and for the lowest pyramid casing
course and the lining of the temples of Khafre. As
much as 45 000 cubic meters of granite was quarried
from the Aswan quarries during the course of the Old

Kingdom. Pyramid builders imported alabaster and
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basalt from a variety of places for temple pavements,
They used alabaster, granite, and gneiss for statuary,
and diorite and quartzite for pounding and polishing
tools.

It would have been most advantageous for the
builders to quarry the bulk of the core material near
the site of the pyramid. We should expect, perhaps,
a hole in the ground of an order of magnitude equal
to the sizes of the respective pyramids. Some of the
large Middle Kingdom pyramids were built of mud
brick, and we should expect that a tremendous
amount of mud was scooped from the nearby valley
ﬂDOr_

The location of the quarry must have been a
major consideration for the pyramid builders. The
quality of local bedrock may have been one of the
primary reasons for the various kinds of masonry
that make up the cores of pyramids, The large 'moat’
or depression that is suspected of surrounding the
Djoser complex may in fact be the source for much
of the filler stone and clay in the pyramid and the
massive ‘dummy’ architecture that surrounds it. At
Giza, the geological bedding along the low
southeast part of the plateau is comprised of thick
layers interspersed with softer thin layers perfect for
the extraction of large blocks. Here the quarries for
the Khufu and Menkaure pyramids are rather clearly
delimited, in the form of great horseshoe-shaped
basins.

About 300 meters due south of Khufu's pyramid
is the quarry that must have furnished the bulk of its
core stone. The deepest part of the quarry is 30
meters below the original surface, so the Fourth
Dynasty quarrymen removed close to 2,760,000
cubic meters of stone. Although this is slightly more
than the volume of the Khufu pyramid, it is still not
sufficient since as much as thirty percent of the
stone would have been wasted in the quarry
channels. The quarry extends an unknown distance
to the south beyond the line of the Menkaure
causeway, where Abd al-Aziz Saleh cleared part of
the western quarry face for Cairo University in 1980.
Much stone was taken from the Central Wadi itself,
which represents a volume of 4,400,000 cubic
meters. With a combined volume of 5,220,000 cubic
meters for the Giza Pyramid complexes, there is
enough stone in the quarries at Giza for the cores of
the three pyramids, without even considering the
quarries specific to the Khafre and Menkaure
projects.

Until the excavations in this century, millions of
cubic meters of limestone chips, gypsum, sand, and

tafla filled the quarry south of the Khafre causeway.



Much of this material could be the remains of the
ramp that the workers pushed back into the quarry as
they completed the Khufu pyramid. The western
edge always showed above surface, but the fact that
most of the quarry was buried led pyramid explorers,
like Sir Flinders Petrie, to believe that the stone for
the pyramids was mostly brought from across the
river. When Egyptian archaeologist Selim Hassan
carted away much of this debris in the 1920s and
1930s, he exposed rock shelves, about 1.5 m high,
that the quarrymen left when they separated blocks
the size of those in the core of the pyramid. On the
surface behind the shelves are long narrow channels
that they cut to define the width of the blocks they
would cut away.

Between the basin quarry direct|y south of
Khufu's pyramid and the Sphinx, there is a triangular
area that is honey-combed with tombs cut out of the
bedrock. Some tombs are burrowed in and are under
rectangles of bedrock the size of several railroad
boxcars or small houses, separated by yawning
corridors. These rectangles are mapped as mastaba
tombs in Egyptology reference books, but the Fourth
Dynasty workmen originally created them in the
earlier stages of organizing the surface for quarrying
building blocks. In the older Khufu quarry, the
rectangles were exhausted, and the quarrymen
continued to take out blocks along open banks or
terraces. But here, southwest of the Sphinx, they did
not exploit the rock as deeply, so one can wander
through silent corridors that once resonated with the
clink-chink of stone hammers, chisels, and the
chanting of workers who pulled away the blocks.
The large bedrock blocks are subdivided with
narrower channels, just wide enough for one man to
fit inside swinging a pick to cut the channel clear
through a rock massif that is about one story tall and
a EC“’ SCOre meters across. ThErC are a few pfaces
where the quarrymen separated and then abandoned
a block about the size of the great multi-ton blocks
in the core walls of Khafre's temples.

The Menkaure quarry, also horseshoe shaped,
with the deep end toward the pyramid, lies just
southeast of the third pyramid. One can still see here
large sockets for wooden levers the size of railroad
ties cut in rows along a softer limestone layer. Having
separated the block around three sides, the
quarrymen had only to pry it up and crack it free.

Quarries at Tura for the fine casing became
galleries that followed the best layers of stone deep
into the escarpment. To follow the beds of highest
quality, the ancient quarrymen would tunnel in and

under the overburden of poorer stone, thereby

creating cavernous, rectilinear, covered quarries.

They began with a ‘lead’ shelf cut along what would
become the ceiling of the gallery. Then they
extracted the stone in terraces or banks, as they did
in the bottom of the Giza quarry.

The quarries at Aswan, some 933 kilometers
south of Giza, yielded the granite blocks for lining
Khufu's burial chamber, for encasing Khafre's pyramid
temples, Menkaure's pyramid, for the columns of the
Fifth and Sixth Dynasty pyramids, false doors,
offering tables, and some pyramid capstones. It has
been said the Old Kingdom builders simply took
away and then shaped the numerous natural granite
boulders found along the First Cataract of the Nile.
Given that granite is so much harder to work than
limestone, this may be largely true. But the longer
granite pieces that the Egyptians worked into the
ceiling beams of Khufu's burial vault, and of four of
the five stress-relieving compartments above it, and
the temple columns throughout the Old Kingdom,
were up to 5.5 m long and weighed as much as 60
tons. It is likely that these were separated, like the
limestone blocks, by channeling out the mother rock,
except that with granite, the channels had to be
formed by excruciating pounding with dolerite
hammer stones, a technique of quarrying granite that
lasted for most of the Pharaonic period. ‘Being sent to
the granite’ must have been the most painful task of

all in pyramid building.

PuzzLEsS OF PYRAMID
BUILDING

Pyramid construction was far less regular and
standardized than our mental templates have led us to
believe or allowed us to see. If the blocks are not of
modular sizes, the tools for hauling, such as wooden
sledges or cradles, could not be standardized. It is hard to
imagine the builders using levers, fulcrums, and cribbage
supports to raise blocks that are not square, but trapezoidal
or oval or irregular. Given that much of the fill is little
more than rubble, it is far more likely that ramps and
embankments, rather than fulcrums and levers, were
used for lifting material. We even have to wonder if the
builders sometimes used the same stony stuff for both
ramps and pyramid fill. Also, there was probably no
manual for building the early pyramids. Rather, using
some basic masonry techniques, the builders varied
la)’nut mcthods, hl[)cks-., courses, and other features in an

ad hoc approach to building one pyramid after another.
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SURVEYING THE BASE SQUARE

Many assume that finding true north to orient
the pyramid, laying out the square of the base, and
leveling, were one-time discrete operations. Once
the ancient surveyors had drawn the gigantic
square on the ground, the builders could receive
trains of stone-laden sledges and start setting the
blocks. This may have been true for some
pyramids—those that were built on the natural
desert surface. But for the giant pyramids at Giza,
the builders started with a natural stone surface
that they carved away, down to the level they
chose for the base. They left an irregular patch of
natural rock protruding in the middle of the
square, up to a height of seven meters in Khufu's
pyramid and five meters in the northwest corner of
Khafre's pyramid. They built this rock protrusion
into the core of the pyramid.

The builders leveled an area approximately
about the width of a city street around the base of
this core. In fact, their best leveling in bedrock was
only about as wide as a modern sidewalk. Their
finest leveling of Khufu's pyramid, off by only 2.5
cm in the entire circumference, was on a platform
built of fine Tura-limestone slabs. The baseline of
Khafre's pyramid was simply a vertical cut in the
foot of the bottom course of casing stone, where
the slope of the pyramid would meet the top
surface of the pavement of the pyramid court. The
natural rock was cut into sockets of various depths
to receive the granite casing blocks and to bring
flush at the top (it was easier to cut away the
natural limestone base than the much harder
granite). And so, the layout and leveling of these
pyramids presents a ‘chicken and the egg’ situation,
In order to know approximately where to level, the
builders had to lay out the square. But the accuracy
of the square—with the mass of natural rock
pr()truding in the center, needed a surface that was
as level as possible.

Therefore, the builders had to proceed in steps
of successive approximation. Thcy took aim on true
north and laid out their reference lines at several
stages as they worked the rock down to the broad
terrace on which they would build the pyramid, its
surrounding court and enclosure wall, and the
mortuary temple. At various stages they refined
their orientation to the cardinal directions, and the
perpendicularity of the corners which became
hidden from one another behind the core massive
as they quarried away the rock for the final

baseline.
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FINDING TRUE NORTH

Ancient texts call the circumpolar stars ‘the
Imperishable Ones' because they neither rise nor set as
they circle around the celestial pole about 26 degrees up
in the northern sky. In a fragment of a scene from the
Fifth Dynasty sun temple of Niuserre, the king and the
goddess Seshat pound long stakes connected by a
looping cord. A wall in the temple of Edfu dating two
millennia after the Old Kingdom pyramids shows the
king performing foundation ceremonies with Seshat and
Thoth, the divine couple associated with writing and
science. An inscription from the Temple of Dendara has
the king "looking at the sky, observing the stars, and
turning his gaze toward the Great Bear.”

In his book, The Pyramids, | ES. Edwards suggested
that the ancient surveyors could have constructed a
circular wall, "with a diameter of a few feet on the
already leveled rock-bed of the pyramid.” Standing in
the center of the circle and facing north, the observer
could mark the point at which a star rose above the wall
on his right (east) and where it set below the wall on his
left (west). The bisection of the angle between rising
and setting points (plumbed down to the base of the

wall) and the center of the circle would give true north.
KOCHAB, MIZAR, AND 2467 BC

Kate Spence suggested the pyramid surveyors could
have found north by observing the circumpolar stars
Kochab, in the bowl! of the Little Dipper, and Mizar, in
the handle of the Big Dipper. Since the celestial North
Pole was only aligned exactly with these stars in 2467
BC, she takes that as the date of the founding of the
Great Pyramid. Again the theory may work out mentally,
but there are practical concerns. Her method requires
that the Egyptians find the alignment of the two stars
above and below the celestial pole and project it onto
the ground with a plumb line. Anyone who has used a
plumb line extensively in mapping or building knows
how much harder it is to keep the line from swinging,
the higher above the head it is held. The celestial pole is
some 26 degrees above the horizon, and so we must
envision some kind of large wooden frame to hold the
plumb line. It is also hard to imagine how any stellar
method could have been carried out in the darkness of
night without the aid of modern illumination. Spence
envisions a ring of "torches everywhere." If so, the trick
must have been to illuminate the desired line on the
ground, and the plumb line hanging from the frame,
without obscuring the light of the distant stars. Finally,
all this would have to be done in the very brief time that

Kochab and Mizar align with the pole.

SUN AND SHADOW

The same scenes and texts of building
foundations also speak of 'the shadow’ and the 'stride
of Ra" in connection with cord-stretching
ceremonies. Martin Isler maintains that the Egyptians
could have accomplished the astonishing precision of
north alignment with a simple pole, or gnomen, “a
stick in the gmund, a bit of cord, and a shadow." The
shadow method is based on the awareness that the
sun rises and sets in equal and opposite angles to the
meridian (true north). A pole is plumbed to vertical.
The length of its shadow on a level surface is
measured about two to three hours before noon.
This becomes the diameter of a circle that is scribed
with a cord and stick with the pole as its center. As
the sun rises in the sky toward noon, the shadow
withdraws from the circle. In the afternoon the
shadow lengthens again at an angle with the
morning shadow. When its end reaches the circle,
the bisection of the angle between morning and
afternoon corresponds to the meridian. The method

is most accurate if carried out during the solstices.

EXTENDING AND
MEASURING LINE

However they found true north, the ancient
surveyors had next to extend the resulting north
line. Their north line was only a few feet if they
used the circle and star method. Had they
extended it the more than 230 meters (755 feet)
from Khufu's pyramid base, the slightest
inaccuracy would have vastly increased what
surveyors call 'the angle of error.

Along the extended line, they had to measure
the distance of one side of the pyramid base.
Then they had to turn good right angles to make
the corners. Finally, they had to measure the
perpendicular sides to the opposite corners and
turn another set of right angles.

The different suggestions for finding north all
assume an initial starting point—the center of the
circle in both Edwards' north star and in Isler's
sun/shadow method. Using the shadow method,
they might have used a series of gnomens, arrayed
roughly north to south, but staggered slightly east
to west. By performing the bisection of the
morning and afternoon shadow on each gnomen
circle, they would end up with a series of short
north lines that paralleled and partially
overlapped down the north-south direction. They

could use each line as a check for extending the
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north orientation by measuring the appropriate

amount to the master reference line for the
pyramid base.

Isler suggested another method, inspired by
the scenes of the king with the goddess Seshat,
holding stakes with a cord looped double
around each stake. A double cord is pulled
tangent to either side of round stakes. The line
is off when one cord bends on the last stake
while the other cord passes without touching
the stake. The line is pulled accurately when
both cords are exactly tangent to the stake. The
exact line is the split between the parallel cords.

This last method may have required poles of
exactly the same diameter. While ancient
carpenters could have achieved this, we cannot
take this kind of standardization for granted in a
technology that did not know the lathe. The
parallel line-pole method also requires that the
stakes be embedded in the gmund_ The builders
could have simply pounded them in when
staking out a temple down on the valley floor or
pyramids that were built on the desert clays and
gravel. But the final layout (after a series of ever-
closer approximations) of the pyramids of Khufu
and Khafre was on prepared limestone bedrock.
Here the builders either had to etch or paint
lines on the rock floor, or they had to quarry

out small holes in which to set the stakes.

MARKS OF THE ANCIENT
SURVEYORS

The bottom casing blocks of both these
pyramids weighed up to several tons. Moving
them into position must have obscured the
temporarily drawn baseline. It is likely that the
ancient surveyors would have set a reference line
outside the actual baseline of the pyramid, which
would have been scrapped, scratched, pounded,
and covered with debris as they began to build
the bottom of the pyramid.

In fact, around the bases of the pyramids of
Khufu and Khafre we do find lines of holes at
regular spaces. A series of holes runs along the
eastern side of Khufu's pyramid, and partly along
the other three sides. The holes are rectangular,
with sides varying from 35 to 68 centimeters,
from 45 to 85 centimeters deep, spaced from 3.5
to 3.8 m apart (center to center) on line about
three meters from the base of the pyramid. The
builders fitted many of these holes with slabs of

limestone, and obliterated others when they laid
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Tools of the pyramid builders. Left to
rr'_qb!.- Wooden mallet and copper
chisel, mold for mud brick, mat!ockfor
digging dirt and debris; triangle with
extended sides, and plumb line for

leveling.

the limestone pavement of the pyramid court at
the end of the building project. At Khafre's
pyramid there are three separate lines of holes,
possibly from the final stages of layout. The
holes here are round, from 30 to 50 centimeters
in diameter and spaced from 5.1 to 5.9 meters
apart. There is a double line of staggered holes
along the outside line of the pyramid enclosure
wall 13.5 meters from the pyramid base, and
another two lines of staggered holes along the
inside line of the enclosure wall, from 9.1 to 9.9
meters from the pyramid base. At both pyramids,

the holes are wide enough to allow a finer

adjusted line of posts which might have carried
the final line in cord running over the tops of the
posts.

The spacing of the holes, varying within a
certain range, is certainly not for measuring
distance, but just for carrying line. Egyptian
tomb scenes show measuring cords with knots to
mark increments. This might have been fine for
measuring fields, but probably not for an
accurate line and distance as long as 230 meters.
Cords stretch and sag, so Khufu's surveyors
might have achieved their amazing results with
rods.

Ancient Egyptian cubit rods have been found
from later times. The royal cubit used in building
was 0.525 meters. Joseph Dorner, a modern
surveyor and Egyptologist, has shown that the
Egyptians could have achieved the length and
accuracy of Khufu's baseline with rods of 4 or 8

cubits (2.1 to 4.2 meters).

Old Kingdom pyramids and ancillary
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Making mud brick, from the tomb of the

Eig hteenth Dymisly vizier of Thutmose
I ”, Rfkmire, at Thebes. The Ibyr.:rvvlldl

builders used mud brick in some later

Figuring triangles from the New
Kingdom Rhind Mathematical
Papyrus. The Egyptians figured
slopes by a ratio called seked of so

many units rise to run,

structures.

CONSTRUCTING A RIGHT ANGLE

By the time Khufu and Khafre's builders cut the
bedrock down to the level of the pyramid base and
were ready to scribe the actual baseline, they had
already repeatedly performed the extension of the line
and turning the right angles for the corners. They
began these operations at the original surface of the
plateau, some five to ten meters higher. They refined
the base square in successive slages as they worked the
surface down. '

For the final layout of the pyramid base, the

protrusion of natural rock would have prevented the

builders from measuring the diagonals to check the

accuracy of their square. At the northeast corner of
Khufu's pyramid, enough core stones are missing to
expose the natural rock rising in four steps to a height
of four meters. Here, the bottom of the bedrock
massif is six to seven meters back from the series of
holes that may mark the external reference lines for
setting and cutting the casing stones to make the
base.

For the corners, the ancient surveyors could have
achieved a right angle in three ways. They could have
used the ‘Sacred’ or Pythagorean triangle—three of
any unit on one side, four on the other and five on
the hypotenuse. Such triangles seem to be present in
the design and layout of the Old Kingdom mortuary
temples attached to pyramids. But the evidence is not
conclusive. Or, they could have used the Egyptian set
square—an A-shaped tool with perpendicular legs set
at right angles and a cross brace. One leg is placed on

the already established line and the perpendicular is
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taken from the other leg. The square is then flipped
and the operation repeated. The exact perpendicular
is taken from the small angle of error between the
two positions. Thirdly, they could have used a
measuring cord to pull two intersecting arcs of the
same radius from two points on the same line. A line
connecting the points of intersection will be at a

right angle to the original line.

LAYING THE FOUNDATION
PLATFORM

The extraordinarily accurate leveling of Khufu's
pyramid, so admired by all, is actually on the

surface of the foundation platform, not the bedrock

floor. The masons formed the corners of the

platform from extraordinarily large slabs, still
marked on all but the southwest corner by seats, or
sockets, cut several centimeters into the bedrock
floor. The setting line of the foundation platform
would have been scuffed and scratched as the large
slabs were laid in. The line would also have been
covered by the extra stock of stone left on the
front face of the platform slabs, a practice in
evidence on unfinished masonry throughout
ancient Egypt. Therefore, an outside reference line
would have been required, which may have now
been marked by stakes, cord, and pins set into the
holes forming a line three meters from the
platform. The lines of the front face and upper
edge of the platform were marked on each slab as
it was laid in by measuring inward from the
reference line.

When it was required to cross the reference
line to drag in more slabs on a hauling sled, parts
of the staked line could have been removed, and
later re-established by sighting along the line from

either side.
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18 lop
Casing and backing stones near the top
of Kbafre's pyramid. The fine outer
casing hid tremendous irvegularity in the

core, packing, and backing masonry

18 hottom

Lﬂokmg} out across the casimg on upper
east side of Khafre's pyramid. The
slabs are slightly out of flush,
indicating they may have been trimmed

before setting.

RAISING THE PYRAMID BoDY

Most pyramids are composed of core stones,
making up the bulk of the pyramid. The cores of
some, if not all, pyramids have tiers or steps, in other
words, an internal step pyramid. The masonry that
filled in the steps we could call ‘packing stone.' The
pyramid was finished off with a smooth outer casing
of limestone or granite. The softer stone that the
builders set between the core and casing, we might

call 'backing stone.”

THE FABRIC OF THE PYRAMIDS:
CORE STONE

Many times it has been written that Khufu's
pyramid contains an estimated 2,300,000 blocks of
stone, weighing on average about 2.5 tons. Theorists,
both professional and amateur, assume that the
pyramids are composed of generic two-and-a-half-ton
blocks. They then set about solving the puzzles of
how the builders raised and set the blocks. If we take
the giant Giza Pyramids as the starting point, we
should look carefully at their composition, rather
than assuming regular courses of modular stone
blocks.

At first glance, the Giza Pyramids, stripped of
most of the smooth outer casing in the Middle Ages,
look like regular steps. These are the courses of
‘backing stones,' so called because they once filled
the space between the pyramid core and outer
casing. At close look the steps are not at all regular.
Here is a step more than a meter wide, over there
almost nothing! The idea of regular steps is a mental
template, one assumed by most theorists. However,
instead of regular, modular, squared blocks of stone
neatly stacked, there is a considerable ‘slop factor
even in the Great Pyramid of Khufu.

The outer backing stones are not only irregular,
but are also progressively smaller toward the top.
Behind them, the core stones are even more irregular.
During the 1830s, Howard Vyse blasted a hole in the
center of the south side of Khufu's pyramid while
looking for another entrance. In this wound we can
see how the builders dumped great globs of mortar
and stone rubble in wide spaces between the stones
There are big blocks, small chunks of rock, wedge-

shaped pieces, oval and trapezoidal pieces, as well as
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smaller stone fragments jammed into spaces as wide as
22 centimeters between larger blocks.

At the base of Khafre's pyramid, the coursing of
the core stones are not uniformly horizontal. The
builders tailored blocks to fit the sloping bedrock that
they left protruding in the core as they leveled the
surrounding court and terrace. In the northeast and
southeast corners, where the downward slope of the
plateau left no bedrock in the core, the builders used
enormous limestone blocks, two courses thick, to
level the perimeter.

Higher above the base, the pyramid core is made
up of very rough, irregular stones. Covering more
than the lower third of the pyramid, this rubble layer
could be backing between core and casing, left after
the casing stones were ripped away. The upper third
of the pyramid core appears to be stone blocks in
regular stepped courses. But on closer inspection the
heights of these steps range from ninety centimeters
to 1.20 meters and the widths of the steps varied from
23 centimeters to a meter.

Like Khufu's pyramid, Khafre's core is composed
of loose, irregular fill. Through seams and gaps in the
stepped core blocks, limestone chips and rubble are
visible. In 1818, when Giovanni Belzoni cleared out a
tunnel that robbers had forced through the center of
the north side of the pyramid, the core fabric of the
pyramid kept collapsing. Vito Maragioglio and
Celeste Rinaldi, who surveyed the pyramids between
1963 and 1975, wrote, . . . this was due without
doubt to the incompactness of the internal masonry
and the lack of mortar, so that the blocks are not
always in contact at the sides, and cannot mutually
support each other."

In spite of the irregularity of their cores, the Giza
Pyramids have the most massive, large-block masonry
of all pyramids. The first pyramid, Djoser's Step
Pyramid, began as a mastaba, built with small, gray
limestone blocks of a size that one man could carry,
set along roughly horizontal courses in gravel and
desert clay (tafla), and encased with fine white
limestone. The builders twice expanded the mastaba
before they conceived the idea of a pyramid, built in
six steps from roughly shaped, larger core stones,
directly over the fine Tura limestone casing of the
carlier mastaba. They built the core as a series of
accretions that lean inward about 74°, an etfect

achieved by tilting each course toward the core of the



pyramid. This kind of core masonry is found in all
later step pyramids: Sekhemkhet; the Zawiyet al-
Aryan Layer Pyramid; seven small ‘provincial
pyramids’ located at or near Elephantine, Edfu,
Hierakonpolis, Ombos, Abydos, Zawiyet al-Meitin,
and Seila; and the two step-pyramid building stages
(E1 and E2) inside the Meidum Pyramid.

During the reign of Sneferu, in the pyramid of
Meidum and the lower part of the Bent Pyramid at
Dahshur, builders still set core blocks at a tilt toward
the center of the pyramid rather than on horizontal
beds. They built upon the desert gravel and clay, but
at Dahshur, the softer surfact, and the steep s|0pe of
some 60 degrees that they attempted, soon threatened
the pyramid with settling and collapse. They added a
girdle around the base of the pyramid, reducing its
slope to 54° 317137, and then, at about half its
height, built up at the reduced slope of 43° 21,
creating the Bent Pyramid. At this point they began
to lay core blocks along horizontal, rather than tilted,
beds.

Sneferu’s builders raised the North Pyramid at
Dahshur with a uniform 43” slope. They filled out the
steps of his Meidum pyramid with packing stones and
Tura casing, laid on horizontal beds, to create a true
pyramid (E3) of 51° 507 35", practically the same
slope as Khufu's pyramid and within the 52-53° range
of the classic Old Kingdom pyramid.

The gigantic stone pyramids, the classic pyramids
of popular imagination, were built in only three
generations. All other king's pyramids combined,
including those of the Middle Kingdom (but
excluding queens’ and other satellite pyramids),
contain only 54 percent of the total mass of the
pyramids of Sneferu, his son Khufu, and grandson,
Khafre.

Until the Giza Pyramids, builders set blocks more
in natural desert clay, tafla, than gypsum. Tafla can be
simply mixed with water, while to use it as mortar,
gypsum needs to be heated from 1007 to 200°C (212°
to 392°F), so the Giza builders needed much fuel for
many fires to prepare their pyramid mortar. The size
of stone blocks and the quantity of gypsum mortar, as
opposed to lafla, increased from the Dahshur to Giza
pyramids. Khufu's was the largest and most accurately
built and aligned of all Egyptian pyramids, rising more
than 146 m from a base 230 meters square and

containing about 2.3 million blocks. Menkaure still

used multi-toned stone blocks for the Third Pyramid

of Giza, but the total mass was less than that of
Djoser's Step Pyramid.

Fifth and Sixth Dynasty builders composed
pyramid cores of small stones, rubble, and sometimes
clay binding in the retaining wall—the kind of
material their predecessors had used for the
construction ramps on the large stone pyramids of the
Fourth Dynasty. In effect, it became more convenient
to put the ramp inside and cover it with fine
limestone casing! Middle Kingdom builders used
stone retaining walls, debris fill, and, eventually, mud

brick for the core.

THE INNER STEP PYRAMID

Although considerable irregularity shows in the
inner core of even the largest and finest pyramids at
Giza, the builders did not simply pile up rubble as,
in all probability, they built the core slightly ahead
of the casing. The evidence is that they built up in
large chunks of structure, like the mastaba (Arabic for
‘bench’) tombs that surround the pyramids.

Pyramid theorists have suggested that a stepped
core makes up the bulk of every pyramid. Some
believe that the rise and run of the steps have a
specific relationship to the slope of the outer casing.
These ideas are inspired by the Pyramid of Meidum,
where the steps of the inner seven-step pyramid,
superseded by the eight-step pyramid, have fine
sharp corners and faces that might have served as
references for measuring set amounts out to the
s]npc‘ of the en]argeci true pyramid.

We do not know if the largest pyramids of the
Fourth Dynasty, from Sneferu to Khafre, are built
with an inner step pyramid.

Howard-Vyse blasted a gash more than nine
meters deep into the south side of Khufu's pyramid,
about eighteen courses above the base and rising up
to the thirty-first course. In this wound we see
nothing close to the regular stairs that Martin Isler
envisions in the core structure (see below). Not a
single vertical joint corresponds with another. None
of the blocks are the same size, and there are no
clear impressions of regular rising joints. There are
only horizontal joints, and these are not very clear,
in places, two stones make up a single ‘course. In the

eastern face of the cut, the courses are not regular,
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Sneferus Bent Pyramid at Dabshur,
with much of the smooth outer casing
covering the cruder core masonry. We
know little about the structure of the
inner core of the gigantic pyramids of the
early Fourth Dynasty.

but there could be two crude steps, | and 1.2 m, of a
large inner structure, perhaps the tier of a crude
stepped core.

Similar crude structure is to be seen in the cores
of the partially destroyed or unfinished queen's
pyramids of Khufu and Menkaure, and in the gash in
the north face of Menkaure's pyramid. It seems likely
that the cores of these pyramids are composed of
great rectangular blocks of crude masonry similar in
form to mastabas—a kind of ‘chunk approach’ to
assembling an inner step pyramid that lacks the
beautifully finished faces and corners of Meidum.
On queen’s pyramid G 1c, the mastaba pattern is
obscured by packing stones, of almost equal size to
those forming the mastaba-like chunks, that filled in
the broad steps, and by smaller backing stones, that
filled the space between the core and the casing.

At this height, the reference lines on the ground

would have been inaccessible, covered with ramps

~and building debris. But the builders could have

transferred measurement and control up onto the top
of the truncated pyramid. Above the mass of natural
rock that the builders left in the base of Khufu's and
Khafre's pyramids, the masons could have measured
across the truncated pyramid to insure that its
diagonals and sides were of equal length. If the core
masonry rose ahead of the fine outer casing, the
masons could have measured from reference points
and lines on the core out to the facial lines of the
pyramid as they brought up the casing.

Built in crude rectangular parts with irregular fill,
the core masonry must have risen a good height
above the casing. The three-tiered step pyramid in
the queens’ pyramids was certainly not in itself a
reference for the rise and run of the outer casing.
However, the core could have carried reference lines
and points with paint, pegs, and cord. On the
southernmost pyramid of Khufu's queens, there are
small holes, about five centimeters diameter, near
the corners of the tiers of the inner step pyramid.
Some of these align with the sharp corners vet
preserved in the fine casing down near the base of
the pyramid. The holes might be the sockets for
small pegs that carried temporary cord reference
lines from which the masons measured out the
appropriate amount to mark the line of the outer
pyramid face when the setting crews built up the

casing.



Building a Py ramid

RAISING STONES: RaMPS
OR LEVERING?

There are only three basic techniques that the
ancient Egyptians could have used for lifting
blocks: the inclined plane (ramp), levering, and
some assembly using rope, wood, and stone. To
raise most of the stone, the builders probably
used ramps that, however they were shaped, must

have been enormous structures in their own right.
RAMP MATERIAL

It has often been suggested that the ramps
would have been made of mud brick. Indeed,
ramps found at the Middle Kingdom pyramids at
Lisht have mud-brick retaining walls with fill of
Nile alluvial mud and bricks. However, at Giza,
there are no signs of the great deposits and stains
of mud rubble that a gigantic construction ramp
of mud would have left behind, even if the
builders removed most of the ramps. Millions of
cubic meters of limestone chips plus gypsum and
tafla, fill the quarries south of the Giza pyramids.
This must be the material that the builders used
to make the pyramid ramp. But would a ramp ‘
composed of this material have been able to make
an ascent more than a hundred meters skyward,
leaning against the ever narrowing faces of the
pyramid?

In Khufu's time, as today, there must have
been specialists for construction in broken stone
and clay. Today, they build very quickly in this
material. An advantage of this mixture is that
when the walls, ramps, or embankments need to

be dismantled, it easily picks apart into its

constituent chips, gypsum, and clay.

ARCHAEOLOGICAL RAMP
REMNANTS

At Giza, there still remain small ramps attached
to certain mastaba tombs. East of Khufu's pyramid and
south of the queens’ pyramids and mastabas in the
Eastern Field, archaeologists from Cairo University
excavated two parallel walls formed of broken stone
and tafla. One of the walls is thicker and composed
of segments 10 cubits long (5.25 m). These must be
retaining walls, which, when filled with debris,
formed a ramp or embankment that leads in the
direction of the mastabas and queens’ pyramids cast of
the Great Pyramid.

North of Khafre's pyramid, the modern paved
road runs up onto an ancient construction
embankment where, now, tour buses park. The
embankment runs along a colossal unfinished wall of
large limestone blocks. The sides of the embankment
have collapsed into a sandy slope, but in 1881, Petrie
saw a series of cross-walls that formed compartments
for retaining debris fill. The pyramid ramps must
have been similarly composed, at least at Giza. In
1993, Zahi Hawass excavated trial pits in thick
deposits of debris similar to that comprising the
above-mentioned walls and embankments. At the
bottom of a point off the southwest corner of
Khufu's pyramid, and south of the modern road, he
found the foundations of broken stone walls that are
oriented in the direction of the southwest corner of
the pyramid. These may be vestiges of the kind of
ramp leading from the southern quarry to the
pyramid’s southwest corner.

The form of the construction ramps, or whether
they were used at all, is one of the thorniest
problems of pyramid building. The numerous
theories can be reduced to two major proposals—a
ramp that ascends one face of the pyramid by
sloping up in a straight line from some distance
away, and one or more ramps that begin near the
base and wrap around the pyramid as it rises during
construction.
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STRAIGHT-ON RAMPS

The straight-on ramp must be lengthened each
time its height against the pyramid is increased in
order to maintain a low functional slope of about one
unit of rise per ten units of length. Either work stops
during these enlargements, or the ramp is built in
halves and one side serves for builder traffic while the
ramp crew raises and lengthens the other half. But the
biggest problem is that the ramp would need to be
extremely long in order to maintain a functional slope
up to the highest part of the pyramid. At Giza, this
slope would take the ramp for the Great Pyramid far
beyond the quarry to the south, where Khufu's
builders took most of the stone for the core of his

pyramid.
WRAP-AROUND RAMPS

The wrap-around ramp either had to be footed on
the slope of the pyramid or on the ground, in which
case it would have leaned against the faces of the
pyramid like a giant envelope with a rising roadbed. If
it cloaked the entire pyramid, it might have presented
a problem for controlling square and slope as the
pyramid rose. If it was footed on the 52 degree slope
of the pyramid, the extra stock of stone on the casing
blocks would have to protrude step-like enough to
support the weight of the ramp. The unfinished
granite casing blocks on Menkaure’s pyramid do not
fill this requirement. But recently, Zahi Hawass has
excavated at the bases of Khufu's queens’ pyramids to
reveal that the builders here left a great deal of extra
stock in rough steps protruding beyond the plane of
the pyramid. These may be unusual because they are
part of the foundation, but if this much extra stock
was left on higher casing stones, it might well have
supported a spiral ramp.

If the ancient builders had opted for this solution,
it would have been necessary to leave the protruding

casing stones staggered diagonally up across the

pyramid face in order to allow the roadbed to rise.




Or, they could have left horizontal courses protruding
at certain intervals so that the foundation wall of the
ramp would be level but step up at intervals, while the
roadbed rose at a gradient.

All ramp suggestions run into trouble near the top
of the pyramid, where the slope becomes increasingly
steep, and where the faces of the pyramid become too
narrow to support a ramp from one corner to the

next.
QuARRY DELIVERY RaMP

When the pyramid was at its lower levels of
construction, the builders could have delivered stone
over many short ramps. As the pyramid rose, the
ramp builders would want to gain some height in the
course of the appruach from the quarry. If the Khufu
delivery ramp began at the north mouth of the
southern basin quarry, where the quarrymen left a
bedrock incline down to the quarry floor, it would
have extended 320 m to the southwest base of the
pyramid. If it connected to the pyramid 37 meters
above the base, it would have sloped 6° 36" A
roadbed 30 meters wide would have easily
accommodated two-way traffic. A ramp of similar
dimensions was posited by a scribe Papyrus Anastasi [:
383 m (730 cubits) long, 29 meters (55 cubits) wide,
31 meters (60 cubits) high, and a side slope of eight

meters (15 cubits).
LEVERING

While pyramid theorists have proposed that the
ancient builders raised most of the stones by
levering, all indications are that levering was used
for sideways movements and for final adjustments.
Loads can be see-sawed up by levering up one side,
putting supports underneath, and then levering up
the other side. But as it becomes clear to any
reasonable person who climbs the Khufu or the
Khafre pyramids—it is inconceivable that this lever

lifting took place on the stepped courses of the core

stone or the undressed casing stone. Those who
think so have in mind very regular wide courses, like
a stairway rather than the actual fabric and structure
of the pyramid core. Many of the 'blocks’ are odd
shapes and sizes that would be unwieldy to lever.
The sheer slope itself precludes levering many tons
of stone for the higher courses.

Martin Isler proposed that the builders used
massive stone stairways ascending the center of each
face of the pyramid core, later covered by the casing
and packing stone. Isler imagines small stones and
rubble, "passed up the steps by hand; larger stones
moved on two-, four-, or six-man litters . . . sledges
with runners can be used for the smaller blocks; made
to span two or more steps, sledges can be dragged up
a few courses at a time or boards made to span
SEVETHI Srﬁp‘i can bC l.lSEd as SIidES over Wthh bIQCkS
are pulled . .. " (Sticks, Stones, and Shadows, p. 250)
And, he imagines the builders levering even larger
blocks up these steps. The builders rocked the stones
up and tumbled them over each step of the supply
stairway.

Isler's only evidence of these steps embedded into
the pyramid core is the stepped courses showing on
the upper third of Khafre's pyramid. Isler quotes
Maragioglio and Rinaldi in saying that these courses,
“formed an actual flight of steps.” But when one
measures the widths of these very steps, they range

from 58 to 86 centimeters! A meter is just too narrow

to lever the ends of heavy stone blacks up a 53 degree

slope. Yet Isler has the huge granite beams of Khufu's
burial chamber being levered up similar steps. In his
drawings, only two men stand on steps and lever up
the ends of these beams, which weigh several tens ol
tons, but he admits it would have taken ten levers at
each end. There is simply no room for ten men on a
step a meter wide, to say nmhing ofa step with a
width of only 58 centimeters. And there are many,
many other very particular problems with raising
pyramid stones by levering.

When he tested his method with a 1,500 Ib stone

on the experimental NOVA tv show pyramid, Isler
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The many different theories about
building ramps can be grouped into two
major variations: a straight sloping
ramp up one face of the pyramid

(drawings top left), or one or more

asked the masons to carve two lever sockets on the
lower edge of the sides of his block. Right here is a
bit of a hitch in his theory, since the core stones of
the pyramids do not show side sockets, although
casing stones sometimes do, presumably for side
adjustments. The men used two levers on each side
of the block, with two men per lever. Two additional
men worked in front of the block (they actually
stood on the ground), inserting supports. Each pull
of the levers raised the side of the block just enough
to slip in a well-planed flat board. Again, there is a
problem.

How much flat-planed lumber would be required
to construct Khufu's pyramid? The amount of wood
for levers and sledges alone must have been
enormous; raising all the blocks on lumber supports
vastly increases the amount of wood. In our age, we
take machine-planed boards for granted. But in the
third millennium BC, the fact that the supports must
be planed smooth vastly increases the amount of
labor. If the supports were not planed smooth, the
stack that supports the block is not at all stable.
Even with our machine-planed boards, the support
stack, 12 layers of board per 72 centimeter rise, was
becoming a little unwieldy. In order to get purchase
(good leverage), the fulcrum—a stack of stone—had
to be raised as the block went up. However, the
fulcrums were also becoming unwieldy. Isler answers
for this by conveniently drawing solid masonry
platforms under the ends of the blocks, raising the
fulerum. But in practice, such sturdy platforms
cannot be built under a heavy load that rises by
small increments. If not well-planed lumber, all that
can be inserted are small stones that result in another
unwieldy pile.

It is doubtful that most of the stones of the
pyramid were raised this way. However, it is very
possible that levering was the only means to raise
the blocks of the highest courses, near the apex,
once the builders had brought them as high as they
could on ramps. In general, these are much smaller

blocks than those of the lower courses.

10 and 11

ramps starting close to the base of the
pyramid and wrapping around the
building (drawings top right and bottom
left). Alternatives include a zigzag ramp

tif oneﬁia‘ or an internal ramp.
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BuiLDING KHUFU's FIRST
COURSE

Khufu's masons built the first course of his
pyramid of casing, backing, and core blocks about 1.5
m thick. They set the foot of the sloping casing back
38 centimeters from the line marking the upper edge
of the foundation platform. Leaving extra stock of
stone on the front faces of the platform, and on the
faces of the casing stones would have ensured that the
final smooth surfaces would not have been damaged
as the stones were moved into their positions. We see
extra stock and handling bosses on the casing stones
in the undressed lower part of the pyramid, G 1¢,
built for one of Khufu's queens. There could not have
been much extra stock on the lower front of Khufu's
casing stones because the platform did not extend out
very far.

After they had set all the casing stones, the
masons could have trimmed the front face and top
cdgl: of the foundation platform. Then the ancient
builders could have measured the setting line, or
baseline, of the casing from the line of the platform's
upper edge, or from the reference line marked by
stakes in the holes. Once again, segments of the
staked reference line could have been taken up when
large casing block needed to be brought in, and then
later replaced. The casing blocks were probably
brought in rough on sledges, then, while parked on
rollers or wedges, each join-side was custom-dressed
to fit into position with its mates in the pyramid
casing. Once the join faces have been finished, the
masons drew the lines of the sloping pyramid face at
the front of each block. The marked pyramid slope
defined the extra stock on their fronts,

INCORPORATING SLOPE AND
ALIGNMENT: CASING STONE

The core stone in pyramids was irregular because
it was only fill for the gleaming shell. It was in this
outer casing, formed of blocks of homogeneous fine
white limestone from eastern quarries at Tura, that the
builders achieved the great precision in the pyramids.
Khufu's builders required about 67,390 cubic meters
of Tura-quality limestone to cover the Great Pyramid.
From the very few of these casing stones that remain
at the base, we can see with what skill and care the
builders placed them to form the foot of the pyramid.
Joints between large blocks, some weighing as much
as 15 tons, are often so fine that one cannot even
insert a razor blade, and these fine seams sometimes
run back from the outer face for more than a meter.

The evidence of unfinished pyramids indicates

D

that the masons shaved off the extra stock of rough
stone after the entire pyramid had been built, starting
from the top and working down to the baseline as
they removed the construction ramps and
embankments. How did they make certain that under
all the extra rough stone they had four straight
corners and four good, flat faces that would sweep up
evenly to a point? How could they dress the acres of
fine limestone without chiseling away too much stone
and so creating waves and undulations across the
acres of the pyramid faces?

Masons incorporated guidelines for the final
pyramid trim into each and every casing block as they
joined one block to another. We know this from the
unfinished limestone casing on the bottom of the
pyramids of Khufu's queens, and from the unfinished
granite casing at the bottom of Menkaure's pyramid.
They probably began, like modern masons, by setting
leader’ casing blocks at the corners and in the middle
of each side of the pyramid. The rough extra stock on
the front of each block stuck out beyond the intended
plane of the pyramid face. The masons parked the
blocks to be joined beside one another, hoisted on
wooden wedges or rollers just above their intended
positions on the pyramid. They then custom dressed
the join-faces to be parallel. The join-faces were not
necessarily at right angles to the horizontal bedding
planes, they could be angled laterally and vertically.
Before they concealed the joint side on each block by
setting the next block against it, they had to draw the
line of slope of the pyramid face—the lines along
which that gigantic cut would shave away the extra
stock at the end of the building project. For the first
course, the masons measured a set amount from an
outside reference line, then they marked the point
where the baseline of the pyramid would intersect
with the smoothly dressed join-sides of the block.
Then they etched the slope line of the pyramid face
on the join-sides.

The ancient Egyptians determined the slopes of
walls with a measurement called seqed, the amount that
the face of the wall is set back for a rise of one cubit
(525 of a meter). A set back of one cubit for a rise of
one cubit results in a 457 slope. The nearly 52° angle
of Khufu's pyramid could be obtained from a set back,
or run, of 11 to a rise of 14.

We are not certain how they laid out the seqed
angle. Khufu's builders could have measured in 11 and
up 14 units from the already determined baseline with
a p1umh line to mark the top of the s|()pe. Perhaps
they drew the slope by placing wooden set squares
made to the desired angle against the join-face of
each block. However, in order to use a triangle, one

should ideally have a surface that is absolutely parallel
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to the ground. In modern drafting, angles are
extremely sensitive to a T-square that is not perfectly
perpendicular to the side of the drafting board. Using
a plumb line against the vertical side of the triangle
may have helped, but plumb lines move. At best, the
error in each block would have been compensating,
not cumulative, over hundreds and thousands of
blocks. Also, the pyramid builders probably had long
distance markers to sight to as checks on the
cumulative slope.

Next, the masons beveled or chamfered away the
extra stock of stone on the outer face of each block
from the lines where all four join-faces (top, bottom,
and two sides) intersected with the plane of the
pyramid face. This beveling was a lead, created block
by block, for the final dressing of the pyramid casing.
When the masons bought up the next block in
sequence and set it down, creating the side join with
its neighbor, the new stone had extra stock on the
non-joining front face, and extra dressed join face,
extending out beyond the beveled sloping side joint
of its older partner. The masons beveled away the
extra stock on the newest block along the slope of its
neighbor. On the opposite free join face, they
repeated the procedure, marking the slope and
beveling away the extra stock along this line and
along the top and bottom where these sides
intersected the sloping plane of the pyramid face.

Block by block, the ancient masons created the
sloping planes of the pyramid faces, leaving it hidden
behind the extra stock of stone. If the slope as marked
on one block was a little off in one direction, the
others might deviate in another direction so that the

errors avcragcd out,

REACHING FOR PERFECTION:
THE APEX

As the four sides of the pyramid narrowed toward
closure at the top of the pyramid, the builders ran out
{)]c room [()r ramps .':ll'll:l f()l' men to pu” on ropes. Th(‘.‘)"
could have used levering to raise some of the last few
blocks. It is clear that they were using smaller blocks,
and that they could no longer use the loose core
masonry as the finished edges came together. They
needed a finer grade of stone for edges and the final
point. Careful observation of the backing stone now
showing on Khufu's pyramid shows that all along the
arris lines, and toward the now truncated top, the
builders used a finer grade of limestone, even if not
Tura-quality. The masonry that remains of the tops of
pyramids shows that the builders dispensed with core
stone altogether, and came to the point with fine

casing-quality limestone.



THE APEX OF SNEFERU'S NORTH
AND KHUFU'S SATELLITE
PYRAMID

Rainer Stadelmann found the pieces of the oldest
pyramid capstone, also called a pyramidion, on the east
side of Sneferu’s North Dahshur pyramids. This was a
simple culmination of the casing, a plain capstone of
good quality limestone.

Zahi Hawass found the second oldest pyramid
capstone, a large piece of fine Tura-quality limestone
that once crowned Khufu's satellite pyramid off the
southeastern corner of the Great Pyramid. He also
found a large piece with three exterior sloping faces of

the pyramid that once formed a little more than half of

block(s) forming the second course down from the top.
Obviously, here the pyramid superstructure is all casing,
with no fill or core material, as it narrows to the apex.
The second course down from the top is missing,
but Zahi Hawass found the actual apex stone of the
satellite pyramid, a single piece of fine, Tura-quality
limestone. The underside of the pyramidion is convex,
with four triangular faces sloping slightly to the raised
center point of the base. This convex, protruding base
was meant to fit into the concavity of the top of the
second course from the top, just as the convex
underside of the second course had evidently fit into
the concave top surface of the third course down.
The mean slope of the faces is 517 457, almost exactly

that of Khufu's main pyramid (51° 51°).

43
The Giza Pyramids from the south.
Menkaures borseshoe-shaped quarry
(lower right) lies southeast of his
pyramid (left). Fieldstone walls form
great rei:rcm_qu[m prfciucf’s around each

of the main pyramids.

below it on the pyramid. Such slabs once formed
the final upper courses that the builders
composed entirely of fine casing stone, since the
pyramid was now too narrow for any loose and
irregular core masonry. The raised and rebated
undersides and tops of these pieces of the
pyramid corners and top once fitted into one
another like Lego blocks.

Peter Janosi described the remains of a
capstone that might have been the crowning
stone of G 3a on the south side of the queen's
pyramid. He reported that the broken capstone
retained parts of three smoothly finished sides,
and that its original width was 1.125 m (15

‘palms’).

the south side of the third course below the apex. The
underside of the block is flat, but the top surface was
shaped as a concavity. When it completed the square of
the top of the third course down from the top, there
were four triangular planes sloping 2.6 meters (five
cubits) to the center and forming the lines of the
diagonals. The diagonal lines must have helped the
builders square the top of the pyramid so that the sides
met at a point. This concavity of the top surface was

also intended to receive the convex underside of the

THE APEX OF MENKAURE'S
QUEEN'S PYRAMID G 34

Excavations in recent years turned up numerous
fragments of Tura-quality casing stones around the
northeastern corner and eastern side of G 3a.
Certain pieces show how the masons gave the
corner special treatment to ensure firm joins. The
undersides of large corner slabs are rebated, or

recessed, to fit a raise edge of the casing course

["lmplrr 1
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A square rebated or sunken panel, about 7.5
centimeters (one palm) deep, on the underside
measured 1 x 1 cubit (about .525 meter). The
sunken panel would have fitted over a raised panel
of nearly equal size an the course below as a way
to fix the capstone. With an angle of 52 degrees,
the pyramidion was originally about ten palms

(75 centimeters) high.
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KHAFRE'S POINT

The capstone of Khafre's pyramid is missing, but
40 to 45 meters down from the top of the pyramid,

fine limestone casing remains intact. The truncated
top shows the socle, or anchoring, of the last blocks
that would receive the pyramidion, which could have
been granite to match the base.

I measured the thickness of the casing courses
where | could reach them on the overhang of the
northeast corner. From lower to upper they are: 82,
67, 35, 45, 66, 44, and 45 cm thick. These courses are
from one-third to two-thirds the thickness of the
lowest course of casing stone, which was granite,

1.05 m thick.

Looking out across the expanse of casing, one
sees that the slabs are not flush, but stagger by a few
millimeters. We would expect the faces to be flush it
the masons had trimmed them in place on the
pyramid, a practice well in evidence in the lower parts
of unfinished pyramids. Perhaps they were unable to
do so in the tight working space of the upper reaches,
and this is one indication that working methods had
to change as the pyramid grew toward the top.
Perhaps the slope was cut into the casing blocks of
the highest courses before they were laid. (It is also
possible that the stones shifted after the casing farther
down was removed.)

When the builders completed the body of the
pyramid, masons began to free, from the top down,
the smooth, sloping faces hidden in the rough extra

stock of stone on the lower part of the pyramid.

FIRST AND LAST: THE PYRAMID
BASELINE

There is a certain irony in the Giza Pyramids that
the baseline was the both the first and last thing the
builders did. This is certainly indicated at Menkaure's
pyramid, where the builders never completed the
base.

Petrie dug down to the foot of the casing at some
points on the Menkaure pyramid. There is no clean
baseline. The builders left the pyramid base without
trimming the granite casing on the lower part of the

pyramid. The lowest course rests on the rough

limestone foundation. The builders had smoothed the
sides of the individual granite blocks to join them
together. As they set each block, they beveled the
rough extra stock of stone on the outer face away
from the smooth side where the block would
eventually join the next block. This beveling, or
chamfering, followed the intended slope line of the
pyramid face (about 51 degrees) which ended about
six to 18 inches above the foundation. Menkaure's
builders probably intended to dress the bottom of the
lowest casing course into a vertical foot that would
have met the pavement of the court—had it ever been
finished—to finally form the true baseline. This is the
configuration at Khafre's pyramid where the only
baseline is the top of that cut at the bottom of the
lowest course of casing. The masons truly completed
the baseline when they laid the pavement of the court
up to that cut. Paving the court was one of the last
operations, which is also indicated at Menkaure's
pyramid. [t may seem odd to form the clean baseline
as the last, rather than the first task of creating the
pyramid, but such was their procedure.

Since Menkaure's builders did not get to that end,
what should we consider as the true baseline of this
pyramid? The answer is that there isn't any—the
bottom of the slope chamfered or beveled into the
side joins of the granite blocks stops at different
levels. If there is no true base line, how did the
ancient builders control its square? Petrie took the
average height of all the granite courses, which are all
nearly the same—"a rather short two cubits each’'—
except for the bottom course being four to eight
inches thicker. He reckoned the base as the height of
one course below the top of the first course.

For their purposes, the builders could certainly
not have used the actual bottom of the lowest course
as their base reference because the thickness of the
blocks of this course vary from 1.11 to 1.40 m. For
this lowest course of casing, they shaved the tops of
blocks even and flush, while leaving the bottoms at
different levels upon the rough foundation. As we saw
at Khafre's pyramid, the ancient builders must have
used the top of the first course as a level reference,
similar to the way Petrie used it to obtain a
theoretical baseline. For laying in the bottom course,

they must have used a temporary outside reference

45
The fine limestone top of Khafre's
pyramid. The masonry below the casing
appears reqular and stepped, but widths
of steps and block sizes vary greatly.
Lower rubbly backing masonry adheres
after the casing was ripped away.
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line that may or may not have left traces, such as the
lines of post holes around the bases of the Khufu and
Khafre pyramids.

Khufu's builders proceeded differently. They had
already prepared a good level baseline—the contact
of the lowest course of large limestone casing blocks
with the foundation platform. But it is still likely that
they left the baseline obscured under extra stock of
stone until they shaved down the casing at the end of

building the pyramid.

THE HuMAN HAND:
IMPERFECTIONS

As good as they were, the Giza Pyramid builders
were not perfect. The pyramids are very human, not
supernatural, monuments. The square of Khafre's
pyramid, completed by the casing, is not perfect. In
1881, Petrie determined the square of the pyramid
base by extrapolating the corners from the casing
socle, the bedding of the lowest course. He then
checked the angles of the casing at the top of the
pyramid in relation to the square of the base and
discovered a slight twist to the pyramid of 3° 50"
The builders had to bend the corner angles slightly
to make them meet at the apex. Even with such
discrepancies, pyramid builders never again attained
the accuracy of the Giza Pyramids. As Petrie did with
the Fourth Dynasty Giza Pyramids, Borchardt used
modern instruments to survey Sahure's Fifth Dynasty
pyramid at Abusir. He found the southeastern corner
shifted 1.58 m farther east than the northeastern
corner, making a rhombus or trapezoid base instead of
a perfect square. Sahure's builders compensated in the
upward slope of the pyramid and hid the imperfection
of the base under the back end of the pyramid
temple. Seeing the imperfections of the human hand
only increases our admiration for the astonishing
achievements of the people who built the pyramids.
And it helps us relate to the sense of accomplishment
and community that they must have felt when the
pyramid was completed. Recently, Zahi Hawass
discovered a scene carved in fine limestone relief from
the causeway of Sahure's pyramid. It shows the
dancing, singing, and celebration that broke out with

the setting of {ne capsione.






THE PYRAMIDS
Text by Zahi Hawass

Zahi Hawass is a world-renowned Egyptian archae-
ologists. Now he is the General Secretary of the
Supreme Council of Antiquities and the Director of
the Excavations at the Giza Pyramids, Saqqara, and
Bahariya Oasis. He has been excavating around the
pyramids for the last twenty years and has made sev-
eral major discoveries, including the Tombs of the
Pyramid Builders and the Valley of the Golden
Mummies in Bahariya Qasis. He is the author of
many books and articles on the Pyramids, such as
The Pyramids of Ancient Egypt and other books related
to Egyptology. He has lectured all over the world.
Hawass has brought Egypt into the homes and
hearts of people worldwide through numerous tele-
vision appearances. Zahi Hawass received the First
Class Award for Arts and Sciences from President
Mubarak in 1988 for the Sphinx conservation. In
October 2000, he was one of thirty international fig-
ures to receive the Golden Plate Award from the
American Academy of Achievement in honor of his
accomplishments in archaeology. In 2001, National
Geographic announced him as an Explorer in
Residence and in 2003 his name was written on a

CD for the Mars exploration and Rover Mission.
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WHY A PYRAMID? PYRAMID RELIGION
Text by James Allen

James Allen received his degree in Egyptology from
the University of Chicago, with a dissertation on the
grammar of the Pyramid Texts. He has served as
epigrapher with the University's expedition in
Luxor, Egypt, and as Cairo Director of the American
Research Center in Egypt. Since 1986 he has held a
research appointment at Yale University, and has
taught there as well as at the University of
Pennsylvania. He is currently Curator of Egyptian
Art at the Metropolitan Museum of Art and Vice-
President of the International Association of
Egyptologists. Dr. Allen’s specialties include ancient
Egyptian language, texts, and religion, and he has
written extensively on these subjects as well as the
history of the Middle Kingdom and Amarna Period.
He is the author of Genesis in Egypt: the Philosophy of
Ancient Egyptian Creation Accounts and, most recently,
Middle Egyptian: an Introduction to the Language and Culture
of Hieroglyphs.
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